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ABSTRACT 

 

 

 

DESIGN AND MECHANICAL ANALYSIS OF A NEW DENTAL IMPLANT THAT 

WOULD MIMIC NATURAL TOOTH WITH A PERIODONTAL LIGAMENT 

 

 

Pektaş, Ömer 

M.Sc., Department of Mechanical Engineering 

Supervisor: Assist. Prof. Dr. Ergin Tönük 

 

 

February 2012, 177 pages 

 

 

Dental implant is an artificial dental root that is used to construct dental restorations, 

similar to the original teeth, in order to regain the function of missing teeth of patients 

experiencing tooth loss. At the interface between the jawbone and the roots of natural 

teeth, a thin, elastic, shock absorbing tissue, called the periodontal ligament (PDL), forms a 

cushion which provides certain mobility to the natural teeth. The restorations supported by 

dental implants, however, involve completely rigid structures. This causes overloading of 

the implant while bearing functional loading together with neighboring natural teeth, which 

leads to high local stresses within the implant system and in the jawbone.  

 

The aim of this thesis study was to develop a novel dental implant model involving 

resilient components in the upper structure (abutment) in order to mimic the mechanical 

behavior of the PDL. Within the scope of the study, a complete mechanical design of a 

new dental implant model was made. The proposed model was optimized based on the 

design objectives by using Finite Element Method. The optimal design was verified to 

overcome the problem of loosening of the abutment screw (a common complication in 

previous designs), yield very similar axial mobility behavior as that of a natural tooth and 

withstand biomechanical loads without failure. In addition, as a support of a dental bridge 

in combination with a natural tooth, the proposed design was demonstrated to provide 

uniform load sharing with the natural tooth and substantially reduced magnitude of peak 

stresses within the construction, compared to a rigid counterpart. 

 

Keywords: Dental Implant, Elastic Abutment, Periodontal Ligament, Mechanical Design, 

Finite Element Analysis 
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ÖZ 

PERİODONTAL LİGAMANI TAKLİT EDEBİLECEK ESNEK YAPI İÇEREN DİŞ 

İMPLANTI TASARIMI VE MEKANİK ANALİZİ 

 

 

Pektaş, Ömer 

Yüksek Lisans, Makine Mühendisliği Bölümü 

Tez Yöneticisi: Yrd. Doç. Dr. Ergin TÖNÜK 

 

 

Şubat 2012, 177 sayfa 

 

 

Diş implantı, diş kaybı yaşayan hastaların eksik dişlerinin fonksiyonlarını geri kazanmak 

amacıyla yapılan doğal dişlere benzer restorasyonlarda kullanılan yapay diş köküdür. 

Periodontal ligaman adı verilen, şok emici özelliğe sahip, ince, elastik doku doğal diş 

kökleri ile çene kemiği arayüzünde bir yastık görevi görerek dişe belli bir hareket kabiliyeti 

kazandırır. Diş implantı destekli restorasyonlar ise tamamen rijit bir yapıya sahiptir. Bu 

durum, implant destekli dişin komşu doğal dişler ile beraber fonksiyonel yükleri 

karşılaması esnasında daha fazla yüke maruz kalmasına, implant yapısı ve implant 

çevresindeki kemik dokusu içerisinde yüksek lokal gerilimlerin oluşmasına neden olur. 

   

Bu tez çalışmadaki amaç, üst kısmında (abutment) içerdiği esnek yapı sayesinde, 

periodontal ligamanın mekanik davranışını taklit edebilecek yeni bir diş implantı 

modelinin geliştirilmesidir. Tez kapsamında, esnek yapıya sahip özgün bir diş implantı 

modelinin mekanik tasarımı eksiksiz olarak tamamlanmıştır. Önerilen implant modeli, 

tasarım hedefleri doğrultusunda, Sonlu Elemanlar Analizi yöntemi kullanılarak optimize 

edilmiştir. Optimize edilen diş implantı modelinin (bugüne kadar önerilen tasarımların 

birçoğunda ortak sorun olan) üstyapı sıkıştırma vidasının gevşemesini engellediği, doğal 

dişlere yakın bir şekilde eksenel hareket sağladığı ve biyomekanik yüklere dayanabildiği 

doğrulanmıştır. Bunun yanı sıra önerilen esnek yapılı modelin, doğal dişlerle beraber köprü 

protezi dayanağı olarak kullanılması durumunda, tamamen rijit yapıya sahip bir diş 

implantına kıyasla, doğal dişlerle yükü daha homojen bir şekilde paylaştığı, köprü protezi 

ve implant yapısı içerisinde daha düşük gerilimlerin oluştuğu gösterilmiştir.        

 

Anahtar kelimeler: Diş İmplantı, Esnek Üstyapı, Periodontal Ligaman, Mekanik Tasarım, 

Sonlu Elemanlar Analizi 
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CHAPTER 1 

 

 

1. INTRODUCTION 

1.1 An Overview of Dental Anatomy  

Dental anatomy is a field of biology and medical science which deals with the structure 

and functions of teeth. It studies the appearance, development, classification and parts of 

teeth [1]. 

 

Teeth are small bonelike structures, root end of which are firmly embedded in upper and 

lower jaws whereas other end is exposed.   The fundamental roles of teeth are biting and 

chewing for grinding food, that is, teeth provide mechanical digestion in mouth as the 

beginning of digestive system. Besides, teeth primarily affect the function of speaking. 

Crooked teeth and unbalanced dental occlusion cause inaccurate pronunciation of letters 

and words. Another major concern is the contribution of teeth to the aesthetical appearance 

which significantly affects personal relations, thus, social life. People having irregular 

dental structure or missing teeth, usually avoid oral communication.  

 

All the teeth lie on the jawbone that maintains stability and mobility for the mouth and 

teeth during mastication. The upper jawbone is called the maxilla and the lower jawbone is 

called the mandible [2]. The part of the jaw that surrounds the tooth roots and forms 

alveolus, tooth sockets, is called alveolar bone. Similar to the other bones in the body, 

alveolar bone is in a continual state of flux which includes recurrent destructive and 

formative activities in the bone structure throughout the life time so that the bone remains 

functional and healthy[3].    

 

Teeth are composed of multiple tissues with different biological and mechanical properties. 

As it can be observed from Figure 1.1, a tooth has two main parts, namely, the crown and 

the root. The crown is the upper visible portion, outer surface of which is covered by 

enamel, a non-living extremely hard substance [2]. Underneath the enamel there exists an 
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alive, cream colored, hard material called dentin with the pulp chamber in the center [4]. 

The dentin surrounds and protects the pulp which contains nerves and blood vessels [1].     

 

 

 

 

 

Figure 1.1 Anatomical structure of a tooth [5] 

 

 

 

The roots extend into the jaw bone and embedded in tooth sockets. They are covered by a 

thin calcified layer called cementum which meets enamel at the neck of the tooth. The 

lower portion of dentin remains inside the cementum. In order to provide circulation and 

sensation, a canal of blood vessels and nerves passes through each root reaching the area of 

pulp [2]. 

 

Another structural part that has a crucial role in dental anatomy is the periodontal ligament 

(PDL). It is a collagenous connective tissue, completely covering tooth roots and 

separating tooth from the alveolar bone [2]. The periodontal ligament is a living membrane 

having both nerve and blood supply. It forms an elastic cushion at the interface of jawbone 

and tooth roots so that slight movement of a tooth is enabled. Stating differently, instead of 

a rigid connection, such an interface provides flexibility. As a result of this, the shocks that 

would have probably been induced by the forces created during biting or chewing are 



3 

absorbed by uniform distribution of induced stresses so that teeth and alveolar bone 

structures are protected from being harmed [1].  

1.2 Loss of Teeth and Methods of Treatment  

Tooth loss is an undesirable condition that is especially encountered by adult people. It 

occurs when one or more teeth, due to several reasons, loosen and fall out. The case of 

complete loss of natural dentition is termed as edentulism, whereas loss of some teeth is 

called partial edentulism [6].  

1.2.1 Causes of Tooth Loss   

Most of the cases of tooth loss are commonly attributed to the reasons that are traced as 

below. 

 

1. Physical trauma or injury  

 

An external effect such as a blow or injury may lead to exertion of an amount of force 

exceeding the limits that dental tissues can physically endure and this may cause teeth to 

loose and fall out or break. 

 

2. Tooth decay 

 

Clinically termed as dental caries or dental cavities, decaying of tooth is incurred by a 

biochemical process. The bacteria growing in the remains of food accumulated in the 

cavities around the base region of teeth form organic acids. These acids gradually destroy 

the dental enamel and other underlying tissues. This situation is often characterized by 

intensive pain and bad breadth. Over a period of time the decaying teeth loosen and fall or 

require extraction [7]. 

 

Some of the factors that trigger tooth decay are not brushing teeth resulting in poor oral 

hygiene, lack of dental care, excess intake of starch and sugars, malnourishment etc. 
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3. Periodontal disease 

 

When periodontal tissues are damaged due to excessive compressive stresses or infection 

develops around these tissues, this is referred as periodontal disease. It is responsible for 

loss of teeth more than any other cause.  

 

If occlusal forces creating intensive pressure and tension fields exceeding the limits of 

periodontal ligament act on tooth surfaces, periodontal tissues usually suffer. Excessively 

high pressure causes the collagen fibers of the periodontal ligament to be compressed and 

stretched resulting in undue tension in areas of high pressure. If the fibers are extended too 

much, they begin to separate from the dental junctions, enlarging the periodontal pocket, 

which leads to penetration of bacteria and harmful chemicals, posing the risk of infection. 

On the other hand, the disconnected fibers can no longer stimulate bone regeneration and 

bone supporting the tooth begins to resorb. This leads to loosening and eventually falling 

out of the tooth [3]. 

     

In the Journal of Periodontology, dental researchers list the risk factors for tooth loss due to 

periodontal disease as follows: 

 

 Being older than the age of 35  

 Being male  

 Never getting professional dental care 

 Never using a toothbrush 

 Smoking  

 Having diabetes 

 Having high blood pressure 

 Having rheumatoid arthritis 

The last factor leads to the fact that the front teeth are more prone to be lost due to 

periodontal diseases compared with the teeth at the back of the mouth [8].   

1.2.2 Consequences of Tooth Loss   

It is essential to replace or treat a missing tooth; otherwise, neglecting the treatment for a 

long time may lead to serious and sometimes irrecoverable drawbacks. Millions of people 

http://www.webmd.com/oral-health/default.htm
http://www.webmd.com/oral-health/choosing-a-toothbrush-the-pros-and-cons-of-electric-and-disposable
http://www.webmd.com/smoking-cessation/default.htm
http://diabetes.webmd.com/default.htm
http://www.webmd.com/hypertension-high-blood-pressure/default.htm
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lose their capacity of chewing and face with aesthetical problems in addition to the effects 

on anatomical structures like periodontal tissues, alveolar bone and neighboring teeth [9].  

 

1. Effects on the jaw bone  

 

Throughout the course of life, there is a continual process of regeneration of alveolar bone 

similar to all other bone tissues in the body. Osteoblasts are the cells of bone that make 

new bone, whereas osteoclasts are the cells responsible from absorbing bone [10]. The 

activities of these cells balance each other. The osteoclasts continuously produce enzymes 

that destroy and dissolve organic components of the bone matrix. On the other hand, 

osteoblasts produce new bone on the side of bone that is in contact with the periodontal 

ligament. However, the formation of new cells requires stimulation that is created by the 

forces exerted on teeth and transmitted to the jaw bone through tooth roots and periodontal 

connection.  

 

When a tooth is lost, the major stimuli that triggers bone formation around surrounding 

bone becomes absent, since no stress field is induced on that region. As a result, the 

formative activities of osteoblasts that counterbalances the destructive activities of 

osteoclasts stop and the bone in the region of lost tooth resorbs, loses its density and gets 

weakened. The width and height of the bone decreases and the form of the bone is lost. As 

for the worst scenario, the loss of all teeth leads to complete bone loss and deformation of 

the shape [11].  

 

2. Effects on other teeth 

 

Losing a tooth adversely affects both its functional opponent and the neighboring teeth. 

When a tooth loss occurs, not only the alveolar bone in the socket of lost tooth resorbs, but 

the bone surrounding roots of the tooth which is the functional opponent in the other jaw 

also deforms. This is because no longer the functional occlusion is maintained and the 

forces encouraging the continual structural changes are not applied on the previously 

opponent tooth. Hence, the opponent tooth becomes a non-functioning tooth whose 

periodontal ligament gradually becomes thinner and loses its ligament-like properties and 

functions.  Besides, the tooth in the opposing jaw tends to move or extend towards the 

missing tooth location in time as illustrated in Figure 1.2. 
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The neighboring teeth are also influenced by a tooth loss. In case of a tooth loss, the 

harmonious dental occlusion is lost and occlusal imbalance develops. The neighboring 

teeth of the lost tooth begin to shift and tilt towards the empty location (Figure 1.2). As a 

result, the forces created during biting or chewing are no longer transmitted along the long 

axes of these teeth. This may cause periodontal disease which may possibly result in 

further tooth loss [3]. 

 

There are some other consequences of tooth loss related with the aforementioned effects on 

anatomical structures. As the jaw bone resorbs and loses its shape, problems with speech 

and aesthetical appearance arise, which unfavorably affect social life. Moreover, as the 

number of missing teeth increases, chewing certain food becomes difficult leading to 

nutritional problems. On the other hand, the remaining teeth are subjected to more stresses 

during chewing, which may cause weakening of these teeth.        

 

 

 

 

 

Figure 1.2 Tilting of teeth due to a missing tooth [12] 
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1.2.3 Methods of Treatment of Tooth Loss 

In order to avoid the drawbacks of tooth loss explained in previous section, medical 

treatment should be applied. For the treatment of tooth loss, a number of different 

techniques are implemented as described below. 

 

1.2.3.1 Dental Bridges 

 

Dental bridge is a conventional method of replacing missing teeth. It is made by placing 

crowns on the neighboring teeth at each side of empty location and joining these crowns by 

a false tooth, called pontic, in the middle. In order to fit the crowns, natural and healthy 

teeth at both sides are cut to a proper geometry (Figure 1.3). Then the dental bridge is 

placed, adjusted and cemented to the cut teeth by special adhesives. Dental bridges are also 

known as fixed partial dentures [13]. 

 

 

 

 

 

Figure 1.3 The procedure for dental bridge construction [14]  

 

 

 

The adjacent teeth which are cut for a dental bridge application lose their resistance against 

external effects and become more prone to be adversely affected. In the cases of 

inconvenient bridge restorations, the teeth under bridge may decay in time requiring 

replacement of the bridge. It is also necessary to replace the bridge when adaptation 

problems arise between gum and the bridge.  The removal of the bridge causes trauma on 
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the supporting teeth. Another drawback related with dental bridges is that no force is 

transmitted through the false tooth at the middle to the bone since it has no root. Hence, the 

bone may begin to resorb.    

 

1.2.3.2 Removable Partial and Complete Dentures 

 

Dentures consist of false replacement teeth that are attached to gum-colored plastic bases 

made of acrylic resin and connection is maintained by a metal framework. Removable 

partial dentures can be used when there are remaining natural teeth.  As it can be seen in 

Figure 1.4a, they include metal clasps or other attachments that are used to attach dentures 

to existing teeth and hold the denture in place. Partial dentures form bridges filling the gap 

due to missing teeth. 

 

The complete dentures, on the other hand, are used as a treatment for the cases of complete 

tooth loss. They cover the entire upper and/or lower jaw (Figure 1.4b). Removable 

complete dentures are placed directly on the gum tissue without any fixation and can be 

removed easily [13].   

 

The disadvantage of removable dentures is that during chewing, speaking or laughing, the 

denture may loosen, move or slide from its place resulting in discomfort for the patient. 

 

 

 

      

                                   (a)                                                                           (b) 

 

Figure 1.4 Removable dentures: a) partial denture [15], b) complete denture [16] 
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1.2.3.3 Dental Implants and Overdentures 

 

Dental implant is an artificial dental root that is used to regain the function of one or more 

missing teeth of edentulous patients (Figure 1.5). It is the safest, most functional and 

efficient way among the techniques for missing tooth replacement applied by dentists. A 

dental implant is basically composed of two parts. The lower part is surgically inserted into 

the jaw bone and fixed in the location of priorly existing natural tooth roots. It is directly in 

contact with bone. During a period of healing, bone grows around the implant and provides 

a strong structural support similar to the roots of natural teeth.  

 

 

 

 

 

Figure 1.5 Dental implant as an artificial tooth root [17] 

 

 

 

The upper part, called abutment, is mounted on the portion of the lower part that is exposed 

to the oral cavity beyond the level of gum line. The false tooth, called the crown that 

replaces the missing tooth is fitted onto the abutment (Figure 1.6).    

 

Dental implants have significant advantages over other treatments of tooth loss. Compared 

with dental bridge applications, there is no need to sacrifice the healthy adjacent teeth since 

the neighboring teeth are by no means affected during a dental implant treatment. The 
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dental implant is directly screwed into the cavity of the missing tooth. Another prominent 

benefit of dental implants is that the shrinkage of the alveolar bone is prevented by 

providing an interface for the forces on the crown to be transmitted to the bone and to 

trigger new cell formation as in the natural tooth case. Therefore, the necessary stimulation 

for bone regeneration not existing in dental bridge applications is maintained resulting in 

preserved bone shape. 

 

 

 

 

 

Figure 1.6 A typical dental implant system: (a.1) root, (a.2) abutment, (a.3) crown [18] and           

(b) single tooth replacement [19] 

 

 

 

The crowns supported with dental implants look like original teeth and can restore the 

chewing efficiency comparable to that of natural teeth. With dental implants, discomfort 

caused by slipping or cracking and pain due to misplacement of removable dentures are 

avoided. This can be achieved by using overdentures. 

 

An overdenture is a fixed type of denture which is supported by remaining teeth or dental 

implants [20]. An implant-supported overdenture is a commonly used technique which has 

several advantages over an ordinary removable denture. In order to hold the denture in 

place, usually ball type abutments are utilized (Figure 1.7). The overdenture is clipped on 

the abutment and can be removed easily for cleaning or other purposes.  

 

Overdentures are mechanically stable and provide proper transmission of forces created 

during chewing. When an implant supported overdenture is used, less bone resorption 

occurs. On the other hand, the adaptation of the patient to the overdenture will be quicker 

due to its stability compared to a removable denture.  

(1)                (2)               (3) 

(a)                                                                         (b) 
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Figure 1.7 Implant-supported overdentures: (1) lower jaw overdenture, (2) a dental implant with 

ball type abutment, (3) upper jaw overdenture [19] 

 

 

 

Another prominent advantage of including implant-support together with natural tooth 

support for an overdenture is that teeth that have been loosened due to weakening of 

periodontal tissues can be saved. This is maintained by additional stability gained by the 

artificial supports, reducing the possibility of torsion on supporting natural tooth and 

preventing further loosening of these teeth and traumatization of neighboring teeth [3]. 

1.3 Dental Implantology 

Dental implantology is a rapidly advancing field of science that deals with the problem of 

tooth loss and focuses on providing esthetically pleasing, functionally effective and 

biologically compatible replacement choices for missing teeth.  In the Glossary of 

Prosthodontic Terms, a dental implant is defined as “a prosthetic device made of 

alloplastic material(s) implanted into the oral tissues beneath the mucosal or/and 

periosteal layer, and on/or within the bone to provide retention and support for a fixed or 

removable dental prosthesis; a substance that is placed into or/and upon the jaw bone to 

support a fixed or removable dental prosthesis” [20]. Figure 1.8 illustrates the use of dental 

implants for different cases of tooth loss. 

 

Dental implant is an alternative method of treatment of single or multiple tooth loss and it 

is, in terms of side effects, oral comfort and long term results, superior to the conventional 

techniques like dental bridges, partial or complete removable dentures. The major concern 

in dental implant treatments is approximating natural dentition with respect to appearance 

and functions as far as possible. 

 

(1)                         (2)                            (3) 
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 (a) (b) 

 

Figure 1.8 Dental implants for (a) single and (b) multiple tooth replacement [21] 

 

 

 

The need and use of dental implants is increasingly continuing, which is attributable to 

several factors, including  

 

 tooth loss related to age, 

 anatomic consequences of edentulism, 

 poor performance of removable prostheses, 

 psychological aspects of tooth loss, 

 predictable long-term results of implant-supported prostheses and 

 advantages of implant-supported prostheses[22].  

1.3.1 A Brief History of Dental Implantology 

The attempts to overcome the problem of tooth loss and to find out a way of replacing 

missing teeth date back to as old times as the history of human beings. From ancient time 

to the modern age, several materials, many geometric forms, surgical and prosthetic 

methods have been tried until today’s state of the art dental implants are developed.  

 

With regard to the ancient implantology, scarcely existing archeological reports 

demonstrate the attempts of different prosthetic devices used as natural and functional 

replacements. The findings show that ancient Egyptians, Greeks, Romans, Chinese, Indians 

and Arabs have used transplantation procedures and devices. In addition to naive artificial 

units such as shaped stone, wood, cast iron and carved sea shells, bone and natural teeth 
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taken from various animals and even teeth sold by the poor or slaves have been tried as 

implantation material [23].  In 1931, archeologists found a woman mandible of Mayan 

origin having tooth-shaped pieces of shell placed into the sockets of missing teeth. Later, in 

1970, a Brazilian dental academic, Professor Amadeo Bobbio, investigated that mandibular 

specimen and in the radiographs he took, he observed bone formation around the implant-

like structures [24]. 

 

In 18
th
 century, teeth donated by humans are replaced for missing teeth of wealthier people 

in exchange for some fee; however, immune system reactions precluded the adaptation of 

foreign materials. In 1785 and 1786 Le Mayeur implanted one hundred and seventy 

donated teeth, but none of them had successful results [23].    

 

In 19
th
 century, predicating on a false assumption that precious materials would be well 

tolerated by biological tissues, gold, silver, platinum and some other metal alloys were 

used as implant materials, which resulted in extremely poor long-term results [3]. These 

implants have been placed in alveolar sockets immediately after extraction to create 

suitable replacements. The rejection of these type metallic inclusions was basically due to 

the fact that they were not inert. The experimental study carried out by Venable et al. 

(1937) showed that the metals that are not inert tend to ionize on contact with body fluids 

resulting in production of metallic salts causing excessive proliferation of some tissues 

whereas inhibiting bone formation [25]. The prevention of bone formation around the 

implant leads to failure of the implantation.  

 

The modern breakthroughs in dental implantology emerged as a result of so-called 

serendipity of a Swedish orthopedic surgeon, Professor Bränemark, in 1952. While 

studying bone healing and regeneration around ‘the rabbit ear chamber’, which was a 

chamber of titanium designed and developed as a part of research conducted in Cambridge 

University, he observed in microscopic level that bone had grown around titanium surface 

in so close proximity that he was unable remove the chamber form the rabbit femur. Dr. 

Bränemark investigated this phenomenon through further studies on animal and volunteer 

human tissues, which all contributed to unveiling the biocompatible properties of titanium. 

Having initially been considered to be appropriate for applications in the field of 

orthopedics such as knee or hip surgery, later titanium is realized to be utilized as 

anchorage for dental prosthesis and artificial crowns [26]. In 1965, the first titanium 

implant was purposely inserted into the jawbone of a human volunteer, Gösta Larsson, 
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with the aim of providing an artificial root for prosthetic teeth [24]. Also, in 1967, Leonard 

Linkow presented his blade-form titanium implants providing mechanical stability and 

function for partial and complete dentures [26]. 

 

During the period between 1970 and 1980, researchers carried out many experimental 

studies to obtain better designs and geometric forms for titanium dental implants some of 

which are the IMZ Implants, TPS Implants, ITI Hollow-Cylinder Implants [27]. 

Throughout this period, Dr. Bränemark continued his research and in 1971 he introduced 

titanium hollow screw implants which resulted in increased success rate, clinical 

applicability and reduced rate of complications compared to blade-form implants. In 1977, 

Dr. Bränemark published a paper which covered all the data obtained in his studies, and 

this report provided the scientific data for the development of currently implemented 

implantation procedures and implant systems [26]. In 1978, he established a commercial 

partnership with a Swedish defense company, Bofors AB. In 1981, based on the 

partnership, Nobel Biocare, one of the largest current dental implant producers in the 

world, was founded with the aim of focusing directly on dental implantology. 

 

In 1982, the Toronto Conference on Osseointegration in Clinical Dentistry set the first 

guidelines for successful implant dentistry [28]. The successful integration of hollow screw 

geometry into bone and high biocompatible characteristics of titanium resulted in that 

screw form dental implants have become the preferred method of tooth replacement and a 

standard dental treatment technique. Providing a high rate of success and a wide range of 

restorative options, today, dental implants, under various brand names, are extensively 

used worldwide. Current studies are mainly focused on improving aesthetics, reducing 

healing period and simplifying the use of dental implants. 

1.3.2 Classification of Dental Implants 

The factors determining the success of a dental implant are biocompatibility with living 

tissues, easiness of operative procedure, time required for healing, being able to endure 

biomechanical forces and transmit them to jawbone properly. In order to optimize these 

parameters, several implant materials are utilized; numerous designs for geometric forms 

and procedures for enhancing surface properties are developed.   
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The dental implants that have been involved in the market can be classified with respect to 

various parameters some of which are materials, geometric form, surface properties, 

method of implantation, implantation time and prosthetic restoration type. Here the first 

three parameters will be explained. 

 

1.3.2.1 Implant Materials  

 

Dental implant materials are selected with regard to required mechanical properties as well 

as biocompatibility. Recently, esthetical quality has also become a leading concern. 

 

Dental implants are subjected to high levels of mechanical loads during chewing and 

biting. It is reported that the bite force is in the range of approximately 100 to 800 N for 

natural dentitions and the normal chewing force is in the range of 75 to 135 N depending 

on the location of the tooth on the jaw [29]. The material should have mechanical 

properties such as tensile strength, and Young’s modulus sufficient to endure these loads.  

 

Another important consideration in the material choice for dental implants is 

biocompatibility. Since a dental implant is in direct contact with living bone tissue, it 

should be well tolerated without arising complications that may occur due to biological or 

chemical reactions with toxic effects in an environment involving body fluids.  

 

The materials for the commercially available dental implants that have been used in 

clinical dental treatments can be traced as metals, ceramics and polymers. 

 

a. Metals 

 

Various types of metals such as gold, platinum, stainless steel, cobalt-chromium alloy have 

been tried to serve as implant material; however, in the long run most of these metals 

caused negative tissue reactions and non-biocompatible properties of them were observed. 

The best choice to fulfill the required properties has been found to be titanium, which is 

used for construction of the majority of the implants available on the market.  

 

Titanium is a nontoxic, reactive material. When it is in contact with any other electrode, an 

oxide layer is formed on the surface and this layer resists chemical attacks. It is also inert 
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in living tissues so that it is not rejected by these tissues. Bone regeneration and bonding on 

the surface of a titanium dental implant occur perfectly [27]. 

 

The tensile strength of titanium is high, whereas elastic modulus is low (approximately 

100-110 GPa) compared to other metallic biomaterials like stainless steel and Co-type 

alloys having modulus of elasticity about 206 and 240 GPa, respectively. Therefore, the 

elastic modulus of titanium is closer to the value for bone that is reported to range between 

17 and 28 GPa [30]. In order to further enhance mechanical and also chemical 

characteristics, several alloys of titanium are developed. Iron, nitrogen, vanadium, carbon, 

hydrogen and many other materials are incorporated into titanium alloys. The most widely 

used material for dental implants is annealed Ti-6Al-4V, which is a titanium alloy 

including aluminum and vanadium. Ti-6Al-7Nb, an alloy developed for surgical implants 

is also attractive for dental applications [30], [31].   

 

The mechanical properties of pure titanium and titanium alloys are presented in Table 1 

[32]. The ultimate tensile strength and yield strength of alloys are significantly enhanced 

without increasing elastic modulus too much. 

 

 

 

Table 1.1 Mechanical properties of titanium and its alloys [32] 

 

Material 

Young's 

modulus 

[GPa] 

Yield strength 

[Mpa] 

Ultimate 

strength 

[Mpa] 

Ultimate 

strain [%] 

Ti pure - Grade 1 

Ti pure - Grade 2 

Ti pure - Grade 3 

Ti pure - Grade 4 

102.7 

102.7 

103.4 

104.1 

170 

275 

380  

485 

240  

345 

450 

550 

24 

20 

18 

15 

Ti-6Al-4V (Annealed) 110 - 114 825-869 895-930 6-10 

Ti-6Al-7Nb  114 880-950 900-1050 8-15  

 

 

 

b. Ceramics 

 

A number of ceramic materials such as alumina, hydroxyapatite [Ca10(PO4)6(OH)2] (HA), 

tricalcium phosphate (Ca3(PO4)2) and bio glasses have been used as implant materials.  
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Among these, hydroxyapatite and tricalcium phosphate have been disapproved to be 

implant materials due to their brittle characteristics [33]. On the other hand, it is reported 

that ceramic implants have low flexural strength values insufficient to withstand occlusal 

load. Moreover, they have a high degree of solubility, causing hydrolysis when subjected 

to water and becoming prone to fracture [34].  Another disadvantage of ceramic implants is 

that they have one-piece structure which precludes the use of angled abutments.  

 

Zirconium dental implants are among the newer ceramic implants used recently. They 

provide promoted aesthetic quality, biocompatibility and mechanical structure. The most 

distinctive property of zirconium implants is that they are indistinguishable from natural 

teeth regarding their appearance since they are purely white as can be seen in Figure 1.9. 

However, their inferior mechanical characteristics when compared with titanium alloys, 

lead manufacturers to use ceramic materials as coatings on metallic implants instead of 

using as implant material.  

 

 

 

 

 

Figure 1.9 A metal free ceramic dental implant [35] 

 

 

 

The most common ceramic coating applications are hydroxyapatite, titanium dioxide and 

zirconium dioxide coatings implemented using several techniques. 

 

c. Polymers 

 

With the purpose of obtaining a dental implant that would be able to simulate small elastic 

movements of the periodontal ligament of a natural tooth, some polymers including 
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polyurethane, polyoxymethylene, and polyamide have been used as dental implant 

materials. However, the insufficient mechanical properties and biological compatibility 

have constrained their application [34]. Therefore, the studies about the use of polymers 

have been shifted towards investigation of elastic components to be incorporated into 

implant systems.  

 

1.3.2.2 Geometric Forms of Dental Implants 

 

Many alternative designs for dental implants have been developed in order to maintain a 

stable fixation between implant and bone tissues. Among these alternatives two workable 

types are commonly used for the treatment of missing teeth, namely, root-form and 

subperiosteal implants [3]. The selection of appropriate type depends on the amount and 

location of available bone on the jaw. 

 

a. Root-Form Implant 

 

The most prevalent type of dental implants used in clinical applications is the root-form 

dental implant which is also known as endosseous or endosteal type.  These types of 

implants are placed directly into jawbone as in the case of a natural tooth root. They have a 

cylindrical geometry having a screw-like form on the surface (Figure 1.10). Root-form 

implants can be used for anchorage of single or more artificial teeth as well as for the 

fixation of partial or complete dentures [36]. 

 

 

 

 

 

Figure 1.10 A root-form dental implant fixed on the bone [37] 
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b. Sub-Periosteal Implant 

 

Contrary to root-form implant, the sub-periosteal implant is composed of a metal 

framework that is set over the bone to serve for the role of multiple tooth roots without 

including any part fixed inside the bone (Figure 1.11). Rather, the upper part of the 

framework protruding through the gum supports the artificial dentures. The use of this kind 

of an implant is limited to the cases when there exists very little alveolar bone resulting 

from bone resorption. On the other hand, it can be used only if all the teeth on upper or 

lower jaw are missing. The dentures for the patients having minimal bone height can be 

held on their jawbone by using such an implant system [3].   

 

 

 

 

 

Figure 1.11 A Sub-periosteal type dental implant placed on the jawbone [38] 

 

 

 

1.3.2.3 The Surface Properties of Implants and Osseointegration 

 

Being mostly used as a dental implant material, titanium is readily accepted by human 

body without causing allergic reactions or toxicity. However, in order to further enhance 

the biocompatibility of dental implants to increase the long-term survival rate, several 

surface modification techniques are implemented. The basic aim is to increase the rate of 

osseointegration, which is defined as ‘the process and resultant apparent direct connection 
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of an exogenous materials’ surface and the host bone tissues, without intervening fibrous 

connective tissue present’ [20].  

 

The most common techniques for promoting biocompatibility are surface roughening and 

surface coating. The surface roughness at macro scale is achieved by grit sandblasting 

(with TiO2, Al2O3 or calcium phosphate grits) and at micro scale by acid etching. As the 

roughness of the surface increases, the contact area between implant and bone enlarges 

providing an improved surface condition for better osseointegration. For surface coating, 

biocompatible materials like TiO2 and hydroxyapatite are employed [34]. It has been 

reported that hydroxyapatite coating onto titanium dental implants maintains early adaption 

with bone; therefore, it is a widely adopted method [22]. Plasma spraying, sputtering and 

sol-gel coating are the basic methods for coating implant surfaces. Moreover, 

electrochemical methods such as thermal oxidation, anodic oxidation and micro arc 

oxidation are also utilized for surface modification of dental implants [34].     

1.4 The Role of the PDL and Concept of Elasticity for Dental Implants 

As far as the natural teeth are considered, a distinctive and very essential characteristic 

stands out. There exists an interface on the contact surface of a living tooth’s root and 

jawbone, called periodontal ligament. It is a flexible, shock-absorbent layer which provides 

the tooth root to be affixed on the jawbone steadily and also prevents the forces created 

during chewing and biting, from becoming excessively large by providing uniform 

distribution of forces along the root surfaces. It is experimentally obtained that, in the case 

of direct contact without an elastic interface, the forces acting upon the tooth roots and the 

jawbone are significantly larger. In addition, periodontal ligament forms a cushion between 

the contact surfaces so that it helps avert the large local stresses and harmful effects of high 

stress levels on the anatomical structures. By the way, one of the foregoing reasons of tooth 

loss is degeneration of the periodontal ligament [3].  

 

When a dental implant is placed into the root of a lost tooth, it is impossible for the 

periodontal membrane to still maintain its position and continue its functions as in the 

original case. Hence, the artificial root in the form of a thread is in direct contact with the 

jawbone, which causes large forces and large stresses to occur. As a consequence, both the 

life of the dental implant diminishes and resorptions take place in the jawbone.  
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In order to cope with the aforementioned problems arising from the inelastic structure of 

the present dental implants, a new design involving a pliant, shock-absorbent interface in 

the upper structure of the dental implant system can be implemented. Such an elastic 

component that would mimic certain mechanical functions of periodontal membrane in the 

natural anatomical structure will play a very crucial role in a dental implant application by 

distributing the forces uniformly on the implant and decreasing the local loads.  

1.5 The Advantages of a Resilient Dental Implant 

The previous studies revealed significant advantages of a resilient dental implant compared 

to a rigid type implant system. The essential contributions of elastic behavior in a dental 

implant are given below. Accordingly, an elastic dental implant: 

 

 By shock absorbing nature, avoids excessive, local biomechanical overload that 

would cause component fracture, prosthesis fracture and early implant failure due 

to early crestal bone loss; in other words, provides protective damping against 

occlusive shock forces, decreases the magnitude of induced stresses in case of 

impact loads, maintains progressive loading for implant-supported prostheses. 

 Diminishes or delays the loads transmitted to implants and to the bone. 

 Attenuates the stress concentrated at the implant-bone interface in case of impact 

loads. 

 Keeps the induced strain gradients in bone within physiologic limits, by uniformly 

distributing stresses and damping the occlusal forces, which reduces peak stresses 

(stress concentrations) 

 Precludes micro-fractures in bone and bone resorption due to overloading; reduces 

the decrease in density experienced by the bone around the implant during the 

course of time. 

 Helps avert relative micromotions that are out of admissible range between implant 

and bone, which favorably affects the implementation of one-stage surgery, termed 

as immediate loading. 

 Provides some mobility as in the case of a natural tooth, which helps especially in 

implant-tooth co-supported dentures by preventing differential mobility throughout 

the prosthesis that causes uneven load sharing between the supports of the system. 
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 By compensating dissimilar mobility, avoids implant overload and relieves the 

stress concentration that would occur on a rigid type implant supporting a fixed 

denture in combination with a natural tooth under static loading. 

 Reduces the rate of instances of overdenture problems such as failure of 

framework, bar devices or other retentive elements. 

 Helps prevent bone resorption and following loosening of osseointegrated dental 

implant that are caused by the greater stress concentration on rigid type implants at 

high load levels when functioning in concurrence with natural teeth during 

mastication.  

 Provides the patients with increased comfort and the feel of a live tooth. 

 

For free standing implants, elastic components act as stress absorbing damping elements 

under dynamic load, whereas for an implant connected with a natural tooth to support a 

denture, the elastic elements are effective both as a stress distributor under static loading 

and stress absorber under dynamic loading. 

1.6 The Problems Related with the Previous Designs 

Each of the benefits of an elastic dental implant listed in the previous section is revealed 

via different studies explained in the literature survey, in Chapter 2. Although each study 

contributed significantly to the basis of elastic dental implant concept, they have not 

yielded a practical and applicable solution for clinical use yet. The problems involved in 

the previous approaches can be traced as follows.    

 

 Dissimilar and deficient mobility characteristics in the axial direction of the 

implant as compared with natural teeth 

 Loosening of the internal connecting screw, that is used to fasten the abutment to 

the implant, due to loss of preload during loading, fracture of screw and/or 

abutment due to inadequate mechanical properties of elastic 

components/connectors (as in the IMZ implants) 

 Fracture of the internal screw due to transmission of main forces directly to the 

screw and stress concentrations at the head of the screw and near the initial screw 

threads, which are stated as potential sites of failure 

 Failure of elastic parts due to high stress levels 
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 Frequent requirement for replacement and maintenance of the abutment and 

fixation screw due to failure, which is highly undesirable in a dental implant 

treatment 

 Lacking mechanical integrity, involving not stable, reliable or durable mechanical 

designs in terms of longevity of the system under different load cases 

 Very complicated geometric designs in terms of manufacturability and easiness of 

use, which makes mass production and clinical implementation impractical 

 Lacking certain material specifications for elastic components, rather assuming a 

material whose mechanical behavior is analogous to that experimentally obtained 

for natural teeth to be available 

 Limited versatility, in other words, being applicable only for supporting 

removable complete dentures in complete tooth loss cases (not for single tooth 

loss cases) 

 Injury of gum tissue and gingiva inflammation in the designs in which the elastic 

parts are positioned at the implant neck region and have contact to the surrounding 

gingiva since the mobility of the part might cause irritation of this soft tissue 

during loading  

 Inevitable moisture contamination of elastic parts that are exposed to the oral 

environment, requiring cleaning and/or maintenance at certain time intervals  

 Not enabling modifications (like cutting to a specific geometry) on the abutment 

before fastening the artificial crown, while this is a common practice employed by 

prosthodontists  

 Remaining only at the conceptual design stage, involving no detailed designs 

 Ignorance of nonlinearities of the contact regions between elastic and rigid parts 

during mechanical design and analyses of proposed designs   

1.7 Motivation and Objective of the Thesis  

Having stated the advantages of a resilient dental implant (in Section 1.5) and the problems 

involved in the previous attempts to come up with such a design (in Section 1.6), the 

objective of this thesis study is to make a design of a novel dental implant system that 

would mimic the mechanical behavior of the periodontal ligament in natural teeth and 

tackle with the problems that appear in the previous designs. Particularly, the major points 

addressed in this study are: 

http://tureng.com/search/prosthodontist
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1. Overcoming the problem of loosening of the internal fastening screw, 

2. Obtaining a very similar mobility behavior (force-displacement relationship) for 

the dental implant as that of a natural tooth by simulating the mechanical behavior 

of the periodontal ligament, which will especially be useful for implants 

supporting dental bridges in combination with natural teeth, 

3. Coping with the failure of the internal screw and elastic components due to stress 

concentration by design optimization, 

4. Avoiding the soft tissue irritation problem by making a design of dental implant 

that confines the elastic components within a closed system, 

5. Achieving a simple, solid mechanical design with a reliable mechanical integrity 

so as to provide an elastic dental implant practical for mass production and proper 

for clinical implementation. 

1.8 Scope and Outline of the Thesis  

The scope of the thesis is explained by making a descriptive outline for parts of the thesis. 

 

Chapter 1 is devoted to supply the basic related introductory information in the field of 

dentistry and dental implantology. In particular, the role of the periodontal ligament for 

natural teeth, the importance of simulating its mechanical behavior in dental implants and 

the problems with the previous attempts are explained.   

 

Chapter 2 is organized to compile sufficient and essential background information from the 

literature, within the context of the framework of thesis objectives, in order to be able to 

provide a contributory study from the mechanical engineering discipline to the 

interdisciplinary field of dental implants. Specifically, the biomechanical considerations for 

natural teeth and for dental implants, the approaches and important considerations about 

the concept of incorporating an elastic interface into dental implants are handled. 

 

Chapter 3 deals with description of the methodology implemented to achieve the objectives 

of the study. In addition to the design procedure of the proposed dental implant system at 

the beginning, the optimization of the design and the comparison with a rigid counterpart 

by using finite element method are explained in detail. 
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Chapter 4 presents all the results obtained by applying the analytical procedure and the 

finite element analyses in the previous chapter. 

 

Chapter 5 is devoted to summarize the work done and to briefly state the important 

conclusions drawn from the results obtained. Finally, some recommendations for future 

research on the subject are made.  
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CHAPTER 2 

 

 

2. LITERATURE SURVEY 

2.1 Biomechanical Considerations for Natural Teeth 

In order to design a mechanical part as a replacement for a natural tooth, it is necessary to 

understand the inherent biomechanics of interrelated natural structures like tooth, 

periodontal ligament and surrounding jawbone. From the mechanical point of view, these 

anatomical structures involve interfacial tissues that support masticatory forces and 

external loads by providing proper force transmission among each other.  

2.1.1 Loads on Natural Teeth 

Natural teeth are subjected to different load levels during chewing and biting. The 

mechanical loads and corresponding response in terms of tooth displacement, termed as 

tooth mobility, have been investigated by several researchers. When a natural tooth is 

loaded, the force exerted has both horizontal and vertical components, combination of 

which produces tooth movement in all directions.   

 

The highest levels of masticatory forces are reached when the teeth on upper and lower jaw 

are in contact during chewing cycles. The periods of contact last about 100 milliseconds 

adding up to 15 to 30 minutes each day. However, parafunctional habits like bruxism cause 

the load bearing tissues to be subjected to forces up to 11 N for several hours per day [39]. 

 

The maximum forces, created due to chewing and biting, have been determined by several 

experimental studies. Graf et al. conducted a study to measure the functional forces 

generated during mastication by placing transducers within fixed and removable prosthesis. 

The results indicated that in humans, maximum biting forces could reach up to 800 N in 

the molar region, and 100 to 200 N in the incisor region [40]. On the other side, Anderson 

reported that maximum occlusal forces due to chewing and swallowing (70 to 150 N) are 
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considerably lower than maximum bite forces. Moreover, it was stated that in most cases 

these forces do not exceed even 10 N [41]. 

 

It is asserted that bite forces are affected by gender, age, height, weight, type of functional 

dental occlusion depending on facial type (short, average or long) and presence of 

parafunctional habits. Abu Alhaija et al. carried out a study to compare the effects of 

different factors on maximum occlusal bite force (MBF) in first molar region, in Jordanian 

students. According to the results of this study, those with a short face had highest MBF 

(679 ± 117 N) while the long face types had the lowest MBF (453 ± 98 N). The average 

MBF (599 N) for males was higher than the value for females (546 N). On the other hand, 

a positive correlation was derived between average MBF, weight and height. The average 

MBF in Jordanian adults was 573 N [42]. Bakke reported that bite force has an increasing 

pattern with age (until the age of 50), weight and height [43]. Carlsson et al. recorded 

higher level of bite forces for those having parafunctional habits like bruxism [44]. 

 

The state of dentition is another factor having impact on the maximum bite force. It is 

reported that patients with complete removable dentures have values just one third to one 

fourth of those with complete natural dentition, while individuals using implant-supported 

dentures have almost similar values as ones with a full natural dentition [39, 43]. This 

result shows that implant treatment provides a mechanical replacement with a close load 

bearing capacity as in the natural case. With respect to another study, the results of which 

justify this conclusion, Bousdras et al. reported that the maximum vertical bite force in 

humans with implant-supported superstructures was found to approach 690 N to 800 N 

[45], which is the value of maximum bite force with natural teeth for humans recorded by 

Graf et al. [40] 

 

The force-displacement relationship for a natural tooth is nonlinear and time dependent, 

which is the fundamental mechanical consequence of the presence of fibrous tissue, called 

periodontal ligament, surrounding and supporting tooth roots. The functions of this layer 

with respect to mechanical perspective are explained in details in the following section.   
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2.1.2 Mechanical Behavior of the Periodontal Ligament 

Periodontal ligament (PDL), the connective tissue separating the tooth from its bony 

socket, dominates the biomechanics of normal healthy teeth. When teeth on upper and 

lower jaw are in good occlusion, each tooth meets its functional opponent and forces in the 

direction of the long axis of teeth are induced. However, during chewing, teeth are under 

continual forces from multiple directions either simultaneously or alternately. The role of 

the PDL becomes prominent and should be underscored at this point. The essential 

function of the PDL is to provide retention and support for the tooth in its socket in 

jawbone. This is accomplished by the connective tissue fibers (Figure 2.1) which are 

arranged in a pattern that a single one or a group of fibers always counteract the forces 

acting, irrespective of the direction of forces. As a consequence, the fibers of the PDL not 

only provide support for the tooth, but also constrain and in a sense control its 

displacement so that the stresses transmitted to the jawbone are kept within normal 

physiologic limits [3]. On the other hand, the micromovements of PDL provide the 

distribution forces along the root surfaces so that high levels of local stresses are precluded 

[46]. 

 

  

 

 

 

Figure 2.1 Connective tissue fibers in periodontal ligament of a healthy tooth [46] 
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2.1.2.1 Experimental Studies on the Mechanical Behavior of the PDL 

 

Dental occlusal analysis, carried out to investigate displacement and deformation behaviors 

of periodontal ligament in response to an applied load, has been an important issue for 

researchers working on dental biomechanics. There have been many attempts to reveal 

mechanical properties and behavior of PDL by applying experimental techniques both on 

animals and humans.  

 

Prior to explaining load-displacement characteristics of PDL, it is meaningful to mention 

about this layer’s physical and mechanical properties. It has been obtained that varying 

from tooth to tooth and in different areas of the same root, for humans, the thickness of 

PDL in a healthy tooth in favorable occlusion is in the range from 0.15 to 0.39 mm [48]. 

The layer is thinnest at the middle region of the root. It is the functional movement of the 

tooth that maintains the typical thickness; otherwise, when opposing tooth is lost and 

occlusal forces become absent, the ligament starts to get thin and lose density [39].  

 

Poisson’s ratio of PDL is reported to be in the range of 0.45-0.49 (i.e. nearly 

incompressible like many other soft tissues), whereas a certain value for modulus of 

elasticity is not stated since the mechanical behavior of this tissue is pointed out to be non-

linearly elastic. It was found that with the increment of load, Young’s moduli increased 

exponentially [49]; specifically, the values determined were approximately 0.12 MPa 

under load ranging between 0 and 0.5 N, 0.25 MPa between 0.5 and 1.0 N, 0.44 MPa 

between 1.0 and 1.5 N, and between 0.69 and 0.96 MPa for loads within the range of 1.5-

2.0 N. The corresponding diagram showing the relationship between the magnitude of 

applied load and the resultant tooth displacement is presented in Figure 2.2 [50].  

 

 

 

 

 
Figure 2.2 Tooth displacement as a function of magnitude of load [50] 
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For higher levels of load Rees and Jacobsen reported that a wide range of values (up to 

more than 1 GPa) has been used for the elastic modulus of periodontal ligament in previous 

studies. However, the authors concluded that, by assuming linear behavior, 50 MPa 

resulted good correlation between the finite element model for tooth loading and the 

experimental findings about tooth displacements. In addition, in this study an ultimate 

tensile strength of 2.4 MPa was reported [51].   

 

The periodontal tissue has a unique and distinctive mechanical character. As a result of the 

membrane’s resiliency, a natural tooth shows physiologic micromovements in horizontal 

and vertical direction when loaded. The magnitude of displacement in horizontal direction 

is larger than that of vertical [27]. Morita et al. conducted a study to correlate displacement 

and deformation distributions with an experimentally obtained load-displacement curve by 

using digital image correlation analysis. For the experimental part, specimens consisting of 

a molar tooth, its periodontal ligament and a portion of alveolar bone were prepared by 

separating from a porcine mandible and a compressive force was applied using a table-top 

material tester. Based on the results obtained at the end of the study, it was concluded that 

the vertical displacement of a tooth can be characterized by a nonlinear biphasic behavior, 

as expressed in many previous studies. Regarding this characteristic nature of behavior, it 

was demonstrated that the first phase indicated deformation of the PDL, whereas the 

second indicated deformation of the alveolar bone and tooth. As represented in Figure 2.3, 

it was also noted that in the first phase (between 0 to -80 µm) the rate of increase of load 

was relatively small, whereas in the second phase (after -80 µm) this rate was higher 

resulting in diminished tooth mobility [52]. 

 

 

 

 

 

Figure 2.3 Load-displacement curve of the specimen under compressive load [52] 
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Taking the strong similarity between bovine and human PDL into consideration, Pini et al. 

also conducted an experimental study to examine the mechanical response of the bovine 

PDL subjected to uniaxial tension and compression. The specimens were tested in a 

custom made uniaxial testing machine. The stress-strain curve of the PDL obtained from a 

molar specimen is presented in Figure 2.4. The experimental procedure included firstly a 

compressive loading (CL) up to a reversal point followed by unloading (CU) to zero strain. 

After the initial compression cycle, the test specimens were loaded in tension until rupture 

occurred (TL). As it can be observed from Figure 2.4, the PDL’s behavior under 

compression was biphasic such that stress did not increase much up to a level of 

compressive strain, after which a steep increase in stresses stood out. Another noteworthy 

point is the hysteresis loop exhibited in the compression cycle. In this study, the 

mechanical parameters such as elastic modulus (εf), maximal stress (Smax), corresponding 

maximizer strain (Emax) and strain energy density (UE) were also analyzed and found to be 

influenced by PDL thickness and the tooth type (molar or incisor). With regard to the 

stress-strain relationship observed from the results, it was concluded that the classical 

linear assumption should be avoided and the PDL should be characterized by a nonlinear 

and time-dependent mechanical behavior [53].  

 

 

 

 

 

Figure 2.4 Stress-strain curve of the PDL obtained from a bovine molar tooth [53] 
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Toms et al. investigated the mechanical behavior of the PDL under orthodontic loading by 

using cadaveric specimens taken from mandibular premolars of human donors. The 

specimens were tested both under compression and tension load conditions. The results 

indicated that the human PDL has a nonlinear behavior depending on age, location of tooth 

on the jaw and direction of applied load [54].   

  

The maximum tooth displacement that the PDL can allow and withstand is a subject that 

has been studied experimentally by several researchers. If the fibers constituting the PDL 

are subjected to intense forces exceeding the physiologic limits or abnormally misdirected 

forces are applied, these supporting fibers usually suffer. In case of such an extensive load, 

pain receptors indicate the sudden overload so as to protect the tooth from detrimental 

impacts [3]. Noda et al. reported the maximum tolerated value of tooth movement without 

causing any damage to be 0.26 mm, which is within two-thirds of the maximum width of 

PDL. The patients that were involved in the study did not report any pain until this limit of 

recorded tooth movement. This was attributed to the fact that blood circulation was still 

maintained over remaining one-third width of the PDL [48].     

 

The experimental findings reported in the study conducted by Gei et al. verifies the results 

for tooth mobility obtained by Noda et al. Tooth mobility curves under compressive 

vertical force for a molar  and an upper incisor based on experimental data are presented in 

Figure 2.5. It can be observed that greater forces are required for the same amount of 

displacement for molar compared with the incisor. In addition, for both ones the 

mechanical behavior appears to be biphasic throughout the range of displacement. After 

reaching a displacement of 0.02 mm, stiffness increases for a molar tooth. In this figure, 

the broken lines represent the results of two different linear interface models, whereas the 

solid line illustrates the results of the proposed nonlinear PDL model. Regarding these 

results, it can be apparently seen that linear interface models are not capable to predict the 

prominent characteristics that are caught by nonlinear modeling. Although the 

experimental curves were not exactly fitted by the curve obtained via nonlinear modeling, 

the general behavior involving two phases is approached observably to a large extent by 

using the nonlinear formulation as a constitutive law for modeling the mechanical behavior 

of the PDL [55].   
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Figure 2.5 Tooth mobility curves in compression: the curves formed by symbols refer to 

experimental results, solid line refers to nonlinear model and broken lines refer to linear models [55] 

 

 

 

2.1.2.2 Mathematical Models on the Mechanical Behavior of the PDL 

 

The PDL strongly influences the stress state of the jawbone-teeth system. Owing to the fact 

that the length scales between the PDL and jawbone-teeth system are very different and the 

PDL has a very complex mechanical behavior, there exist significant difficulties in 

mechanical and analytical modeling of it. However, before designing reliable and effective 

dental implants, it is crucial to analyze and reveal the sophisticated biomechanical behavior 

of the PDL.    

 

In order to investigate the typical nonlinear, anisotropic, time dependent response of the 

PDL, a constitutive model was generated in a collaborative study carried out by Natali et 

al. [56] The PDL presents anisotropic behavior due to the composite nature of the tissue 

caused by the distribution of the fibers, whereas time dependent viscous response is a 

consequence of rearrangement of the fibers in the solid matrix and corresponding 

microstructural modifications under loading. Hence a viscoelastic model was proposed and 

the constitutive relations were implemented in a finite element code. The biomechanical 

response was formulated by an Helmholtz free-energy density, defined as the difference 

between the instantaneous hyperelastic energy stored and the energy dissipated due to 

viscous effects given as 
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where C is the right Cauchy-Green tensor C=F
T
F, F being the deformation gradient tensor. 

The instantaneous response, W(C), accounts for the mechanical response when the tissue is 

subjected to strain rates so high that viscous effects can be neglected and it is defined as:       
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where Wm represents the contribution of the composite matrix, Wf is the contribution of the 

composite fibers, Wmf is the contribution from the interaction between matrix and fibers; I1, 

I2, I3 are the invariants of the right Cauchy-Green strain tensor:  
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while the fourth invariant  I4 represents the square of stretch λ of the collagen fibers: 
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For the Wm term Mooney Rivlin model was used: 
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The second Piola-Kirchoff stress tensor representing the stress state of the body with 

reference to undeformed configuration was expressed as:                          
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On the other hand, in vitro experiments were applied to some specimens of PDL taken 

from pigs to obtain stress relaxation and cyclic stress-strain curves. Then, the experimental 

results were compared with the numerical ones obtained by finite element analysis. In spite 
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of the limited experimental data, the viscoelastic model was successfully validated as 

shown in Figure 2.6.  

 

 

  

 

 

Figure 2.6 Stress versus stretch curve and hysteresis curve at a 0.1 mm/s elongation rate. (Dotted 

Line: Experimental Results, Continuous Line: Numerical Simulation Results) [56] 

 

 

 

Limbert and Middleton proposed another novel constitutive model for PDL based on the 

definition of a compressible isotropic hyperelastic free energy function [57]. In their study, 

the material was assumed to be a continuum fiber-reinforced composite; material 

coefficients of Mooney Rivlin model corresponding to mechanical characteristics were 

obtained by using a least-squares-fit procedure to experimentally obtained data available in 

the literature. The stress-stretch curves obtained both analytically and experimentally are 

illustrated in Figure 2.7. It can be observed that the behaviors in tension and compression 

cases are distinct. In the compression case, as deformation increases, the required force for 

further movement should also be incremented, in other words, the layer shows stiffening 

effect for higher strain levels. 

 

The spatial version of elasticity tensor given in Equation 2.7 was implemented into 

ABAQUS, a commercial finite element code, and an idealized compressible, anisotropic, 

nonlinear model of the PDL was developed. 
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As it can be seen from the aforementioned studies, in addition to experimental studies, 

different approaches are used to reach a mathematical constitutive model that would 

describe the complex, nonlinear viscoelastic mechanical behavior of the periodontal 

ligament. Currently, this subject is an important research area, since an accurate and 

reliable model will enable to approach more to the natural tooth structure while designing 

novel dental implants. In Section 2.3, studies on developing a model for an elastic 

component in a dental implant that would simulate the PDL are reviewed.    

 

 

 

 

 

Figure 2.7 Stress-stretch curves for the PDL by fitting experimental data [57] 

 

 

2.1.3 Structure and Mechanical Properties of the Jawbone 

Bone, in general, is composed of two distinct osseous tissues with different structural and 

mechanical characteristics: the cortical bone and the cancellous bone (Figure 2.8). The 

jawbone involves the same bone architecture. 

 

The cortical bone tissue is in the form of a dense, compact shell surrounding the more 

delicate cancellous bone. It contributes to the major functions of bone such as supporting 

the body, protecting organs, providing levers, storing and releasing chemical elements (like 
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calcium). The cortical bone is harder, stiffer and stronger than the cancellous bone [58]. 

The average thickness of cortical bone of the jaw is reported, by Chaichanasiri et al., to be 

2.2 mm, which is a value obtained by averaging from computed tomography (CT) images 

[59]. Miyamoto et al. reported that the increase in cortical bone thickness enhances dental 

implant stability [60].  

 

 

 

 

 

Figure 2.8 The tissues forming the bone architecture [58] 

 

 

 

The cancellous bone, also called as trabecular bone or spongy bone, is a porous, less dense, 

less stiff, softer and weaker tissue. It has a higher surface area in comparison with the 

cortical bone; therefore, it is metabolically more active and seriously affected by bone 

remodeling. If the continuous state of degeneration is uncoupled with regeneration, bone 

density starts to diminish resulting in bone resorption. The decrease in bone density is an 

unfavorable situation for dental implant treatment since the amount of bone cells 

surrounding the implant directly influences the stability of the implant [58, 61].     

 

The mechanical properties of bone is related to bone mass, bone remodeling frequency, 

bone size and area, bone microarchitecture and the degree of bone mineralization. In 

addition, factors like age, anatomical site, liquid content, etc. are influential on the 

mechanical properties. Adopted from literature, typical values of Young’s modulus and 

Poisson’s ratio, for bone tissues, dental tissues and artificial porcelain crown, are presented 

in Table 2.1.  
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 Table 2.1 Mechanical properties of bone and dental tissues [49, 59, 62, 63] 

 

Material Young’s Modulus 

(GPa) 

Poisson’s Ratio 

Cortical Bone 14.5 0.32 

Cancellous Bone 1.37 0.30 

Enamel 84.1 0.20 

Dentine 18.6 0.31 

Porcelain Crown 67.2 0.30 

 

 

 

Bone density, an important parameter indicating the bone quality and affecting the 

biomechanical behavior under loads, can vary in different locations, ages, gender, states of 

health etc., remaining in the range of 1.7-2.0 g/cm³ for cortical bone and 0.23-1.0 g/cm³ for 

cancellous bone [64].  

2.2 Biomechanical Considerations for Dental Implants 

Dental implants are used as a replacement of lost or partially damaged teeth to regain 

masticatory functions. Although an artificial replacement can never serve perfectly as in 

the natural case, the aim is to approach the ideal structure as much as possible.  

 

A dental implant is a product resulting from the implementation of concepts and knowhow 

involved in multiple disciplines including biomechanics, surface chemistry, biology and 

physics. Long-term success of a dental implant depends on how well and broadly the 

interrelated factors from different disciplines are handled during the design of the dental 

implant. Besides, the host factors, conditions like bone quality and quantity existing in the 

implantation site of the patient, are also influential on the success of dental implant 

treatments.     
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The service conditions in the mouth are hostile for intraorally placed parts. A dental 

implant is in direct contact with the host bone, which requires special surface properties. 

On the other hand, all the teeth continuously remain in an environment of saliva, an aerated 

aqueous solution with a pH value in the range of 5.5 to 7.5 [65] and varying temperatures 

of 33.2 to 38.2 °C [66]. However, sufficiently satisfactory results have been obtained by 

making optimization regarding parameters like biocompatibility, strength, fatigue 

durability, nontoxicity, corrosion resistance, and also aesthetics in the design of dental 

implants [67].  

 

In this section, dental implants are dealt with from biomechanical point of view and 

requirements with respect to biomechanical performance are discussed in detail. Firstly, the 

biomechanics of implant-bone interface including the effects of quality and quantity of 

bone and the concept of bone remodeling is reviewed. Secondly, the biomechanics 

underlying dental implant systems are explained and factors to be considered in the design 

of a dental implant are compiled. Thirdly, in line with the aim of the thesis, the studies 

involving the concept of an elastic interface for dental implants carried out up to the 

present are presented. 

2.2.1 Biomechanics of Implant-Bone Interface 

As far as its mechanical role is concerned, a dental implant system has the primary 

function of supporting the artificial crown and transmitting occlusal loads acting on the 

crown to bone tissue. The interaction between the implant and the supporting bone tissue is 

of great importance for success of the implant. In addition to the surface characteristics of 

the implant, the quality and quantity of bone and bone remodeling phenomena are the key 

factors determining the nature of the interaction.  

 

2.2.1.1 Effects of External Bone Quality and Quantity 

 

The success rates of dental implants strongly depend on the initial stability of the implant 

immediately after surgical placement and in early stages of healing. Previous studies have 

indicated that varying bone quality and quantity in different anatomical regions are 

responsible for the initial clinical performance.  
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In the regions where bone density is low, it is difficult to maintain stable fixation due to 

insufficient contact between implant surface and bone. As a result possibly occurring 

micromotions at the interface will adversely affect the osseointegration of the implant with 

bone [68]. On the other hand, bone strength is directly related with bone density. If the 

cortical bone layer is thin and the cancellous bone has a comparatively low density, the 

capability of bone to endure occlusal loads will decrease [27]. In addition, as bone density 

diminishes, the stiffness tends to decrease [69]. Hence, it can be concluded that bone 

density determines the mechanical properties of bone, affects the stresses and strains under 

loading, thereby, is an important parameter for implant survival. The most favorable 

qualitative state of bone for dental implant success is the case where homogenous thick 

cortical bone surrounds the dense cancellous bone.  It is also reported that the bone quality 

of mandibular bone is superior to that of maxillary bone [68].  

 

Beside the qualitative properties, bone quantity is also important for a dental implant 

application. The vertical bone height is required to be adequate so that remaining bone 

region beyond the implant could resist the occlusal loading. In some cases, the bone height 

is not sufficient even to place a dental implant. This deficiency of bone volume is mostly 

due to bone resorption. In such cases so-called artificial bone cement is added to deficient 

regions [27]. 

 

2.2.1.2 Bone Remodeling Around Dental Implants 

 

Bone remodeling is a continual state of adaptation of bone to dynamic mechanical stimuli. 

It is composed of recurrent successive processes, namely, resorption and regeneration. For 

an equilibrium state (of strain, stress or strain energy density of cyclic loading), these 

processes are always active and perfectly balance the impact of each other. 

 

Bone resorption occurs as a result of certain decrease in the magnitude of mechanical load, 

whereas bone regeneration is induced by a certain increase in mechanical load transmitted 

to bone tissue during chewing cycles or biting [64]. In other words, when strain intensity is 

higher than equilibrium strain, formative activities of osteoblasts accelerate and net bone 

deposition occurs. However, when strain intensity becomes lower than equilibrium strain, 

degenerative activities of osteoclasts becomes predominant and net bone resorption takes 

place. The induced local strain is associated with applied load, geometric and material 
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properties of bone, while remodeling depending on local strain modifies these bone 

properties. These processes follow each other in a closed feedback loop [61].  

 

Instead of static loading, bone remodeling is triggered by dynamic loading with short 

durations of loading. It is reported that extended loading duration reduces the adaptation 

effectiveness of bone to the loading condition [64]. Apart from that, if the magnitude of 

applied load becomes excessively large beyond the physiological limits that bone tissue 

can withstand, high stresses and strains occur at the implant-bone interface, thereby 

damaging the osseointegration and raising the risk of implant failure [27]. 

  

In case of a tooth loss, if not treated properly by a dental implant application, the 

transmitted load to bone tissue which is the major stimuli for regeneration process becomes 

absent leading to uncoupled resorption process. As a consequence bone density and bone 

height appears to decrease, which means that both bone quality deteriorates and bone 

quantity diminishes. Such a case will unfavorably affect a potential implant treatment, even 

may preclude surgical placement of a dental implant due to inadequate bone quality and 

quantity. Moreover, Genna reported that the chance of failure of dental implants that are 

placed in regions of the jawbone with lower density is higher [70]. From this point of view, 

bone quality maintained by bone remodeling is a critical factor to ensure longevity of a 

dental implant. 

 

Bone remodeling should be taken into consideration in the design of dental implants. It is 

stated that different designs may lead to different success rates of implant restoration [64]. 

Moreover, A. Eser et al. carried out a study to predict biomechanics of bone around 

cylindrical screw dental implants with different macrogeometric designs under simulated 

immediate loading conditions and concluded that bone response differs in terms of 

remodeling for two distinct implant designs [71]. 

2.2.2 Biomechanics of the Implant System 

There are several factors affecting the biomechanics of a dental implant system, thereby, 

the success or failure of the implant. These can be traced as: 
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- Magnitude, direction and location of applied loads on the artificial prosthetic 

teeth, 

- Type and geometry of the prosthesis (whether it is a single tooth or a bridge 

composed of connected multiple teeth), 

- The number and location of the implants on the jawbone, 

- The rigidity of the implant system and implant-bone interface, 

- The angulation of the abutment and the nature of the connection between the 

artificial tooth and implant components, 

- The geometrical design parameters of the implants such as shape, length, 

diameter etc. 

- The material and surface properties of the implant.   

 

All the factors mentioned above have impact on the stability of the structure and the 

magnitude and pattern of stress throughout the implant system. Hence, in order to better 

understand the biomechanical properties of a dental implant system and to evaluate the 

efficiency of such prosthetic systems, it is crucial to disclose the effect of each factor to a 

more detailed extent. 

 

2.2.2.1 External Loads and Force Transmission 

 

The nature of applied loads and the manner how these loads are transferred from prosthesis 

to bone through implant system are critical factors that determine the stress distribution on 

the overall structure [72]. The implant’s survival depends on whether stresses remain in the 

physiologic limits of bone and below mechanical strength of the parts constituting the 

implant system. 

 

The previous successful clinical results indicate that osseointegrated dental implants, as 

shown in Figure 2.9, can withstand bite forces comparable to the values on natural 

dentitions [27, 65]. Therefore, from an implant-supported tooth, it can be expected to 

safely maintain its structure and functions without complications at load levels up to 800 

N, which is the value reported to be the maximum tolerable vertical bite force for a natural 

tooth (as presented in Section 2.1.1).  
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Figure 2.9 A dental implant system (Bränemark implant) integrated with bone and supporting a 

prosthetic tooth [73]  

 

 

 

It is important to point out that the forces on dental implant systems are vector quantities 

that create reaction forces and moments at the side of fixation in bone. As represented in 

Figure 2.10, two types of loading, namely horizontal (lateral) and vertical (axial, occlusal), 

may act on a dental implant. The combinations of these forces form oblique loading which 

simulate a more realistic loading condition. It is reported that oblique loading could result 

in highest local stresses in cortical bone [73]. It is difficult to define the forces and 

investigate the mechanical behavior of such complex systems by analytical methods, 

especially when the implant is a part of bridge restoration. Therefore, researchers have 

commonly benefited from the complex problem solving capabilities of finite element (FE) 

analysis technique to analyze dental implant systems.  

 

The resultant forces of the stresses within the load-bearing components of the implant-

supported restorations are counterbalanced with the reaction stresses that occur within the 

surrounding bone. The reaction stresses create a resultant reaction force with the same total 

magnitude as the external load but in the opposite direction. As a result, the static 

equilibrium is maintained.  
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                          (a)                                                           (b) 

 

Figure 2.10 Forces acting on an implant-supported tooth: (a) Forces on a 3-D model,                     

(b) Action and reaction forces and moments on a simplified model [74] 

 

 

 

The forces in vertical direction are shown to be better tolerated [75] and it is reported that 

the magnitude of vertical forces are up to ten times the magnitudes of horizontal forces 

[76]. On the other hand, the location of application of load is important that it affects the 

magnitude of axial component. In the molar region the bite forces are higher than four 

times the values in the incisor region [27].  

 

Dental implants can be used for both single and multiple tooth replacements. In the case of 

multiple tooth loss, it is a widespread method that a dental bridge supported by both 

implant and natural tooth are formed in order to fill the toothless region. In such a 

restoration, the loads acting on the prosthesis during biting or chewing are shared among 

the implant(s) and natural tooth supporting the bridge, but not with uniform distribution.  

El-Wakad, by carrying out a 2-D FEM analysis, showed that about 70% of the total vertical 

load of 100 N and 72% of total horizontal load of 25 N acting on such a dental bridge was 

countervailed by the implant support and remaining load was acting on the natural tooth 

support [77]. This load concentration on the implant can be attributed to the rigid structure 

of the implant compared with the structure of a natural tooth support involving an elastic 

behavior due to the periodontal tissue at the connection interface with bone.      

 

Regarding implant-supported bridges, partial or complete dentures, the number and 

location of implant supports are important. Eskitascioglu et al. revealed that for a fixed 
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partial denture under vertical loading, higher stresses occur within bone and implant 

system when a single implant is used rather than multiple implant supports [78]. Therefore, 

it is advisable to evenly distribute the total load at multiple locations by using more than 

one implant support for such bridge or dentures.  

 

Dental implants are composed of rigid parts and due to absence of a resilient layer like 

periodontal ligament at the interface, implant-bone connection is also rigid compared to the 

natural teeth. As a result of rigidity of the overall structure, the deflection of a dental 

implant under loading is determined only by the deformation of alveolar bone. It is 

revealed that the deflection of an implant-supported artificial tooth is 10-100 times less 

than the deflection of a natural tooth. As a consequence, at high load levels, bone 

resorption leading to loosening of the osseointegration occurs since the rigid structure is 

subjected to greater stresses when functioning in concurrence with natural teeth during 

mastication [27].  

 

The tractions induced at the implant-bone interface may be compressive, tensile or shear. 

The compressive tractions within the physiological limits contribute to the maintenance of 

the integrity of the implant-bone interface, whereas combination of tensile and shear 

tractions tend to separate the connection at the interface. Actually compressive tractions 

occur due to vertical loads, while shear tractions are caused by the tensile forces arising 

from horizontal loading. The risk of failure increases as the shear component of the traction 

becomes larger [27]. That is why a dental implant can withstand a higher level of vertical 

load than horizontal load. What puts the destructive effect of shear forces forward is the 

absence of periodontal ligament on the surface of dental implants. Because it is the 

periodontal layer distinguishing natural teeth from dental implants with regard to response 

under shear effects by acting as an effective shear transfer layer and minimizing the stress 

concentrations in the bone [79]. 

 

2.2.2.2 Design of the Implant System 

 

The essential design objective is to obtain a dental implant that is able to manage 

biomechanical loads and has biocompatible geometric, surface and material properties so 

as to provide long-term survival rate. Implant failures are attributable to either loss of 

biomechanical bond at the implant-bone interface or micro fractures within the components 

of implant system. The former one can be caused by two reasons: (1) insufficient 
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osseointegration due to inadequate initial stability [80] or poor biocompatibility in the short 

term after surgical placement of the implant; (2) getting harmed due to lack of oral hygiene 

or overloading which causes bone resorption, loosening of the implant and relative 

movement at the interface. The latter one, on the other hand, may occur due to inaccurate 

design of the implant components [81].  

 

The functional design objective can be achieved by incorporating a variety of factors via 

providing optimum requirements for each. These factors can be grouped as geometric, 

surface and material properties. The materials used for dental implants and their properties 

are presented in Section 1.3.2.1, and the effects of surface texture are described in Section 

1.3.2.3. Therefore, in this section the subject of geometric design of dental implants is 

handled thoroughly. 

 

The geometric properties of a dental implant have important effects upon both endurance 

of the implant against biomechanical loads and primary implant stability which is 

necessary for osseointegration.  

 

The principles suggested by Vidyasager et al. for the geometric design of a dental implant 

are: (a) to achieve initial stability that would keep the micromotions between implant and 

bone within the tolerated range (below 100 µm [68]) and to minimize the required period 

of waiting to begin loading the implant; (b) to reduce the effect of shear tractions at the 

interface so as to preserve surrounding bone and the biomechanical bond between implant 

and bone; (c) to stimulate bone formation via remodeling process [80].    

 

The chief design criteria are about the shape, size, thread profile, neck and abutment design 

of the implant. The effects of each criterion are explained separately as follows.  

 

2.2.2.2.1 Implant Shape  

 

Concerning the shape design, dental implants are generally categorized into cylindrical, 

conical, stepped, screw and hollow-cylindrical implant geometries. Siegele and Soltész 

conducted a study to compare the dental implants having these different types of 

geometries in terms of stress distribution generated in the surrounding jawbone by using 

FE analysis. Since only the influence of external geometry but not the effect of the size was 

investigated, implant samples having same diameter and length were utilized. According to 
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the results, it was stated that different implant shapes lead to prominent variations in the 

stress distribution within the bone but substantial differences in maximum stress values 

were not observed. Particularly, it was reported that small radii of curvature (conical type) 

and geometric discontinuities (stepped or hollow-cylindrical type) on implant surfaces 

resulted in significantly higher stresses than smoother geometries (cylindrical or screw 

type) [82]. 

 

Tada et al. showed that maximum von Mises stress in trabecular bone was lower for the 

screw type implant when compared with non-threaded cylindrical implant under occlusal 

loading [83]. Furthermore, Holmgren et al. stated that stresses within stepped cylindrical 

implants were more evenly distributed as compared to straight type implants [84]. 

 

The initial stability of a dental implant is significantly less in low density regions of 

jawbone, which increases the risk of failure. In such cases the geometry of the implant 

becomes more important as it should adapt to the bone state [81]. The studies investigating 

the effect of tapered design revealed that tapered geometry enhances implant’s primary 

stability by compressing the jawbone during and after implantation. Astrand et al. studied 

the survival rates of implants with different designs in soft-quality bone and concluded that 

tapered type had improved survival rate when compared with earlier results of Bränemark 

implants [85]. Besides, in the study comparing straight cylindrical implants with tapered 

ones, Friberg et al. showed that tapered implant design resulted in increased primary 

stability in the regions of bone having low density [86]. Moreover, tapered structure 

facilitates placement of dental implants into the cavities immediately after tooth extraction 

and to the regions of bone where neighboring teeth have convergent roots [81].  

 

Contrary to the advantages regarding primary stability, conical shaped implants do not 

show desirable outcomes when tractions at the interface with bone are considered. It is 

reported that cylindrical implants produce a more uniform stress profile with less localized 

stress concentrations [87], lower stress levels [88] and lower strains [89] in bone when 

compared with conical type implants. 

 

In short, it can be concluded that for the regions of jawbone having good bone quality, 

screw or stepped type cylindrical implants (Figure 2.11a) will give the most favorable 

results, whereas for the regions of low bone quality conical type (Figure 2.11b) should be 

preferred considering primary stability issue.  
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                                                        (a)                             (b) 

 

Figure 2.11 Different dental implant shapes: (a) Cylindrical type, (b) Conical type [90] 

 

 

 

2.2.2.2.2 Implant Size  

 

The implant size specified by length and diameter significantly influences the stress 

distribution in the surrounding jawbone, thereby, the success of the dental implant [81].  In 

general, wide and/or short implants present higher failure rates, defining a ‘wide implant’ 

as a device with a diameter of 4.5 mm or more and a ‘short implant’ as one with a length of 

8 mm or less [91].   

 

Dental implants with wide bodies pose an increased risk of failure in the long-term 

assessment. Shin et al. documented the 5-year cumulative survival rate (CSR) of implants 

with different diameters in posterior jaws. In this study statistically significant differences 

were observed such that implants having wide bodies (5 mm diameter) showed a CSR of 

80.9%, whereas regular-diameter implants (3.75-4 mm) had a CSR of 96.8% [92].  

 

Although wide implants result in higher failure rates, for the implants with diameters 

below the limit of 4.5 mm, as implant diameter increases, the stress levels in bone tend to 

diminish. Baggi et al. carried out a study to analyze the influence of implant diameter and 

length on stress distribution within surrounding bone under both axial and vertical load by 

applying FE analysis, using implants having diameters of 3.3 mm to 4.5 mm and lengths of 

7.5 mm to 12 mm. According to the results, stress values and concentration areas decreased 

for cortical bone when implant diameter increased, while more effective stress distributions 

for cancellous bone were experienced as implant length was elevated. [93]. 

 

The impact of implant size is dependent on surrounding bone quality. Kong et al. evaluated 

the effects of the implant diameter and length on the maximum equivalent stress in 
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jawbone of high quality with the aid of FE analysis. Using implants with diameters ranging 

from 3.0 mm to 5.0 mm and lengths ranging from 6.0 mm to 16.0 mm, it was obtained that 

under axial load maximum equivalent stresses in cortical and cancellous bones tended to 

decrease by 77.4% and 68.4% with increasing diameter and length, respectively. It was 

concluded that implant diameter was more effective on the stress distribution in dense bone 

and suggested that implant diameter exceeding 3.9 mm and implant length exceeding 9.5 

mm were optimal combination of dimensions for a cylindrical dental implant in type II 

bone (second highest quality of bone), which involves a thick layer of cortical bone 

surrounding dense cancellous bone [94]. Via a similar study, Kongo et al. further 

investigated the effect of diameter and length of implant in jawbone of low quality and 

stated that implant length was predominantly influential, this time, in reducing bone stress 

and enhancing stability in type IV bone (least quality of bone), which has a low density. 

For this case, implant diameter exceeding 4.0 mm and implant length exceeding 9.0 mm 

were reported as optimal combination of implant dimensions [95].  

 

In conclusion, short implants can possibly be used when there is less available bone height, 

but high density. In other words, low quantity but high quality bone condition is 

appropriate for short implants. On the other hand, for poor quality bone, within the bounds 

that bone height allows, longer implants should be preferred. Finally, for both low and high 

quality bone cases, remaining below the upper limit of 4.5 mm, higher the diameter, better 

the survival rate.    

 

2.2.2.2.3 Thread Profile  

 

Owing to the fact that dental implants do not involve a cushioning element like periodontal 

ligament to buffer occlusal loads, forces are transmitted directly to the surrounding bones. 

Possible consequences of this are microfractures at the interface with bone, bone 

resorption, fracture of the implant and loosening of components in the implant system [96]. 

To overcome these problems researchers have attempted to enlarge the contact area of 

implant with bone. In addition to increasing diameter and/or length of the implant, threads 

of special forms are incorporated on the surface of dental implants in order to maximize 

contact area with bone, which improves initial stability, distributes interfacial tractions 

more uniformly and protect bone from excessive local stresses and strains [80, 97].  
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The parameters handled in the biomechanical optimization of thread design for a dental 

implant include thread shape, pitch, width and depth.  As the thread shape for dental 

implants, basically four types of threads have been proposed: V-shape, buttress, reverse 

buttress and square shape threads (Figure 2.12). Lee et al. compared symmetrical, square 

and buttress thread types with the same pitch to see the effect of shape on the induced 

stress on surrounding bone. According to the results, the greatest stress in the bone was 

concentrated at the root radii of the first thread below neck region for all types as obtained 

in several previous studies [98, 99, 100]; but the square thread had the highest contact area 

and lowest maximum stress [99]. Similarly, Steigenga et al. reached to the conclusion that 

square thread design had significantly more bone-to-implant contact and greater reverse-

torque measurements compared with the V-shaped and reverse buttress thread designs 

[101]. Moreover, Chun et al. obtained that among various thread types the square-thread 

filleted with a small radius resulted in more evenly distributed stress within surrounding 

bone [100]. 

 

 

 

 

                                                   (a)          (b)         (c)          (d) 

 

Figure 2.12 Different thread profiles for dental implants: (a) V-thread, (b) buttress, (c) reverse 

buttress, (d) square threads [98] 

 

 

 

The study of Chun et al. [100] also presented important conclusions about thread pitch, 

width and depth for dental implants. It was stated that stress distribution was most effective 

in the case when the width and the height of thread were p/2 and 0.46p, respectively 

(where p is the screw pitch), whereas the related effects between the width and height were 

negligible. Furthermore, the maximum effective stress generated in jawbone tended to 

decrease as the screw pitch is reduced gradually; however the influence of decrease in 

pitch became insignificant after further decreasing the pitch below 0.9 mm [100]. Kong et 

al. compared the effects of different implant thread pitch values in the range of 0.5 mm to 
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1.6 mm and suggested that thread pitch exceeding 0.8 mm was optimal for a cylindrical 

implant in bones of type II and oversized pitch should be avoided [97]. 

 

It can be concluded that although most of the researchers agree on the superior results of 

square shaped threads, different results on thread pitch size, instead of standardized values 

have been presented. Therefore, optimization of specific thread designs should be 

performed in terms of mentioned thread parameters when a new dental implant thread 

profile is to be designed.  

 

2.2.2.2.4 Neck Region  

 

It is reported that the highest stresses in bone occur in the region surrounding the implant 

neck and in consistent with that bone resorption initiates around the implant neck [80]. 

Based on the aim of providing the cortical bone free of load, it was suggested to include a 

smooth neck portion at the top part of the implant remaining inside bone [3]. However, 

later studies revealed that significant loss of bone (up to 1-2 mm [102]) occurs in crestal 

region of bone around polished necks of dental implants and bone remodeling materializes 

as required from bottom only to the level where the screw threads and/or the rough surface 

texture ends. Therefore, it is suggested to incorporate a rough neck region that remains 

inside crestal bone in order to provide positive stress stimulus to bone for remodeling and 

to decrease bone loss, while the portion remaining above bone level should have a smooth 

surface since it is in contact with gingiva [80]. Circumferential grooves in the form of 

micro-threads, as shown in Figure 2.13, have been demonstrated to be quite effective to 

maintain cortical bone in the crestal region [80, 103]. In addition to micro-threads, micro 

surface roughness obtained by acid etching or other methods provide enhanced bone 

retention and adherence to the implant [102]. 

 

Sun et al. discussed the effect of the height of smooth region of the neck, in other words, 

the transgingival height of a dental implant on the maximum equivalent stress in jawbones 

by using FE analysis. Ranging the transgingival height from 1.0 mm to 4.0 mm, it was 

obtained that the transgingival height played a more important role under horizontal loads 

than under an axial load; and the optimal range of that height was 1.7-2.8 mm, leading to 

minimum stresses in the jawbone [96].    
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Figure 2.13 Micro and macro threads on a dental implant 

 

 

 

2.2.2.2.5 Abutment-Implant Interface 

 

A dental implant system generally consists of three main components, namely, implant, 

abutment, and internal screw that is used to fasten the abutment to the implant. The 

mechanical design of these components and interfaces between them substantially affect 

the mechanical integrity of the system, mechanical response within the system under loads, 

stability and strength of the system and long-term survival of the dental implant treatment 

[73]. 

 

In general, the presently commercial dental implants involve two main types of 

configurations for implant-abutment connection, namely, external and internal connections. 

The implants with external type connection include a polygon-shaped (usually hexagon) 

protruding part at the top, where the abutment is placed on and fastened with an internal 

screw. On the other hand, the implants involving internal connection show more variety. 

The mostly used abutment designs with internal type connection are one-piece conical type 

screwed abutment, two-piece conical type abutment with a separate internal screw, internal 

hexagonal abutment with a separate retention screw and conical interference fit abutment. 

These abutment-implant connection types are demonstrated in Figure 2.14.  

 

Several investigators studied these different designs from the mechanical point of view. 

For the external hexagonal implant system (Figure 2.14a), by using FE analysis, Segundo 

et al. found that the highest stress concentration occurred at sharp angled corners of the 

interface between the implant platform and abutment, and at the midpoint of internal 

Smooth region of neck contacting gingiva 

Micro-threaded portion of neck 

Macro-threaded threaded region of implant 
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diameter of the first thread of retaining screw, which was stated to be more likely to fail 

earlier than other components. It was suggested to include less number of sharp angles at 

the neck, an additional washer to evenly distribute stresses and thicker implant walls to 

improve resistance to plastic failure [104]. For the internal one-piece conical abutment 

(Figure 2.14b), it was reported that the neck of the implant posed the highest risk to be a 

potential zone for fracture in case subjected to high bending forces [105]. Norton evaluated 

the strength of an internal conical interface compared to an external hexagonal connection 

and reported that the internal conical design had a dramatically enhanced ability to resist 

bending forces, which would promise a better clinical integrity for implant-supported 

prosthesis [106]. 
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Figure 2.14 Different types of implant-abutment connection configurations 

 

 

 

Kim et al. [112] experimentally compared the fracture and fatigue strength of external 

hexagonal, one-piece internal conical and two-piece internal conical implant-abutment 

joint designs. The mean fracture strengths were 1153 N, 1261 N and 1110 N, whereas the 
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mean fatigue strengths were 300 N, 600 N and 453 N for the external hexagonal, one-piece 

internal conical and two-piece internal conical joints, respectively. The study indicated that 

one-piece internal conical joint had the strongest connection. Likewise, Ribeiro et al. [113] 

compared the efficacy of external hexagonal, internal hexagonal and internal conical 

implant-abutment interfaces with respect to the fatigue resistance and mode of failure by 

carrying out an experimental study. According to the results, fatigue failure occurred in the 

internal screw. Besides, superior fatigue resistance of external hexagonal connection was 

observed in contrast to the study of Kim et al., while there was no significant difference 

between internal conical and internal hexagonal interfaces.       

 

Saidin et al. [114] conducted a study to analyze the stress distribution on mating surfaces 

of internal conical and internal hexagonal implant-abutment connections under axial load 

by using FE analysis. The former one could transfer occlusal force uniformly through the 

implant, while the latter one produced stress concentration at its vertices, increasing the 

possibility to be fractured. On the other hand, the hexagonal connection provided the 

abutment to be locked to the implant, which resulted in reduced micromotion and higher 

stability. Similarly, Coppedê et al. [111] investigated fracture resistance of internal conical 

and internal hexagonal connections for dental implants under static oblique compressive 

forces by implementing an experimental procedure. The results showed that the friction-

locking mechanics and solid design of the one-piece abutments of the internal conical 

connection system provided greater deformation and fracture resistance to the implant-

abutment assembly. These findings agreed with the results of Saidin et al. [114] regarding 

tendency to fracture. 

 

As for the bone-interfacial traction it was reported that internal cone designs of abutment 

connections provided lower values as compared with flat-top designs. The amount of 

marginal bone resorption around internal-cone and hex-connection type implants was 

almost the same according to in vivo observations, while the conical abutment 

configuration incorporated with retention elements at the implant neck experienced 

diminishing in the peak bone stresses [73].   

 

One of the major complications encountered in dental implant applications is the loosening 

of the abutment screw under orthodontic loading. Loosening occurs when the preload 

clamping the abutment and the implant together vanishes due to applied forces [115]. 

Inadequate preload, misfit of the mating components and rotational characteristics of the 
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screws are also responsible for abutment screw loosening or fracture [116]. In order to 

generate a specific preload on the abutment screw, corresponding tightening torque is to be 

applied to induce compressive forces across the abutment-implant interface and maintain 

the integrity of the joint. The tightening torque recommendations of manufacturers vary but 

typically range from 10 to 35 N.cm, depending on the design parameters [117].  

 

The tapered implant-abutment interface outperforms the other connection types with 

respect to the resistance against loosening, therefore, has become more popular recently. 

Bozkaya and Müftü investigated the mechanical reliability and stability of tapered implant-

abutment interface integrated with a screw (TIS) at the bottom of the abutment. In the 

study, analytical formulas were developed to predict tightening and loosening torques of 

the abutment. It was stated that the geometric properties of the screw, friction coefficient 

between contacting surfaces, the taper angle and contact length of the conical part of the 

interface and the elastic properties of the materials affected the mechanics of the system. It 

was shown that the loosening torque was smaller than the tightening torque, both 

correlated with the screw pretension. A definition of abutment efficiency, the ratio of 

loosening torque to tightening torque, was made and evaluated to be varying between 0.85-

1.37 as the design parameters were changed. The efficiency values greater than 1 were 

obtained for specific values of taper angle and friction coefficient.  Furthermore, almost all 

of the tightening load (86%) and loosening load (98%) were carried by the tapered section 

of the abutment, that is, the behavior of the tapered connection integrated with screw was 

governed by the tapered part. In fact, with certain combinations of the parameters the 

pretension in the screw might become zero. The retention in the tapered section was shown 

to rely on the large contact pressure and resulting frictional forces in the mating region. In 

short, conical interface was verified to successfully resist loosening at the implant-

abutment interface [106]. 

 

Finally, the concept of tapered interference fit (TIF) abutment with no screw at all was 

implemented in the commercial product of Bicon as shown in Figure 2.14e. In this type of 

connection, the engagement of the abutment with the implant is provided by an impact 

force acting along the longitudinal axis of the abutment. Similar to the tapered connections 

integrated with screw, in this configuration tapered surface of the abutment creates a large 

frictional resistance area, and interference fit provides the necessary forces for frictional 

retention. Very low prosthetic complication rates (0.74%) were reported for TIF 

connections as compared to TIS connections (3.6-5.3%) and external hexagonal-type 
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connections (40%) [118]. In tapered interference fit abutments, loosening problem is of 

less significance. The biting forces act in the direction of abutment insertion; thus, 

contribute to secure the connection in contrast to the implants involving only screw 

connection where the biting force lowers the pretension in the screw. It is loosening torque 

or pull-out force that could cause the tapered interference fit to become loose [119].    

2.3 The Concept of an Elastic Interface for Dental Implants 

The anchorage of dental implants in the jawbone is different from that of natural teeth. The 

periodontal ligament, existing on the root-bone interface of a natural tooth, provides the 

tooth to adapt itself to various loading conditions by enabling a range of elastic 

deformation due to its resiliency [65]. In the dental implant case, on the other hand, 

implant is surgically positioned in the bone and it maintains a direct contact with bone as 

an artificial root without an elastic layer at the interface [27]. As a result, natural teeth and 

dental implants differ in force transmission characteristics and mobility under applied 

loads.  

 

The periodontal ligament around natural teeth keeps the strain gradients in bone within 

physiologic limits, by uniformly distributing tractions and damping the occlusal forces, 

which reduces peak stresses, prevents bone resorption. Hekimoglu et al. compared the 

strains induced around a natural tooth and an opposing dental implant by conducting in 

vitro experimental study. It was found that the magnitude of functional strain was lower in 

the bone around natural tooth than opposing implant. Moreover, the natural tooth 

experienced a slight intrusion, whereas the same amount of vertical or lateral displacement 

was not observed for the dental implant. Lower strain and higher mobility in the natural 

tooth case were attributed to the physioelasticity and cushioning effect of the PDL, which 

was lacked in the implant system [120].     

2.3.1 General Approaches 

It is not a new concept to incorporate, somehow, flexibility to dental implant designs to 

compensate the absence of the PDL and mimic its mechanical behavior. Several 

researchers have made investigations on this issue and various design ideas have been 

proposed. Among these are four main approaches. 
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1. Instead of a rigid implant material, using materials with lower stiffness like polymers: 

Meijer et al. asserted that flexible implant materials may transfer tractions to the 

surrounding bone more favorably and supported the hypothesis with experimental 

findings which indicated that bone around a flexible polyactive implant experienced 

less decrease in density than a rigid implant [121]. However, the insufficient 

mechanical properties and biological compatibility have limited application of such 

materials for dental implants [34]. 

 

2. Inserting the dental implant directly into the cavity of lost tooth in bone by retaining the 

former PDL tissue or generation of new PDL tissue on dental implants:  Some 

researchers achieved to form PDL around dental implants [122]; but also added that  

implementation of forming new PDL had not been suitable for a potential clinical 

application yet since the degree of PDL generation remained very limited due to the 

competition between osseointegration and PDL generation [123]. Besides, it was 

underscored that maintenance of original periodontal tissue most likely prevents 

osseointegration of implants, adversely affecting the survival rate [124].      

 

3. Coating the external surface of implant contacting bone with a soft material: Choi et al. 

introduced a new concept of coating an implant’s surface with a natural polymer 

membrane, namely chitosan, in order to provide the viscoelastic characteristic of the 

PDL to implant. By FE analysis, it was obtained that such a coating could reproduce the 

PDL’s function to absorb the shock of impact loads reducing the stress convergence 

generated in the surrounding bone [125].  

 

4. Using an internal component made of a material with elastic mechanical properties in 

the implant-abutment system: This is the sole major approach that has been 

implemented in the design of a commercial dental implant that has undergone clinical 

application and has been used in practice. The IMZ (Intra Mobil Zylinder) Implant 

System, involving a protective, force-dampening, shock absorbing intermobile element 

made of polyoxymethylene (POM) and designed to simulate the PDL, was developed in 

Germany by Dr. Axel Kirsch in the early 1970’s [126]. The intermobile elastic element 

was aimed to absorb impact loads and thus preserve the surrounding bone.  
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2.3.2 The IMZ Implant System 

Two different abutment designs involving elastic components made of a resin of 

polyoxymethylene were used as given in Figure 2.15. The success of the IMZ implant 

system have been investigated via several studies in terms of both survival rate of the 

implant osseointegrated with bone and complications related with the abutment part. 

Meijer et al. compared the survival rate of the IMZ implant and Bränemark implant after 5- 

and 10-year periods of clinical trial of implant-retained overdentures. Both the 5-year and 

10-year survival rates were reported to be 93% and 86% for the IMZ and Bränemark 

implants, respectively [127, 128]. At the end of 10-year period, the survival rate did not 

change, because all of the implant losses occurred in the first five years. Moreover, Meijer 

et al. conducted another comparative study on three different implant systems (IMZ, 

Bränemark and TMI implants) for a 6-year follow-up period and reported the implant 

survival rates as 97.5%, 97.1% and 72.0% for the IMZ, Bränemark and TMI implants, 

respectively [129].  Kirsch and Ackermann also reported the overall rate of success of the 

IMZ implants, placed and routinely followed over a 10-year period, to be 97.8% [126]. 

 

 

 

 

                                           

Figure 2.15 Abutments designs of IMZ implant system: (a) IME(Intramobile Element), (b) IMC 

(Intramobile Connector) abutments [131] 

 

 

 

Although IMZ implants were quite popular in mid 1980s, the clinicians’ interest on the 

product decreased in the following years in spite of the satisfactory survival rates of the 

implants in bone [130].  The reason why IMZ implants lost popularity was complications 

arising at the abutment part of the implants. Behr et al. conducted a study to compare the 
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complication rate of two implant systems with two different abutments involving rigid and 

resilient structures (ITI and IMZ implants). The complications were divided into two 

groups. In the first group, where problems related with the overdenture such as failure of 

framework, bar devices or other retentive elements were included, the IMZ implants 

appeared to be more successful. This was possibly due to stress absorption characteristics 

of the IMZ abutments. However, in the second group considering the complications with 

implant components such as internal screw loosening due to loss of preload, fracture of 

screw and/or abutment components, the IMZ components leaded to a considerably higher 

complication rate (71%) compared to ITI components (13.5%). This was attributed to the 

inadequate mechanical properties of elastic intramobile elements (IME) and connectors 

(IMC) in the IMZ system [132]. As another adverse consequence, IMZ system was 

reported to cause soft tissue complications. This is because the elastic part contacts the 

gingiva and due to its mobility it might irritate this soft tissue during loading [126].  

Furthermore, being exposed to the oral environment, moisture contamination of the elastic 

part is inevitable, requiring maintenance at certain time intervals [133].  

 

The mechanical response of the IMZ implant system in terms of displacement and stress-

strain characteristics has also been investigated by several researchers. Haganman et al. 

carried out a study to compare the stress distribution in the components of the implant 

system such as intramobile elastic element and the retaining screw for three different 

abutment designs of IMZ implants. As illustrated in Figure 2.16, the IME and IMC 

abutment configurations involved elastic components, whereas the ABC abutment model 

was totally rigid. Employing finite element method, three-dimensional models for each 

were generated and axisymmetric analysis was carried out. Axial and oblique loads (at 45º) 

with magnitudes of 100 N and 500 N were applied on each model separately [134]. The 

results showed that deflections and stress concentrations within the IMC and IME 

abutments were in the same range, but much greater than the ABC abutment. The 

deflection of the crown ranged from 0.0016 mm (for ABC model under 100 N vertical 

load) to 0.8016 mm (for IME model under 500 N oblique load). On the other hand, 

maximum effective stresses in the retaining screw ranged from 129 MPa (for ABC model 

under 100 N vertical load) to 1315 MPa (for IMC model under 500 N oblique load). 

Oblique load of 500 N caused stresses exceeding the yield strength of screw 

material(titanium) for the IME and IMC models, but the limit was never reached with the 

ABC abutment. These stress concentrations occurred at the head of the screw and near the 

initial screw threads, which were stated as potential sites of failure. Considering the 



60 

stresses in the elastic components, axial loading slightly incremented the stress caused by 

the initial preload, whereas oblique loading caused a dramatic increase in the peak von 

Mises stresses. As a matter of fact, clinical experiences has indicated that it was not the 

fastening screw, but the elastic part in IMZ abutments, which often failed. Thus the use of 

such abutments required high maintenance [133].      

 

 

 

 

 

Figure 2.16 FEM analysis of three different abutment designs (IME, IMC and ABC abutments) for 

IMZ implant system [133] 
 

 

 

Oka et al. measured mobility of teeth supported by IMZ implants. The results of the study 

demonstrated that IMZ implants provided greater mobility than that of a natural tooth in 

horizontal direction, whereas in axial direction the values were smaller compared with 

natural case. The IMZ abutments were concluded to function as a stress breaker to 

horizontal loads and a buffer for the osseointegration of the implants [135]. Akpınar et al. 

investigated the stresses formed around the implant and the antagonist tooth under occlusal 

bite force in order to compare a rigid and resilient abutment for IMZ implant in such a 
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configuration by using FE analysis (Figure 2.17). The results of the study demonstrated 

that a bite force of 143 N parallel to the long axis of the implant resulted in higher 

compressive stresses around the roots of the tooth opposing the restoration with rigid type 

abutment. Besides, it was stated that concentration of these high compressive stresses 

might contribute to intrusion of the tooth. Hence, it was suggested to prefer an implant with 

a resilient abutment. It was also speculated that in the resilient implant, stresses were 

concentrated in the intra-mobile element and changeability of this element could make it 

more advantageous [136]. However, currently, frequent requirement for replacement and 

maintenance is highly undesirable in clinical dental applications.    

 

 

 

 

 

Figure 2.17 Comparison of resilient and rigid dental implants opposing a natural tooth [136] 

 

 

 

Dental implants, even if rigid, occluding against natural teeth take the advantage of shock 

absorbing effect of the opposing natural tooth/teeth. However, implants occluding against 

implants have a very low shock absorbing effect which is determined only by the 

deformation of the surrounding alveolar bone. As a result, occluding implants may 

experience higher strains than those around a natural tooth opposing an implant if the 

implants are completely rigid [120].   
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2.3.3 Other Dental Implant Designs Proposed to Simulate PDL 

Many researchers tried to come up with the problems arising during the clinical use of the 

IMZ implant system. Several designs of dental implants involving elastic internal 

components have been proposed to simulate the PDL.  

 

A patented design of a dental implant with shock absorbent cushioned interface, shown in 

Figure 2.18a, was claimed to maintain the resilience and cushioning properties of a living 

tooth. It was speculated that the presented design would protect the jawbone from fracture 

by distributing and blunting impact forces, increase longevity of the implant system, 

prevent the penetration of bacteria into the implant, eliminate the need for replacement 

later in life and provide the patients with increased comfort and the feel of a live tooth 

[137]. However, when examined in detail, the system is obviously too complex in terms of 

manufacturability. It seems to be just a conceptual design not proper for practical 

implementation.  

  

Gaggl and Schultes introduced a new design including maintenance free shock absorbing 

elements, as given in Figure 2.18b. The aim of using these elements was to decrease the 

magnitude of induced stresses in case of impact loads and prevent micro-fractures of 

overloaded bone. Employing a mechanical testing unit, the mobility of the implant under 

static loading and the long-term stability of the system under cyclic loading in both axial 

and horizontal directions were investigated. A progressive shock absorption was registered. 

In the axial direction movements were measured in the range from 0.005 to 0.04 mm with 

forces from 1 to 90 N.  Maximum axial movement was 0.06 mm with a force of 1600 N.  

In the horizontal direction, maximum movement of 0.16 mm was already achieved with a 

force of 30 N. In this design, the shock absorbing unit is completely closed within the 

implant by using a semi-elastic titanium ring connected to the implant by laser welding, 

which prevents soft tissue problems faced in some other designs arising from the contact of 

elastic parts to gingiva. After cyclic loading no signs of fractures were observed in the 

critical welding region in the neck [138]. However, no information was supplied about 

material damage of elastic components, leaving it uncertain. Although the authors 

suggested this design to be well suited for superstructure treatment with combined teeth 

and implant loading, the complexity of the design makes it impracticable for mass 

production. 
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Daas et al. evaluated the influence of the retention mechanism on the behavior of an 

implant-retained overdenture by comparing rigid and resilient attachment configurations 

(Figure 2.18c) using FE analysis. It was concluded that resilient attachments reduced the 

load transmission through implants and stresses in the bone surrounding the implant during 

mastication process. Moreover, rocking motions of overdenture in rigid case was replaced 

with moderate tilting motions accompanied by a vertical translation in the resilient case. 

Finally, the resilient attachment allowed for a better load distribution between the dental 

implants and the denture bearing surface [139]. The limitation of this design is that it is 

only applicable for supporting removable complete dentures in complete tooth loss cases.  

 

Genna et al. proposed a non-standard design for a fixed dental implant, incorporating a soft 

layer to simulate the presence of the PDL as shown in Figure 2.18d. Employing the 

continuum approach, the internal layer was modeled using the compressible hyperelastic 

model of Storakers with isotropic assumption. FE analysis results indicated a profound 

redistribution effect on the stress field in the surrounding bone upon loading. In addition, 

incorporation of such an internal layer into the implant provided the implant-supported 

prosthesis with a very similar mobility as that of a natural tooth. The authors underscored 

that a certain existing material was not specified for the internal layer, instead a material 

whose mechanical behavior is analogous to that experimentally obtained for the PDL was 

assumed to be available [140]. On the other hand, the design proposed in this study is just 

conceptual and not proper for practical application since the mechanical integrity of the 

system can not be maintained in case a force having a tensile component is applied. 

Moreover, from the biological perspective, the internal layer is in contact with gingiva and 

exposed to intraoral agents, posing the risk of gingiva inflammation and bacterial 

penetration.      

 

Mensor et al. evaluated the damping ability of the Compliant Keeper abutment which 

consisted of silicone O-rings (Figure 2.18e). Cyclic loading and compression tests on the 

system demonstrated that the Compliant Keeper system might mechanically replicate the 

measured damping function of a natural tooth when natural teeth and implant bodies are 

connected to support an overdenture. The O-rings in the abutment allowed the system to 

serve as a selectively controlled universal joint that functioned like an analog of the 

periodontal ligament, providing damping and progressive loading for implant-supported 

prostheses. One major limitation is that it can not be used for freestanding implants, but 
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only for supporting overdentures [141]. Further, the connecting screw of the abutment may 

probably loosen under cyclic loading.  

 

Unlike the aforementioned designs, Achour et al. studied the concept of interposing a bio-

elastomer between the abutment and the crown (Figure 2.18f) in order to damp the 

occlusive shocks and to attenuate the stress concentrated at the implant-bone interface. 

Performing an FE analysis of two different geometries, conventional model and new model 

with elastomer, it was concluded that both geometries presented quite similar qualitative 

stress distribution;  lower stresses occured in the implant sytem and at the interface with 

bone for the one involving elastomer due to the stress shielding effect of the elastomeric 

stress barrier; in both geometries stress concentration occurred at one side of the neck; the 

sytem involving elastomer was capable to diminish or to delay the loads transmitted to 

implants and to the bone [142]. Carvalho et al. obtained very similar results to that of 

Achour et al., by redesigning the conventional Bränemark dental implant system and 

incorporating a bio-inert stress barrier (elastomer) between the implant and the ceramic 

crown [143]. The numerical model used within both studies suffered from limitations 

related to elastomer characterization. Besides, for a free standing implant such a design 

seems to be unreliable in terms of mechanical integrity. 
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Figure 2.18 Different designs of dental implants involving elastic interface to simulate mechanical 

behavior of periodontal ligament 
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2.3.4 Other Important Considerations on Elastic Interface Concept 

The use of a resilient dental implant instead of a rigid one has been proven to lead to 

superior biomechanical performance considering immediate loading of dental implants and 

construction of implant-supported overdentures.  

 

2.3.4.1 Immediate Loading of Dental Implants 

 

In general, clinical dental implant treatments are carried out using two different surgical 

techniques, two-stage and one-stage surgery. The time interval between implant placement 

and prosthetic loading underlies the distinction between these methods [144]. In the former 

technique, a waiting period of 3-6 months follows the surgical placement of the implant 

into the bone in order to provide the implant with sufficient time to firmly osseointegrate 

with the surrounding bone. After this period, the artificial crown that will be subjected to 

functional loads is placed on to the implant system [145]. The latter technique, on the other 

hand, referred as immediate loading, involves no waiting period before prosthesis 

restoration on the implant with full functional occlusal loading of the implant within 2 

weeks of placement of the implant [146]. The timeframe of the restorative phase of the 

implant surgery have been debatable until a consensus was reached in 2006, in the 

International Congress of Oral Implantologists, on the definition that immediate loading is 

a technique in which the implant supported restoration is placed into functional occlusal 

loading within 48 hours of implant insertion [145, 147]. 

 

Although, the two-stage surgical technique has been mostly used due to its documented 

success rates since 1960 [145], the concept of immediate loading has recently become 

popular due to  less trauma, reduced overall treatment time, decreased patient's anxiety and 

discomfort, high patient acceptance and better function and esthetics [148]. Nevertheless, 

immediate loading of a just placed implant may result in failure of the implant 

osseointegration [149], which is related with several factors such as nature of loading, 

initial stability, bone quality and quantity and design of the implant and abutment. Among 

these factors, the establishment of primary stability is the most important variable 

concerning the success of immediately loaded implants [145], since any relative motion 

between implant and bone can produce a fibrous tissue at the interface and cause abrasion 

of the bone, leading to crestal bone loss, progressive loosening of the implant and finally 

failure of osseointegration [65, 145]. It is reported that relative micromotions should be 
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maintained in the range of 50 to 150 µm not to cause failure of osseointegration according 

to immediate loading protocol [149, 150]. 

 

The use of a resilient implant instead of a rigid one may help avert relative micromotions 

that are out of admissible range. The mechanical behavior of rigid and resilient dental 

implants with respect to immediate loading was compared via FE analysis by del Palomar 

et al. The micromotions of the resilient implant were lower than those of the rigid one, 

while keeping the stresses in the implant under allowable maximum values. It was 

concluded that the resilient implant consisting of a silicone gasket was efficient in reducing 

the micromotion between bone and implant under early load, keeping it inside the bounds 

of the immediate load protocol [150].  

 

 

2.3.4.2 Construction of Implant-Tooth Co-Supported Dentures 

 

It is a common clinical application to construct a fixed partial or complete denture that is 

supported by implant(s) together with natural tooth/teeth as can be seen in Figure 2.19. In 

such a combined restoration, the presence of the periodontal ligament around natural tooth 

roots provides a certain dental mobility, whereas implant has a rigid connection with bone 

[151]. The resulting differential mobility throughout the prosthesis causes uneven load 

sharing between the supports of the system. A larger portion of the masticatory load is 

transferred to the most rigid supporting member that is the implant in a combined 

restoration. In order to relieve stress to prevent implant overload, nonrigid internal 

attachments are recommended to be included in the system [152].   

 

 

 

                         

                                    (a)                                                                     (b)     

                           
Figure 2.19 Combined implant and tooth support for dentures: (a) 2-D model [153], (b) Radiograph 

of a combined prosthesis [154] 
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Menicucci et al. investigated the stresses at implant-bone interface that occurred during 

loading of a tooth which was rigidly connected to a distally placed implant as illustrated in 

Figure 2.19a. FE analysis was carried out by applying vertical static load (for 10 s) and 

impact load (for 5 ms) separately. According to the results, load duration had a greater 

influence than load intensity on the stress distribution. Under static loading, higher stresses 

were created in the bone around the implant than the bone around the tooth.  This was 

attributed to the progressive deformation of the periodontal ligament, causing the bridge to 

act as a cantilever on the implant. As a result, stress concentration occurred in the bone 

around the implant neck [151].    

 

In order to distribute stresses evenly and eliminate the risk of overloading of the implants 

in fixed dentures combining natural teeth and implants, the mobility of the implant must be 

similar to that of the teeth. Nevertheless, teeth and implants display different patterns of 

mobility under physiological loads. A natural tooth exhibits a two-stage displacement 

behavior. The first stage, being rapid within the confines of the PDL, is followed by a 

linear second stage related to the deformation of bone. The mobility of implants depends 

solely on bone deformation and display a linear behavior proportional to the applied load 

[155]. 

 

Boldt et al. measured the axial and lateral mobility of natural teeth and implant-supported 

teeth under physiological loading by conducting an in vivo experimental study on a series 

of volunteers using an optical system attached to the teeth/implants to be measured and a 

light source attached to a reference point. Axial displacement of teeth displayed a time 

dependent viscoelastic behavior due to damping effect, which was insubstantial for lateral 

displacement. Whereas increasing the rise time raises the order of displacements, for very 

short rise times, axial displacement could disappear almost completely. On the other hand, 

for dental implants, without measurable influence of the load rise time, elastic deflection 

was observed in both axial and lateral directions. From Figure 2.20a it can be observed that 

for a maximum axial loading of 80 N, the axial displacements of natural teeth reached to 

100-140 µm, whereas that of dental implants remained in the range of 60 to 80 µm. 

 

According to Figure 2.20b, a lateral load of only 30 N created a displacement about 160 

µm for natural teeth, whereas same load caused a displacement of just 30 µm for dental 

implants [156].    
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Figure 2.20 Experimentally obtained force versus displacement curves for (a) axial and (b) lateral 

loading [156] 
 

 

 

As a remedy for compensating the dissimilar mobility of natural teeth and dental implants, 

it has been recommended to employ stress absorbing elements in the dental implant 

systems, especially when utilized in combination with natural teeth in a fixed prosthesis.  

Rossen et al. used FE analysis to examine the stress distribution in bone around implants 

with or without elastic stress absorbing elements for a free standing implant and an implant 

connected with a natural tooth. For the free standing implant, the elastic component acted 

as a damping element under dynamic load, but not as a stress distributer under static 

loading. The change in the shape or elastic modulus of the element slightly manipulated the 

stress distribution in the bone, the total force remaining constant with static loading. For an 

implant connected to a natural tooth, however, elastic component provided more uniform 

distribution of load in the bone around the implant, decreased the height of the peak 

stresses in the bone around the natural tooth. More uniform stress around the implant was 

explained by the fact that displacement of the bridge was more translational than rotational, 

as opposed to the case with a rigid implant system. In short, for an implant connected with 

a natural tooth, the elastic element was effective both as a stress distributer and stress 

absorber [157]. 

 

It can be concluded that if the mobility of the implant can be achieved to display the same 

behavior as that of the natural tooth connected to it by a proper mechanical design of a 

dental implant system including resilient element(s) and appropriate material selection, the 

best mechanical performance would be attained from the dental prosthesis that is co-

supported by a dental implant and a natural tooth.      
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CHAPTER 3 

 

 

3. MATERIALS AND METHODS 

3.1 Introduction 

Dental implant, the most functional and efficient tool as a choice for treatment of tooth 

losses, has been a subject of intensive research with regard to both mechanical properties 

and biocompatibility characteristics. Being beyond the scope of this study, the 

biocompatibility of dental implants is related with the material selection and specifications 

of the surface that contacts with jawbone. The mechanical properties of a dental implant, 

on the other hand, directly depend on the mechanical design of the system. 

 

As explained comprehensively in the previous chapter, all of the dental implants, those are 

presently in practical implementation, are composed of rigid components constituting a 

totally rigid structure. On the other hand, the concept of incorporating somehow elasticity 

to a dental implant system has been verified to provide crucial benefits in terms of 

mechanical response by several experimental and theoretical studies. Although there have 

been many attempts to come up with a functional design of an elastic dental implant, each 

of them lacked some important requirements for dental implants to be used clinically as a 

treatment for tooth loss.  

 

In this chapter, a novel design will be proposed for an elastic dental implant that would 

mimic natural tooth with a periodontal ligament. The procedure followed during the design 

of the dental implant system and optimization of the design by using finite element method 

is explained in detail.  

3.2 Design of the Dental Implant System 

The design objective is to achieve an optimized, workable dental implant model that is 

capable of withstanding biomechanical loads within the constraint of using biocompatible 
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material, surface and geometric properties in order maintain long-term survival rates. The 

critical contribution will be the simulation of the mechanical behavior of the periodontal 

ligament of a natural tooth. In accordance with this objective, the optimization of several 

parameters in a combined manner is required to be made. Being very critical, the subject of 

surface texture is not dealt within the context of this study. The geometric design, in this 

section, and material modeling, in the finite element modeling section, are handled in detail 

in this study.   

 

A generic dental implant system consists of two major components, namely, the implant 

and the abutment. Implant is the basic part that is surgically placed and remains inside the 

jawbone. The abutment is the intermediate part between the implant and artificial crown. It 

is fastened to the hollow interior of the implant and usually bonded to the crown at the top. 

In addition to the design parameters of the implant and abutment, the mechanical design of 

the interface between the implant and abutment is of the essence with respect to the 

mechanical integrity of the system, mechanical response within the system under loads, 

stability and strength of the system and long-term survival of the dental implant treatment.     

3.2.1 Design of the Implant 

The important design criteria about the implant geometry are about the shape, size, thread 

profile and neck region of the implant. The shape of the implant significantly affects the 

stress distribution at the interface between bone and implant, but not the maximum stress 

values. A cylindrical geometry is preferred (Figure 3.1), since it produces a more uniform 

stress profile with less localized stress concentrations in bone when compared with conical 

type implants [87]. For the regions of low bone quality, it can be switched to conical type, 

since conical external geometry results in increased primary stability by compressing the 

soft bone during and after implantation [85, 86]. On the other hand, instead of a straight or 

stepped surface type, a threaded screw profile is used, since it has been verified to reduce 

stress levels in trabecular bone [83].  

 

The size of the implant is another important factor that influences the stress distribution in 

the surrounding jawbone. Although the selection of size, specified by length (in the range 

of 6.0-16.0 mm) and diameter (in the range of 3.0-6.5 mm), depends on the patient’s bone 

state and the location of application on the jawbone, the optimum size values have been 
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reported. For the diameter, remaining below the upper limit of 4.5 mm, survival rate of the 

implant has been reported to increase as diameter increases. Moreover, implant length 

exceeding 9.0 mm has been proven to reduce bone stress and enhance implant stability [93, 

94, 95]. Therefore, for the models used in this study a combination of 4.2 mm external 

diameter and 9.0 mm length is determined to be used. 

 

 

 

       

                     (a)                                                            (b) 

 

Figure 3.1 The design of the implant geometry: (a) Implant external geometry, (b) Sectional view of 

the geometry 

 

 

 

Enlarging the area of contact surface of implant is another important design criterion, since 

maximization of the contact area with bone improves initial stability, distributes interfacial 

stresses more evenly and preserves bone from excessive local stresses [80, 97]. In addition 

to increasing the size of the implant, choosing an appropriate thread profile on the external 

surface of the implant is critical for increasing the contact area. Among the alternative 

thread profiles like square shape, V-shape, buttress and reverse buttress threads, the square 
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shape profile has been verified to provide the highest contact area and lowest maximum 

interfacial stresses, which promotes osseointegration and initial stability [99].  

 

Square threads have about 10 times less shear component of axial loads reducing the risk 

of overload, compared to other thread types [158]. Therefore, for the model proposed in 

this study, a square-type thread is employed (Figure 3.2). The upper and lower edges at 

root radius and lower edge at outer radius of the threads (shown in Figure 3.2) are filleted 

with a small radius to avoid stress concentrations that might possibly induce micro-cracks 

under high loads, by more evenly distributing the stress [100]. Moreover, it has been 

reported that the thread pitch(p) values between 0.8-0.9 mm is optimal for cylindrical 

implants [97], with best stress distribution when width(W) and height(H) of the thread are 

p/2 and 0.46p, respectively [100]. Hence, for the present model the values for pitch, width 

and height of the thread are selected as 0.8 mm, 0.4 mm and 0.368 mm, respectively.  

 

 

 

                                         

 

Figure 3.2 The thread profile of the proposed implant geometry 

 

 

 

Under masticatory loads and bite forces, the highest stresses in bone occur and bone 

resorption initiates in the region surrounding the neck portion of the implant [80]. The 
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cortical bone, the thin hard layer of bone surrounding the softer trabecular bone, is in 

contact with the neck region of the implant. In order to prevent bone loss and maintain the 

cortical bone, circumferential grooves in the form of micro-threads, as shown in Figure 

3.1b are incorporated at the neck region along a length of 2.2 mm, which is the average 

cortical bone thickness [59], since applying micro-threads is reported to provide positive 

stress stimulus to bone for remodeling and to decrease bone loss [80, 103]. Finally, above 

the upper level of micro-threads a smooth region of neck is left, since this portion of the 

neck, called transgingival region, will contact to the gingiva which is a soft tissue.   

 

The details of the design of the interior geometry of the implant are left to be explained in 

Section 3.2.3 (Design of the Implant-Abutment Interface).  

3.2.2 Design of the Abutment  

Abutment is the part of a dental implant system which holds the artificial crown bonded 

onto the surface of it. It has the function of transmitting the occlusal forces to the implant. 

The most critical part in a dental implant system is the abutment or the internal screw 

which is used to fasten the abutment to the implant. Except from some of the abutments 

that could be used only for removable complete dentures (like the one in Figure 2.18c), all 

of the present commercial products involve totally rigid abutment designs. In Figure 3.4, a 

rigid type dental implant abutment is illustrated. This design involves a one-piece conical 

abutment. Besides, there also exist rigid type dental implant systems including internal 

fastening screws connecting the abutment to the implant (Figure 2.14a, Figure 2.14c and 

Figure 2.14d).   

 

Although the significant advantages of involving elasticity in a dental implant system have 

been verified both theoretically and experimentally, no workable design has been achieved 

yet. In accordance with the aim of this study, the suggested approach to this problem will 

be introduced at this step of the design procedure. In order to overcome the problem, the 

last approach among the four alternatives explained in Section 2.3.1 was utilized. More 

explicitly stating, in order to mimic the mechanical behavior of the periodontal ligament, 

the method of using internal components with elastic material properties within the upper 

structure (abutment) of the system is preferred due to the reasons explained in the literature 

review section. 
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Prior to taking a step to the conceptual design phase, the problems with the previous 

designs, listed in Section 1.6 were scrutinized and determined as design criteria to be 

fulfilled. After that, different concepts for abutments involving elastic intermediate 

elements were generated and rough assessment was carried out according to the design 

criteria. The notable concepts among several alternatives generated at this step are 

presented in Figure 3.3, in an arrangement that indicates sequential progress in terms of 

improvement predicating on the design criteria. 

 

The model shown in Figure 3.3a was the starting point to concept generation. In this 

model, the abutment unit consisted of an abutment housing enclosing two elastic internal 

elements, closed with a cap at the top and connected to the implant with two separate 

components. One is the part that guides the elastic parts and the abutment housing, whereas 

the other is the internal connecting screw. Although the model was a candidate to provide 

certain mobility to the dental implant system at the upper structure, it required 

improvement for two reasons. The first was that outer diameter of the abutment exceeded 

the implant diameter and seemed to be oversized to place a crown on it. The second 

negative aspect was the unnecessary multiple parts to make connection with the implant, 

increasing the complexity of the system. 

 

The mentioned problems were eliminated by proceeding to the design illustrated in Figure 

3.3b. In this design, the connecting parts were combined into a single bridging part, the 

upper portion of which served to guide the mobile abutment housing and to support the 

elastic parts, whereas the lower portion provided a screwed connection into the implant. 

Yet, the drawback that leaded to further elimination of this concept was the gap existing 

between bottom of the abutment and top of the implant neck, which was already a problem 

in the preceding design. This cavity was predicted to pose the risk of being a potential zone 

for bacteria accumulation.        

 

The next step involved a prominent altering in the design (Figure 3.3c). The gap that 

existed in the previous designs was eliminated by moving and confining the abutment 

inside the interior hole at the top of the implant so that the internal surface of the implant 

would serve as a guide for the movement of the abutment during loading. Another 

noteworthy improvement in this design underlies the locations of the elastic elements. 

While in the previous designs the load acting on the system was carried solely by the upper 

elastic element and completely transmitted through this element to the internal screw, in 
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this design the load would be shared on two elastic parts. Moreover, only the portion of 

load that acted on the upper elastic element would be transmitted to the internal screw, 

remaining load being directly transmitted to the implant. This would significantly decrease 

the stress levels induced on the internal screw and elastic parts, which have been the most 

critical components in such dental implant systems that are previously proposed as 

indicated in the literature review. As a result, the load carrying capacity of the whole 

system was considerably improved. In spite of these favorable consequences of changing 

the position of lower elastic part, an important function that was included in the previous 

designs was excluded by this alteration. It was the role of the lower elastic element in the 

two previous designs to provide a smooth continuous unloading behavior when applied 

forces are removed and to bear tensile shock forces that may act on implants supporting 

fixed overdentures.     

 

In order to incorporate that function again, a third elastic component is placed at the prior 

position of the lower elastic part in the first two designs (Figure 3.3d). Moreover, the lower 

elastic element was transferred to the gap between abutment and implant in the form of a 

sealer at the neck. The abutment was still remained to be confined in the internal hole of 

the implant. This design resolved the last mentioned problem, however, at the same time 

arising a new downside. The elastic element at the neck would apparently bulge towards 

the gingiva, causing irritation and inflammation of this soft tissue. This was also a common 

problem in some of the previously proposed designs available in the literature. 

 

A further improved design, given in Figure 3.3e, tackled with the last complication by 

narrowing the abutment housing and other components so that abutment could again be 

confined inside the implant. By this means, the lower elastic element was again located 

inside the implant below the abutment.  

 

This step was the end of the conceptual design phase, since all the rough design 

considerations were seemed to be achieved, requiring further optimization by analytical or 

finite element techniques in order to satisfy specific objectives described in Section 1.7. 

Actually, the model presented in Figure 3.3f is the final optimized design that was obtained 

at the end of the study through implementation of a number of analytical procedures and 

finite element analysis techniques. It is included in this section just for completeness and 

enabling easier comparative assessment for the reader.  
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Figure 3.3 The conceptual designs for the elastic abutment 

(a) (b) (c) 

(d) (e) (f) 
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In Figure 3.5, the structure of the optimized elastic dental implant system is demonstrated 

more definitively and it can be compared with the structure of a rigid system given in 

Figure 3.4. 

 

 

 

 

 

Figure 3.4 The components of a rigid type implant system (sectional view) 

 

 

 

 

 

Figure 3.5 The components constituting the proposed resilient dental implant system  
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3.2.3 Design of the Implant-Abutment Interface 

The design of interface between the implant and the abutment is of very high concern in 

addition to design of these individual components, with respect to the biomechanical 

properties of the dental implant system. The mechanical response within the system under 

loads, mechanical integrity, stability, strength, and thereby, long-term survival rate of the 

whole system depends to a great extent on the nature of this interface.  

  

One of the foregoing complications in implant-supported restorations is loosening of the 

internal screw that is responsible for sustaining the connection between the implant and 

abutment. Although it has been stated as a problem confronted in elastic dental implant 

designs, even the rigid implants carry the risk of screw loosening under functional loading.  

The resistance to loosening is determined by the preload that is created by applying a 

tightening torque to the head of the screw in order to clamp the abutment to the implant by 

the action of compressive and frictional forces at the contacting surfaces. Screw loosening 

occurs when the initially applied preload becomes absent under loading.  

 

The factors affecting screw loosening are the amount of applied preload, machining 

tolerance of the mating surfaces, the geometry, material properties and surface 

characteristics of the components. It is apparent that higher the initial screw preload, 

greater the resistance to loosening. However, the magnitude of preload is limited by the 

maximum tightening torque that is allowable to be applied. The tightening torque value has 

to be lower than the reversal torque of the osseointegrated implant by a safe difference. 

Otherwise, applying a tightening torque approaching the value of average reversal torque 

of the implant might harm the biomechanical bond between implant and jawbone and 

cause loosening of the implant, which will result in failure of the implant treatment. The 

reported values for implant removal torque and screw tightening torque are in the range of 

41.7-139.7 N.cm [159, 160] and 10-35 N.cm [117], respectively. The removal torque for 

implant indicates the strength of the bond between implant and bone. It may change 

depending on the state of bone of the patient and the specifications of the implant like size, 

shape and surface characteristics. The tightening torque of the abutment screw, on the other 

hand, is specified by the manufacturer and may vary between different products according 

to design specifications.  
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As described in Section 2.2.2.2.5, rigid dental implant systems involve two main types of 

configurations for implant-abutment connection, namely, external and internal connections.  

The external type connections involve hexagon-mediated butt joints, whereas the internal 

type connections can be achieved by conical or hexagonal joints with one-piece or two-

piece systems. In comparison to other connection types, the internal conical connection, 

with its solid design, poses a dramatically improved ability to resist bending forces and 

provides better clinical integrity. In addition, it leads to more uniform force transmission, 

less stress concentration and lower bone-implant interfacial tractions. However, the most 

striking superiority of internal conical interface is the enhanced capability to resist against 

loosening at implant-abutment interface, which has made this type of connection more 

popular to be implemented in most of the commercial rigid-type dental implant systems.  

 

As distinct from all of the previous attempts to design an elastic dental implant, it is 

decided to incorporate an internal conical connection combined with a screw into the 

design owing to the prominent advantages of this type of connection. The detailed design 

of the implant-abutment interface will be carried out by adapting an analytical approach 

(the concept of taper integrated screw for abutments) explained in a previous study 

(conducted by Bozkaya and Müftü [106]) to this design in order to cope with the problem 

of loosening. In fact, the analytical procedure implemented in that study was utilized to 

examine and compare the implant-abutment interfaces of certain commercial rigid type 

implants involving ITI implant (shown in Figure 2.14b). Nevertheless, the same approach 

is easily applicable to the presently proposed design of elastic dental implant system in this 

study. The geometric parameters involved in the conical interference connection between 

implant and abutment is represented in Figure 3.6. 

 

Against loosening, the internal conical connection takes the advantage of friction-locking 

mechanics at the region of mating conical surfaces more than the preload of the fastening 

screw. When a tightening torque in the allowable range is applied to the abutment screw, 

the screw at the bottom advances inside the bore of the implant. This causes the threads on 

the abutment and implant to engage with each other which creates a tensile force, called 

preload, in the screw. In addition to the generated preload in the screw, the conical region 

above the threads also advances inwards of the tapered hole of the implant. This results in 

interference fit of the conical mating surfaces, which dominates the resistance of the 

connection against loosening. During tightening, the micro-roughness of the contacting 

surfaces flattens, decreasing the radial distance between surfaces. This process is defined 
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as settling. At the end of settling process, some of the clamping force both on the thread 

surfaces and conical surfaces decrease. Hence, the torque required to loosen the abutment 

is always lower than the initially applied torque to tighten the abutment. Besides, based on 

the same reason, repeated tightening and loosening of the abutment screw provokes the 

reduction of the loosening torque values [115].     

 

The geometric parameters, friction coefficient between contacting surfaces and the elastic 

properties of the materials affect the mechanics of the system. The closed-form analytical 

relations for screw preload, tightening torque and loosening torque depending on variables 

associated with these properties can be derived by examining the balance of forces acting 

on each part using free body diagrams. 

 

 

 

 

 

Figure 3.6 The representation of the geometric parameters involved in conical interference 

connection between implant and abutment 
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Before proceeding to force and torque equations, some geometrical relations as functions 

of the parameters shown in Figure 3.6 should be defined. The interference in the radial 

direction is a function of axial displacement ( z ) and taper angle (θ), 

 

tanz                                                      (3.1) 

 
The contact length (Lc) of at the tapered surfaces can be defined as 
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                                             (3.2) 

 
where rit is the top radius of the tapered hole of the implant and rab is the bottom radius of 

the tapered part of the abutment. The radius of the tapered section of the abutment varying 

along the main axis of the abutment is  

 

1( ) ( cos ) tanab cb z r L z                                      (3.3) 

 

The friction force in the tapered part develops along a helical path which depends on the 

lead of the screw as demonstrated in Figure 3.7c. Therefore, the helix angle of this path is 

equal to the lead angle of the screw (λ) which is defined as   
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                                            (3.4) 

 

where a is a constant, dm is the mean screw diameter  

 

0.649519m majord d p                                        (3.5) 

 

and 
majord  is the outer diameter of the screw thread, p is the thread pitch and l is the lead of 

the screw, 

 

l np                                                        (3.6) 

 
while n indicates whether the screw has a single (n=1) or multiple thread (n= 2, 3, …) 

[161].    
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3.2.3.1 Mechanics of Tightening 

 

During tightening the abutment screw into the implant, the tensile preload developed in the 

screw is counterbalanced by the resisting force which is generated in the tapered region. 

Figure 3.7a illustrates the equilibrium of forces on the free body diagram of the tapered 

part of the abutment during tightening.  

 

 

 

 

 

Figure 3.7 The free body diagrams of the conical part of the abutment screw (a) during tightening 

and (b) during loosening; (c) The representation of frictional force along helical path during 

tightening 

 

 

 

The resisting force, FT, is the resultant of the components of the frictional and normal 

forces on the tapered surface acting along the main axis (z-axis) of the abutment. The 

(a) 

(b) 

(c) 
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magnitude of the axial resistive force is equal to the screw preload. It can be calculated 

from 

 

sin sin cosT N k NF F F                                        (3.7) 

 

where µk is the kinetic friction coefficient. As seen in Equation 3.7, the resistive force, 

therefore, screw preload is related to the normal force (FN) acting on the tapered contact 

surfaces. The resultant contact force due to interference fit on the tapered surface can be 

obtained by integrating the contact pressure ( )cP z  over the contact area along the contact 

length [119],  
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                                         (3.8) 

 

The contact pressure due to interference fit of the tapered part is a function of axial 

position, 
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where E is the elastic modulus of the implant and abutment screw, 2b is the outer radius of 

the implant. Carrying out the integration, the following relation can be obtained for the 

normal contact force 
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           (3.10) 

 

The total tightening torque, TT , for the abutment is the sum of the resistive torques in the 

tapered part and in the threaded region, 

 

(3.11) 

 

The resistive torque in the screw threads can be calculated from the power screw formula 

for raising a load [161] 

Screw TaperT T TT T T 
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                              (3.12) 

 

where  is the thread angle of the screw.  

 

In the tapered region, since the horizontal component of the friction force (μFNcosλ) resists 

the tightening torque, the required torque to overcome this friction can be obtained by the 

following equation [119]. 
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                            (3.13) 

 

Then, the total tightening torque can be obtained by inserting Equation 3.12 and Equation 

3.13 into Equation 3.11. Note that in the equations for tightening torque and resistive force, 

kinetic friction coefficient is utilized since tightening is a dynamic process. 

 

 

3.2.3.2 Mechanics of Loosening 

 

The equations for the case of loosening can be obtained in a similar way to tightening. The 

distinction is that during loosening, the friction force acts in the opposite direction in 

comparison to tightening. Figure 3.7b illustrates the equilibrium of forces on the free body 

diagram of the tapered part of the abutment during loosening.  

 

The total loosening torque for the abutment, LT , is the sum of the resistive torques in the 

tapered part and in the threaded region,     

  

Screw TaperL L LT T T                                              (3.14) 

 

The preload of the screw which resists loosening, at the beginning of loosening process, 

can be obtained from  

sin sin cosL N s NF F F                                     (3.15) 
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where the static friction coefficient s  is used since loosening starts from a static 

equilibrium state. The negative sign in this equation indicates that for certain combinations 

of taper angle,  , screw lead angle,  , and friction coefficient, s , the screw preload 

might become zero or negative. In such a case, the threaded section displays no 

contribution to the resistance against loosening, leaving it totally to the conical section. 

Therefore, when the value of FL is negative, the resistive torque in the screw threads 

becomes zero. Hence, the resistive torque in the screw threads due to preload can be 

calculated by including a Heaviside step function ( )LF  into the power screw formula for 

lowering a load 
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where the Heaviside step function is  

 

                                            ( ) 1LF       if     0LF                                       (3.17)                                        

                                                   ( ) 0LF       if     0LF   

 

The resistive torque against loosening in tapered section can be obtained by substituting 

static friction coefficient in place of the kinetic friction coefficient in Equation 3.13  
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                           (3.18) 

 

Then, the total resistive torque against loosening can be found by inserting Equation 3.16 

and Equation 3.18 into Equation 3.14. In the study of Bozkaya and Müftü, a definition of 

efficiency for taper integrated screw connection was made as the ratio of the total 

loosening torque to the total tightening torque  

 

L

T

T

T
                                                       (3.19) 

 

This efficiency definition is very helpful for assessing the success of the design of the 

interface between implant and abutment. 
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3.2.3.3 Mechanics During Functional Loading 

 

After the abutment screw is tightened to the implant with a certain tightening torque, the 

artificial crown is placed onto the abutment. Then, implant supported restoration becomes 

ready for patient use. During mastication or biting, the implant is subjected to functional 

loading. Under functional loading, unlike the tightening and loosening cases, the friction 

force at the tapered region is not along the helical path.  The screw preload, when a biting 

force Fb is applied on the system, can be determined from the free body diagram given in 

Figure 3.8 as follows, 

  

        cos sinFL N Nb s bF F F F                                    (3.20) 

 

where FLF  is the screw preload under functional loading, NF  is the resultant normal 

contact force due to initial interference during tightening, NbF  is the additional normal 

force due to the biting force bF .                           

 

 

 

 
 
Figure 3.8 The free body diagram of the conical section during functional loading 

 

 

 

For the implants involving screw connection only, the compressive biting forces lower the 

pretension in the screw possibly leading to loosening of the screw. In contrast, in tapered 

interference fit abutments, loosening problem is less significant.  The biting forces acting 

in the direction of abutment insertion increase the degree of engagement in the conical 
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region, thus, contribute to secure the connection instead of causing loosening. Only 

application of a loosening torque may cause the tapered interference fit connection to 

loosen. As a result, it can be concluded that in a taper integrated screw connection, the 

tapered section dominates the resistive behavior against loosening.  

 

The relations given above are used to analyze the implant-abutment interface for the elastic 

dental implant model proposed in this study and the numerical findings are supplied in 

Chapter 4. The results are compared with values obtained for ITI implant and discussed in 

detail.  

3.3 Finite Element Analysis of the Elastic Implant System 

Having completed the preliminary geometric design of the proposed dental implant system, 

a mechanical analysis of the entire model is to be carried out in order to make an 

optimization on the design in accordance with the objectives of the study specifically stated 

in Section 1.7. In the previous section, the implant-abutment connection was modeled by 

analytical relations derived in terms of geometrical, material and surface properties of the 

components. In other words, the problem of loosening at the implant-abutment interface, 

one of the main problems aimed to be overcome in this study, was handled by an analytical 

approach. However, when the whole system, especially the upper structure (abutment) of 

the proposed design, is considered, it can be observed that a multi-component structure 

with mechanically interacting parts is involved such that it is difficult to model and achieve 

a solution by an analytical procedure. Hence, a numerical approach is required to be 

implemented. 

 

Finite element analysis (FE analysis) is an effective numerical method for obtaining 

solutions to a myriad of engineering problems in many fields, with the powerful complex 

problem solving capability involved. Dental biomechanics is one of the fields, investigators 

on which have commonly utilized and benefited from FE analysis technique as a 

computational tool to solve complicated structural mechanics problems.   

 

For the present study, FE analysis was implemented in order to  

1. Optimize the mechanical design parameters of the proposed dental implant system 

so that it would 
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a. Yield a very similar axial mobility behavior under loading as that of a 

natural tooth by simulating the mechanical behavior of the periodontal 

ligament, 

b. Withstand functional loading at component level without mechanical 

failure, especially, considering the internal screw and elastic parts, 

 

2. Compare the stresses and displacements within the proposed elastic system with 

those in a totally rigid counterpart by modeling both systems separately as 

supporting a dental bridge in combination with a natural tooth.  

 

Prior to beginning the analyses using FEM, the axial mobility behavior of natural teeth as 

the major criteria for optimization should be defined precisely. Based on the experimental 

data obtained by Boldt et al. [156], force-displacement relationships under axial loading for 

two upper incisors and two implant-supported teeth, are presented in Figure 3.9 and Figure 

3.10, respectively. 

 

 

 

 

Figure 3.9 The force-displacement relationship for upper incisors under axial loading [156] 

 

 

 

It is apparent that the natural teeth display a greater mobility under axial loading when 

compared to implant-supported teeth. The differential mobility originates from the rigid 

structure of dental implants and their interface with bone in contrast to the natural teeth 
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which involve an elastic tissue, called the periodontal ligament (PDL), at tooth-bone 

interface. Under a maximum axial static load of 80 N, the displacements of the natural 

incisors are in the range of 0.10-0.14 mm, whereas the displacements of the teeth supported 

by rigid dental implants do not exceed 0.08 mm. It should be noted that the movement of 

the implant-supported teeth arise from the deformation of the surrounding bone, whereas 

the movement of the natural teeth depends on both the deformation of the PDL and that of 

surrounding bone. Therefore, the displacement data for incisors, shown in Figure 3.9, 

comprise the displacements due to PDL deformation appended on the values caused by 

bone deformation.  

 

 

 

 

Figure 3.10 The force-displacement relationship for two crowns supported by rigid implants in the 

upper front jaw [156] 

 

 

 

In order to simulate the natural case by implementing an elastic dental implant system that 

would compensate the differential mobility, the force-displacement relationship of a 

natural tooth depending purely on the deformation of the PDL was to be determined by 

eliminating the effects of bone deformation. By this way, the required mobility to be 

possessed within the elastic implant system being designed could be derived. For this 

purpose, a new force-displacement curve, referred as reduced displacement curve for 

natural teeth, was obtained by subtracting the amount of displacement due to bone 

deformation from the total deformation at each data point on the curve for incisor(1) in 

Figure 3.9. The values due to bone deformation at each data point were calculated by 

multiplying the force values shown in horizontal axis with the slope of the fitted curve to 
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the data for rigid implant(2) in Figure 3.10. By fitting a curve to the resulting data, the 

reduced displacement curve for an incisor was obtained as shown in Figure 3.11. 

 

 

 

 

Figure 3.11 The reduced force-displacement curve for an incisor (dashed line)  
 

 

 

Considering the reduced curve, it can be observed that the displacement due to PDL 

deformation exhibits a rapid increase up to a force level of about 20 N, after which it very 

slightly contributes to the total deformation. In fact, the total displacement curve involves a 

biphasic nature. In the first phase the effect of the PDL dominates, whereas in the second 

phase the predominant linear behavior is governed by the deformation of bone. 

 

The data manipulated above are valid for the incisor region of the jaw. For the molar 

region, however, tooth displacement values are smaller. The force-displacement 

relationship for a molar tooth compared with an incisor is supplied in Figure 3.12, by 

employing the experimental data present in the literature [55]. For low forces with 

magnitudes under 5 N the displacement of an incisor could exceed 0.04 mm, whereas for a 

molar tooth stiffness increases after reaching a displacement of 0.02 mm. Both of the 

incisor and molar teeth display a nonlinear force-displacement behavior due to nonlinear 

mechanical characteristics of the PDL. Therefore, in order to mimic the mechanical 

behavior of the PDL, a nonlinear modeling should be implemented during the design of an 

elastic dental implant. In this study, the behavior of the incisor based on the reduced curve 
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in Figure 3.11 will be considered as the target to be achieved throughout the design 

optimization procedure from this point on. 

 

 

 

 

Figure 3.12 The force-displacement relationship of a molar in comparison with an incisor 

 

 

 

The FE analyses were carried out by following a two-stage procedure. Firstly, a series of 

two-dimensional axisymmetric analyses was conducted to iteratively update the starting 

geometric model, which was the output of the conceptual design phase, presented in Figure 

3.3e. In this first stage, it was aimed to benefit from the advantages of axisymmetric 

analysis like simplicity, easy managing and fast solution, which helped save analysis 

resources like time and memory, significantly. Secondly, the final geometric model 

attained as a resulted of the first stage of analyses was utilized to carry out three-

dimensional analyses involving more realistic modeling conditions. Besides, the 

comparative analyses between elastic and rigid systems were accomplished in the three-

dimensional modeling and analysis stage.   
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3.3.1 Axisymmetric Analysis 

In general, axisymmetric analysis is a simplified method for finite element analysis (FEA) 

appropriate when the geometric model, load and boundary conditions show symmetry 

around a central axis. The geometric model that is to be used in the axisymmetric analysis 

is a two-dimensional section which creates the original three-dimensional model when 

revolved around the central axis. Screw type cylindrical dental implants, under axial 

loading conditions, perfectly conform to the requirements of an axisymmetric analysis. In 

this part of the study, the design parameters of proposed dental implant system were tuned 

so as to result in the desired mobility behavior represented by the reduced curve in Figure 

3.11, by the aid of axisymmetric FEA carried out in a commercial FEA software, MSC 

Marc Mentat 2010.  

 

3.3.1.1 Geometric Modeling 

 

The first step was to create the geometric model with axisymmetric properties. From the 

conceptual design, the section view of which is shown in Figure 3.13a, the axisymmetric 

geometric model was created as presented in Figure 3.13b. The implant in the geometric 

model had a diameter of 4.2 mm and a length of 9.0 mm, as stated in the design of the 

implant in Section 3.2.1. 

 

 

 

                                                                                  

                                                             (a)                                                      (b) 

 

Figure 3.13 The representation of the axisymmetric geometric model obtained from the conceptual 

design: (a) The conceptual design, (b) The axisymmetric geometric model 
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Note that in the axisymmetric geometric model the screw threads were not included just to 

further simplify the problem. Actually the threads on the implant surface would not affect 

results of the analysis, since implant-bone interface was not modeled and not considered 

throughout the analyses. The focus in all of the analyses was on the mechanical response 

within the dental implant system. Furthermore, as can be seen from Figure 3.13b, there 

exists a gap between the abutment cap and abutment housing in addition to that between 

conical surfaces of fastening screw and implant. The given geometric model illustrates the 

positions of the components prior to application of load and boundary conditions. The 

mentioned gaps in the model serve for applying preload to the elastic components during 

fastening the assembly before functional loading. The details about the application of 

preload will be explained later in Section 3.3.1.4.     

 

3.3.1.2 Material Modeling 

 

The components included in the proposed dental implant system can be divided into two 

groups in terms of material properties: (1) components with resilient behavior and (2) 

relatively rigid components. 

  

3.3.1.2.1 Relatively Rigid Components 

 

The implant, abutment housing, abutment screw and abutment cap are relatively rigid 

components of the proposed dental implant system. The material for these parts was 

defined to be Ti-6Al-4V (annealed), a titanium alloy that has been proven to display 

perfect biocompatibility and excellent mechanical properties like fracture toughness, yield 

strength and fatigue strength. Therefore, it has been commonly used in biomedical 

applications, especially as a dental implant material by commercial dental implant 

manufacturers. Some of the important mechanical properties of Ti-6Al-4V (annealed) are 

presented in Table 3.1 [162].  

 
The relatively rigid components were assumed to have simply isotropic and linear elastic 

behavior involving small strain and small deformation. 
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Table 3.1 Mechanical properties of Ti-6Al-4V (annealed) 

 

Property Value 

Elastic Modulus (GPa) 100-114 

Yield Strength (MPa) 825-869 

Ultimate Tensile Strength (MPa) 895-930 

Ultimate Tensile Strain (%) 6-10 

Poisson’s Ratio 0.342 

Brinell Hardness 326 

 

 

 

3.3.1.2.2 Resilient Components 

 

For the resilient components simulating complex nonlinear elastic behavior of the 

periodontal ligament, a more complicated nonlinear material model appropriate for large 

strain and large deformation must be used and a material with high elasticity should be 

selected.  

 

a. Constitutive Material Model 

  

The problem was simplified by assuming the material of the elastic components to be 

isotropic, homogenous, continuous and incompressible. Note that the material has isotropic 

properties only in the undeformed configuration, whereas in the deformed configuration it 

becomes anisotropic due to unsymmetrical relative displacements of the points inside the 

material under arbitrary loading conditions. Moreover, a material that is not of porous type 

can be perfectly considered as continuous and homogeneous. On the other hand, if the 

volumetric changes are small compared to the initial volume, the material can also be 

assumed to be incompressible.  

 

For the desired properties, an appropriate choice might be a rubber-like material whose 

stress-strain relationship could be defined as non-linearly elastic, isotropic, incompressible 

and generally independent of strain rate. In order to model the stress-strain behavior of 

such materials, generally, hyperelasticity concept is used. Hyperelastic idealization is a 
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common method for modeling filled elastomers and biological tissues. The stress-strain 

relationship of a hyperelastic material is characterized by a strain energy density function 

(W) [163]. 

 

In the analysis of such an elastomeric structure, one important consideration is nonlinearity 

which can be categorized as material, boundary and geometric nonlinearities. Rubber 

materials usually behave in a nonlinear manner (material nonlinearity). Contact surfaces 

between elastomeric components usually cause boundary changes during analysis. This 

results in boundary nonlinearities. Moreover, when the magnitude of displacement affects 

the response of the structure, geometric nonlinearity occurs.    

 

An efficient and appropriate mathematical model was required to determine the material 

behavior in terms of stress-strain relationship to be used in finite element modeling. The 

constitutive model would be composed of constants fitting to experimental data and 

measures of deformation. Hyperelastic materials store energy under applied loads and this 

energy is called strain energy. If viscous effects are involved, mechanical energy is also 

dissipated under the action of forces. The strain energy density function depends both on 

measures of deformation and material constants that are experimentally determined. 

 

As a nonlinear, isotropic hyperelastic material model for the desired behavior of the elastic 

part, the Mooney-Rivlin material model was utilized. It has been experimentally verified 

that this material model works well with strains up to 200% [164], which is higher than the 

strains expected to be experienced within the elastic parts of the proposed dental implant 

system under functional loading. Therefore, the choice of the material model conformed 

well to the present problem handled in this study. In Mooney-Rivlin model the strain 

energy is expressed as a linear combination of invariants of Finger tensor (or inverse of the 

left Cauchy-Green deformation tensor) B, which is defined as 
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 is the spatial deformation gradient tensor [165]. The strain energy 

density function, in Mooney-Rivlin material model [166], is based on polynomials 
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where 
ijC denotes the material constants calculated from experimentally obtained data, m 

is the order of model and   is the bulk modulus. 1I , 2I  and 3I  are the invariants of the 

left Cauchy-Green deformation tensor B, defined as   
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with V  and 0V  being volumes after and before deformation, respectively. The terms i  
in 

the expressions of invariants are the principal stretches for i= 1, 2, 3. 
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where il  is the deformed length and 
,0il  is the undeformed initial length in the direction i.  

 

Equation 3.22 defines the strain energy in a generalized form of Mooney-Rivlin material 

model, considering compressibility of the material by the last term involving bulk 

modulus. For incompressible assumption, the third invariant is equal to 1 since the volume 

is assumed to be unchanged after deformation. Thus, the last term in the strain energy 

density function vanishes, reducing Equation 3.21 to the following form: 
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                                       (3.27) 

 

In general, two-, three-, five-, and nine-term Mooney-Rivlin models are used in 

commercial software packages. More terms serve to capture more inflection points in the 

engineering stress-strain curve. However, using higher order terms can cause large 

oscillations outside the experimental data range without any physical meaning [164]. In 

particular, in the present study, for modeling the materials used in the finite element 
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analyses two- and three-term Mooney-Rivlin models were used. The expressions of strain 

energy can be written as  

 

10 1 01 2( 3) ( 3)W C I C I                                          (3.28) 

10 1 01 2 11 1 2( 3) ( 3) ( 3)( 3)W C I C I C I I                             (3.29) 

 

for two- and three-term Mooney-Rivlin models, respectively. After determining 

appropriate model and deriving material coefficients from experimental data, the principal 

stresses are calculated from the equation 
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                                              (3.30) 

 

where p is the hydrostatic pressure. 

 
Upon selecting the material model and defining the experimental test data, the finite 

element analysis software automatically calculates the material coefficients
ijC . 

Furthermore, based on the strain energy density function, it determines the stresses and 

strains within the geometric model by performing the analysis. 

 

b. Material Selection 

 

Instead of assuming the availability of a material that best conforms to the requirements for 

the mechanical behavior expected from the elastic parts included in the dental implant 

system, the methodology in this study was to choose among already available materials in 

the market, to check their convenience via finite element analysis and to decide the best 

material yielding the elastic behavior which approaches most to the desired one explained 

above. 

 

In many engineering applications including the cases that require high compressive load 

bearing capacity, engineering polymers like polyamide, polyurethane, polyoxymethylene, 

polyetherketone and polyethylene are frequently used. Among these alternatives, due to its  

 

 high flexibility with good tensile and compressive strength, 

 very high load bearing capacity, 
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 outstanding abrasion, tear and flex crack resistance,  

 enhanced fatigue durability,  

 extra toughness, 

 very good impact resistance [167, 168] and  

 most importantly favorable biocompatibility [169], 

 
polyurethane is a good candidate for  the elastic components of the proposed dental 

implant system. In the market, polyurethane is available in two forms with respect to the 

chemical structure, namely, ester- and ether- based polyurethanes. Ester-based 

polyurethanes (polyesters) are damaged by microbiological attack when subjected to heat 

and humidity, whereas ether-based polyurethanes (polyethers) are resistant to such 

conditions [170]. Hence, ether-based polyurethanes should be selected so that the elastic 

components which will be subjected to heat and humidity in the oral environment can 

resist against microbiological attack. 

 

Engineering polyurethanes are classified with respect to hardness as demonstrated in 

Figure 3.14. In the hardness scale, polyurethanes remain in the range between 20 Shore A 

to 80 Shore D Durometer. In this study, polyurethanes with 80, 85, 90 and 95 Shore A 

Durometer hardness are employed and compared throughout the finite element analyses.  

 

 

 

 

 

Figure 3.14 The hardness scale for polyurethanes, rubbers and plastics [171]     
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Another important consideration substantially affecting the compression-deflection 

relationship of polyurethanes is the concept of shape factor. Shape factor is defined as the 

ratio of the area of one loaded surface to the total area of the unloaded surfaces that are free 

to bulge. For an elastomeric component having two parallel load faces, the shape factor can 

be defined and has critical impact on deformation behavior under compressive loads. 

Higher the shape factor, lower the amount of deflection and higher the load bearing 

capacity. In other words, as shape factor increases, the load required to induce a certain 

strain also increases. On the other hand, for the parts made from same material and having 

identical shape factors, the behavior under compression is the same irrespective of the 

actual geometric shape or actual size. In addition, parts with shape factors below 0.25 are 

prone to buckling under compression [172, 173].   

 

In spite of the fact that no mathematical correlations associating the shape factor to the 

compressive modulus have been derived, several polyurethane manufacturers supply the 

empirical data corresponding to their products. Figure 3.15 illustrates the effect of shape 

factor on the stress-strain behavior of polyurethane with different Shore A Durometer 

hardness values [172]. It can be observed from these experimental data that as shape factor 

increases, the compressive stress corresponding to the same compressive strain becomes 

higher. 

 

 

 

 

 

Figure 3.15 The effect of shape factor on the compressive stress-strain relationship of polyurethanes 

with different hardness values (each color indicate a distinct shape factor) 

 

 



101 

The elastic parts in the proposed dental implant system have a hollow cylindrical shape 

(Figure 3.16). The loaded surfaces are parallel to each other providing the appropriate 

condition to implement the shape factor concept. The shape factor (A1/A2) for three elastic 

components in the system remain in the range of 0.5-0.6. Thus, a shape factor of 0.56, for 

which experimental data is available, was selected. 

 

 

 

                            

 

Figure 3.16 The loaded and free surfaces of the elastic components included in the proposed dental 

implant system 
 

 

 

The tensile strength and compression properties of polyurethane with the shape factor of 

0.56, varying with hardness are presented in Table 3.2. The tabulated data supplied by the 

manufacturer is stated to be obtained following standard test methods for rubber in 

compression (ASTM D575) and tension (ASTM D412).  

 

 

 

Table 3.2 Compression properties (with shape factor 0.56) and tensile strength of polyurethane 

varying with hardness [174] 

 

Compression/Tensile Property 
Durometer Hardness 

85A 90A 95A 

Comp. Stress (MPa) @   5% Deflection 1.24 2.14 3.10 

Comp. Stress (MPa) @ 10% Deflection 2.69 4.31 6.14 

Comp. Stress (MPa) @ 15% Deflection 3.86 6.03 8.07 

Comp. Stress (MPa) @ 20% Deflection 4.76 7.76 9.65 

Comp. Stress (MPa) @ 25% Deflection 5.52 9.31 9.65 

Tensile Strength (MPa) 41.37 31.03 37.92 

Loaded surface (area A1) 

Free surface (area A2) 
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The compression strength for polyurethane is not provided by manufacturers. However, it 

is known that polymers are approximately 20% stronger under compression compared to 

tension [175]. In addition to the compression data for 85, 90 and 95 Shore A Durometer 

given in Table 3.2, for 80 Shore A Durometer the compression curve for 0.5 shape factor 

(in Figure 3.15) was digitized by a software (GetData Graph Digitizer, version 2.24) and 

the discrete stress-strain values was input in the form of tabulated data to the FEA software 

during defining material properties. The Mooney-Rivlin coefficients based on the input 

experimental data was calculated by the software for each of the materials as shown in 

Table 3.3. 

 

 

  

Table 3.3 The Mooney-Rivlin coefficients calculated by the FEA software 

 

Material 
Model 

Order 

C10 

(MPa) 

C01 

(MPa) 

C11 

(MPa) 

80A 3 7.701 -4.069 0.615 

85A 2 9.420 -5.026 - 

90A 2 15.375 -8.176 - 

95A 2 24.790 -14.389 - 

 

 

 

3.3.1.3 Mesh Generation and Contact Body Definitions 

 
For the axisymmetric analysis, two-dimensional planar meshing with QUAD(4) elements 

was utilized. The mesh generated on the starting geometric model (Figure 3.17a) contained 

totally 3088 elements and 3447 nodes. For the elastic parts, the meshes were considerably 

refined in order to obtain more accurate results since within these components large 

deformation gradients occurred during the load increments. Moreover, for all of the 

elements, axisymmetric solid property type was defined as a geometric property. 

 
All of the components of the dental implant system were defined as deformable contact 

bodies. As a simplification, no friction was defined between the contact bodies. The blue 

line above the abutment cap that can be seen in Figure 3.17b represents the rigid body that 
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was defined to simulate the crown. This rigid body was controlled by load with an 

approach velocity of 5 mm/s. Finally, from the symmetry option of the contact menu, the 

central symmetry axis was also defined as a contact body. 

 

The appropriate contact definitions between the bodies are made using the contact table 

option. As seen from Figure 3.18, all of the contact types are selected to be ‘touching’. 

 

 

  

.   .  
                   (a)                                                       (b)                                                      (c) 

 

Figure 3.17 (a) The meshes generated on the initial model, (b) the contact body definitions on the 

initial model,  (c) load and boundary conditions on an updated model 
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Figure 3.18 The contact table for the components in the dental implant system 

 

 

 

3.3.1.4 Loads  and Boundary Conditions 

The load and boundary conditions applied on the model are listed below and illustrated in 

Figure 3.17c.  

 

1. Fixed displacement condition on implant bottom edge,  

2. Edge load on top edge of the abutment cap for prestressing,  

3. Edge load on bottom edge of the abutment housing, 

4. Fixed displacement for the abutment screw, 

5. Vertical point load on the rigid body (simulating the crown)  

 

The application of load and boundary conditions simulated three actual situations which 

are explained below.  

 

i. Fixation of the implant inside jawbone 

In most of the previous studies a fixed bond was assumed between the implant 

and jawbone. Since the aim, in this study, was to approximate the reduced 

displacement curve based on PDL deformation regardless of bone deformation, 

there was no need to model the complex behavior of the jawbone and the bone-

implant interface. Hence, as a displacement boundary condition 

- the bottom edge of the implant body was simply fixed in all directions.   
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ii. Application of preload on the elastic components 

The elastic components in the system display a spring-like action under loading. 

Prestressing, also termed as presetting, of a compression spring improves the 

capability of the spring to withstand stress, increases its load carrying capacity 

and fatigue resistance [176, 177]. By making analogy to compression springs, 

prestress was applied to the elastic parts that are required to display high fatigue 

durability. However, this benefit of prestressing was not verified in this study. 

For applying prestress to the elastic components: 

- Two vertical forces equal in magnitude (3.5 N) but in opposite directions 

were defined, one acting on top edge of the abutment cap and the other on 

the bottom edge of the abutment housing. These counter forces moved 

these components towards each other, compressing the middle and upper 

elastic parts remaining in between. These load conditions closed the initial 

gap (0.2 mm) left between the abutment cap and abutment housing, 

fastening them to each other, which simulated the assembly during 

manufacture.   

- A fixed displacement of 0.2 mm was applied to the abutment screw, which 

caused prestressing of the lower elastic component in addition to the others 

prestressed in the previous step. This displacement condition closed the 

initial gap (0.2 mm) between conical surfaces of the abutment screw and 

implant, simulating the fastening of the abutment to the implant, which is 

done by clinicians before construction of prosthesis on the implant. 

 

iii. Application of bite force 

- In order to simulate the bite forces on the implant-supported crown, in the 

axisymmetric analysis, subsequent to application of the forces and 

displacement boundary conditions that would generate prestress, a vertical 

force of 80 N was applied to the load-controlled rigid body that was 

contacting to the top edge of the abutment cap. The mobility of a natural 

tooth under axial forces below 80 N was tried to be approximated. In 

addition, a vertical force of 800 N, the maximum bite force reported, was 

applied to the final optimized model to check whether it could withstand 

the maximum load at component level without mechanical failure.  
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After properly defining the aforementioned analysis parameters, a series of axisymmetric 

analyses were carried out. Throughout the analyses conducted by following an iterative 

procedure, the geometric model, mesh created on the model and the material definitions 

were varied subsequently until the desired axial mobility behavior was reasonably 

approached.  The interim findings and final results are provided in Chapter 4. 

3.3.2 Three-Dimensional Analysis 

Having completed the axisymmetric analysis stage, an optimized model for the proposed 

dental implant system resulting in desired axial mobility behavior was obtained. At this 

stage, the model which was the output of the previous stage was utilized directly via 

converting the axisymmetric model to a three-dimensional geometric model.  Basically, the 

investigations in the three-dimensional analyses were concentrated on three points of 

consideration, which were 

 

1. Verification of the results obtained in the axisymmetric analysis stage by 

performing a number of analyses keeping the geometric model unchanged but 

varying the material defined for the elastic parts, 

2. In addition to axial loading, checking the strength and reliability of the proposed 

dental implant system under lateral loading, 

3. Comparing the stress and displacements that occur in a bridge prosthesis supported 

by a natural tooth in combination with a dental implant for two cases of implant 

selection: an elastic dental implant and a totally rigid dental implant.  

 

The three-dimensional analyses were carried out by using ANSYS 12.0 (as analysis 

software) and the details about these analyses are explained below. 

 

3.3.2.1 Analysis of a Dental Implant Supporting a Single Crown 

 

The three-dimensional geometric model (Figure 3.19b) was generated, in SolidWorks 

2011, from the final optimal two-dimensional axisymmetric geometric model (Figure 

3.19a) which was obtained at the end of axisymmetric analyses. The diameter of the 

implant was 4.2 mm and the length of the implant was 9.0 mm, as before. The threads on 
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Abutment Cap 

Abutment 

Housing 

Crown 

the surface of the implant were not included in 3-D models for the same reason as in the 

axisymmetric analysis. The gaps between components were left for prestressing.  

 

 

 

                      

                   (a)   (b) 
 
Figure 3.19 The geometric models: (a) optimal axisymmetric model, (b) 3-D model obtained from 

the axisymmetric model 
 

 

 

For material modeling, exactly the same procedure and material specifications as in the 

axisymmetric analyses were used except that the crown was defined as a deformable body 

with linear elastic, isotropic material properties instead of a rigid body. The Young’s 

modulus and Poisson’s ratio of the porcelain crown was defined to be 67.2 GPa and 0.3, 

respectively. For the material of the elastic components, the resulting effects of defining 

polyurethane with 80, 85, 90 and 95 Shore A Durometer hardness on the mechanical 

response of the system were compared. The curve fits of the software to the experimental 

material data are presented in Figure 3.20. The Mooney-Rivlin coefficients calculated in 

ANSYS were the same as those in MSC Marc Mentat. 

 

Elastic 

Components 

Implant 

Fastening 

Screw 
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Figure 3.20 The curve fits to the uniaxial compression test data 

 

 

 

All the contact bodies were defined as deformable bodies. The contact definitions 

(frictionless contact) were similar to those in the axisymmetric analysis. The difference 

was that between the crown and abutment cap bonded contact was defined and between the 

conical surfaces of the abutment screw and implant frictional contact (with a friction 

coefficient of 0.3) was specified. The frictional contact of the conical surfaces helped to 

observe the consequences of applying the tapered interference fit concept (explained in 

Section 3.2.3) on the stresses around this contact region. Besides, for the frictionless 

contacts between the resilient components and relatively rigid components, ‘Augmented 

Lagrange Formulation’ was specified since this formulation works better for sliding 

conditions at contact regions in spite of requiring additional iterations.  
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The model was meshed with curvature-based tetrahedral solid mesh using patch 

conforming method (Figure 3.21a). By using ‘contact sizing’ and ‘body sizing’ options, the 

element size at the contact regions and in the elastic components which would experience 

high deformation were defined to be finer (0.16 mm) than that in the other regions (0.35 

mm). The total number of nodes, solid elements and contact elements were 154279, 97554 

and 28502, respectively. The primary reason for involving a large number of elements and 

nodes was the existence of multiple deformable contact bodies experiencing large 

displacements and large deformations. 

 

For the case of axial loading, the definitions of the load and boundary conditions were the 

same as those defined for the axisymmetric model (Figure 3.21b). One distinction was that 

the displacement boundary conditions of the implant and the abutment screw were 

exchanged. In other words, the location of the screw was fixed and a displacement of 0.2 

mm towards the screw was defined for the implant, which created the same effect of 

prestressing the lower elastic component and simulating the fastening of the screw to the 

implant as before. This exchange of boundary condition facilitated the convergence of the 

solution. In addition, the relatively rigid components and the inner surface of the elastic 

components were restrained against moving along both axes (x and y) of the horizontal 

plane, enabling only vertical movement along z-axis. 

 

For the case of lateral loading, the vertical force acting on the crown was converted to a 

horizontal force of 100 N (along x-axis), simulating the maximum lateral load on a natural 

tooth. This magnitude of horizontal load is actually higher than the values reported in 

previous studies [81]; therefore, it would be safe to check the strength of the system against 

lateral loading with this load definition. Moreover, the definition of the restriction of the 

components against moving along the two axes in horizontal plane was changed so as to 

constrain the movement only along only y-axis, enabling displacement along x-axis on 

horizontal plane and z-axis on vertical plane.     

 

The loads on the crown were applied incrementally, an iterative solver type was selected 

and large deflection option was activated as analysis settings before running the analyses. 

The results obtained are presented in Chapter 4.  
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                       (a)                                                              (b) 

 

Figure 3.21 (a) Mesh on the model, (b) Load and boundary conditions 

 

 

 

3.3.2.2 Analysis of a Dental Bridge Supported by a Dental Implant  

 

It is a common clinical treatment for tooth loss to construct a dental bridge which is 

supported by one or more dental implants in combination with natural teeth. The simplest 

case is a dental bridge co-supported by a single dental implant and a single tooth. In this 

section, a novel methodology is introduced to model and compare a rigid and an elastic 

dental implant supporting a dental bridge with respect to the stresses and displacements 

that occur in the bridge prosthesis and in the dental implant system. 

 

The three-dimensional geometric models of the described dental bridges were created 

separately in SolidWorks 2011 as shown in Figure 3.22. In order to simplify the situation, 

the bridge prosthesis and supporting natural tooth was modeled in a single piece. 

Moreover, in the analysis the threads on the implant surface were suppressed for the same 

purpose. For the material modeling and mesh generation, the same procedure explained in 
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                      (b) 

 

the previous section applies to this problem. A vertical load of 40 N was applied on the top 

surface of the crown bridge as shown in Figure 3.23.  

 

   

 

         

                                      (a)                                                             (c) 

 

Figure 3.22 The geometric models of dental bridges: (a) full model, (b) sectional view of the bridge 

with rigid implant, (c) sectional view of bridge with elastic implant 

 

 

 

For the elastic implant case, the same load and boundary conditions for prestressing the 

elastic components were applied and identical contact definitions were made as described 

in the previous section. For the rigid implant case, the only boundary condition applied on 

the implant side was the fixation of the implant in all axes. The contact between crown 

bridge and abutment were defined to be bonded contact, whereas frictional contact was 

defined between abutment and implant.   
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Figure 3.23 The load and boundary conditions on the dental bridge model 

 

 

 

For the natural tooth side, the behavior of the periodontal ligament was to be considered. 

The periodontal ligament surrounding the roots of natural teeth provides a spring-like 

action under orthodontic loading. In the previous studies investigating the mechanical 

behavior of the PDL under loading, the PDL and the jawbone has been geometrically 

modeled in three-dimension. In most of those studies, linear elastic assumption was made 

and certain elastic modulus values were defined both for the PDL and the surrounding 

jawbone. However, in the real case, the PDL, jawbone and the contact between them 

display a complex nonlinear behavior. Therefore, it is difficult to model and obtain 

accurate results by including the geometric models of them in the finite element analysis.        

 

In this study, in order to simulate the mechanical behavior of the periodontal ligament of 

the natural tooth subjected to vertical loading, the natural tooth supporting the crown 

bridge was connected to the ground by placing a nonlinear spring in between the bottom 

surface of the tooth and the ground, for both rigid and elastic implant cases, as illustrated in 
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Figure 3.23. The force-displacement behavior of the nonlinear spring was defined based on 

the reduced curve for a natural tooth which was derived at the beginning of Section 3.3. 

The reduced curve reflected the force-displacement behavior of a natural tooth depending 

purely on PDL deformation, excluding the displacements due to bone deformation. As a 

consequence, there was no need to model the PDL since the behavior of the PDL was 

replicated by a nonlinear spring. In addition, bone modeling was also not required, since 

the effects of the bone was eliminated at both implant side that was fixed and natural tooth 

side that was modeled by a spring excluding the effects of  bone deformation. In fact, in 

this study, by employing en elastic dental implant, it was tried to mimic the displacement 

of a natural tooth caused purely by PDL deformation since bone deformation occurs 

around both an implant and a natural tooth root, leaving the only distinction to be the extra 

displacement originating from the elasticity of the PDL. The exact purpose was to 

compensate this extra mobility by incorporating elasticity into the dental implant instead of 

using a completely rigid system which provides almost no mobility. In a dental bridge 

prosthesis structure, achieving similar mobility at implant side to that at natural tooth side 

would prevent stress concentrations in the crown bridge and avoid overloading of the 

dental implant, providing uniform stress distribution on the whole prosthesis structure.  

 

The discrete force-displacement data constituting the reduced curve is presented in Table 

3.4, and was used to define the behavior of the nonlinear spring. Based on the data in Table 

3.4, a command definition was attached to the spring connection as shown in Figure 3.25.  

 

 

 

Table 3.4 The discrete force-displacement data of the reduced curve for a natural tooth 

 

 

   

 

 

 

 

 

 

 

Force (N) Displacement (mm) 

0 0 

3.0 0.029 

12.6 0.064 

20.1 0.073 

39.4 0.076 

59.7 0.077 

69.9 0.078 

79.7 0.079 
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Note that in both cases (rigid and elastic implant co-supports) the tooth side was not 

supported along the axis parallel to the bridge, but it was constrained not to move along the 

axis perpendicular to this axis in horizontal plane. Therefore, the tooth was allowed for 

lateral movements along the axis parallel to the bridge as in the case of a natural tooth in 

order to observe the expected rotational movement of the crown bridge in the case of rigid 

implant co-support. 

 

 

 

      

                                      (a)                                                             (b) 

 

Figure 3.24 Defining the behavior of nonlinear spring: (a) attaching command to the spring 

definition, (b) the description of the command   
 

 

 

After completing all the definitions of analysis parameters, the two models were analyzed 

separately. The stress distribution and the magnitude of displacements in both of the 

models were investigated and compared with each other. The results are presented and 

discussed in Chapter 4. 
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CHAPTER 4 

 

 

4. RESULTS AND DISCUSSION 

4.1 Results Related with the Design of the Implant-Abutment Interface 

In order to cope with the problem of loosening of the abutment screw, it was proposed to 

incorporate an internal conical connection combined with a screw into the design of the 

elastic dental implant system in Section 3.2.3. For this purpose, an analytical approach (the 

concept of taper integrated screw for abutments) explained in the study of Bozkaya and 

Müftü [106] was implemented. The success of the design was assessed by comparing the 

results with those for ITI implant, a commercial rigid dental implant, involving a similar 

abutment-implant connection.  

 

All the geometrical design parameters (presented in Figure 3.6) optimized for the proposed 

design and same parameters for the ITI implant are presented in Table 4.1. The details of 

the optimization procedure are explained below. In addition, other required material and 

surface related properties (same for the proposed design and ITI implant) are provided in 

Table 4.2. Based on these optimal parameters, the results obtained from analytical relations 

are summarized in Table 4.3. 

 

 

 

Table 4.1 The geometric design parameters used in the calculations (for the proposed design and the 

commercial ITI implant) 

 

Implant 

Type 

b2 

(mm) 
rit 

(mm) 
rab 

(mm) 
θ 

(deg) 
∆z 

(mm) 
δ 

(mm) 
Lc 

(mm) 
dm 

(mm) 
α 

(deg) 
l 

(mm) 

Proposed 

Design 2.1 1 0.8 6 0.020 0.0021 1.933 1.205 30 0.3 

ITI 

Implant 2.24 1.517 1.42 8 0.036 0.0051 0.731 0.875 30 0.44 
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Table 4.2 The properties related with material and surface of the parts 

 

E 
(GPa) 

µs µk 

113.8 0.3 0.3 

 

 

 

Table 4.3 The results of the analytical calculations for the proposed design and ITI implant 

 

Result Name Proposed Design ITI Implant 

F
o
r 

T
ig

h
te

n
in

g
 

FN 

(Normal force, N) 
1171 737 

FT 

(Screw preload, N) 
150.1 137.3 

ScrewTT  

(Screw resistive torque, N·mm) 

39.6 32.2 

TaperTT  

(Taper resistive torque, N·mm) 

315.1 321.1 

TT 

(Total tightening torque, N·mm) 
354.7 353.3 

F
o
r 

L
o
o
se

n
in

g
 

FN 

(Normal force, N) 
1171 737 

FL 

(Screw preload, N) 
94.8 67.9 

ScrewLT  

(Screw resistive torque, N·mm) 

14.9 5.2 

TaperLT  

(Taper resistive torque, N·mm) 
315.1 321.1 

TL 

(Total loosening torque, N·mm) 
329.9 326.3 

η  

(Efficiency of the tapered-with-screw 

connection, 
L

T

T

T
) 

0.930 0.924 
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Before discussing the results in Table 4.3, the procedure for optimization of the 

geometrical design parameters should be explained. First of all, by using the equations 

provided in Section 3.2.3, each of the force and torque expressions were parametrically 

defined, in Mathcad
®
 14, in terms of the parameters mentioned above. After 

parametrization, the effect of the important variables on the force and torque values was 

investigated separately, by selecting a variable, taking the others as constant and repeating 

the procedure until determining an optimal set of parameters. The calculations carried out 

in Mathcad
®
 are provided in Appendix A. 

 

To begin with, the taper angle was one of the major determinant parameters. The screw 

preload resisting against loosening was linearly proportional to the taper angle as shown in 

Figure 4.1a. Below a certain taper angle, the screw preload became zero or negative, which 

meant that resistive torque in the screw threads became zero as can be seen in Figure 4.1b. 

The proposed design provided higher screw preload and resistive torque values compared 

to the ITI implant. Note that in this figure and in all of the following figures in this section, 

the red curves indicate the results for the proposed dental implant system, whereas 

blue curves indicate the results for the ITI implant. Moreover, all the graphical 

representations present the finalized results obtained by taking optimal values of the 

parameters presented in Table 4.1, except for the variable parameter.    

          

 

 

             

                      (a)                                                                           (b) 
 

Figure 4.1 The effect of taper angle θ on (a) the screw preload (FL) and (b) screw torque against 

loosening (TLScrew) 
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The total tightening and total loosening torques also increased with taper angle (Figure 

4.2). The tightening torque was always larger than the loosening torque regardless of the 

taper angle. Both total tightening and loosening torques were higher for the proposed 

design compared with the ITI implant. 

 

 

.  

 

 

Figure 4.2 Total tightening torque (TT) and total loosening torque (TL) varying with taper angle θ 

 

 

 

It was stated in Section 3.2.3 that the tapered region in a tapered-with-screw connection 

dominates the resistive behavior of the connection against loosening due to the interference 

fit between the conical surfaces. Figure 4.3 justifies this statement. The ratio of the 

resistive torque at the tapered region to the total resistive torque changed from 1 to 0.84 as 

taper angle was varied between 0-10º. These high torque ratios demonstrated that a great 

portion of the total resistive torque was constituted by the torque at the tapered region. 

Moreover, for low taper angles, the torque ratio converged to 1, since screw preload went 

to zero as explained above. The torque ratio of the ITI implant was slightly higher.  

 

The efficiency of the connection was defined as the ratio of total loosening torque to the 

total tightening torque. The efficiency appeared to decrease with increasing taper angles, 

but remaining above 0.9 for the whole range (0-10º). The efficiency curve for the proposed 

design was very similar to that of the ITI implant, as illustrated in Figure 4.4.    
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Figure 4.3 The effect of the taper angle θ on the torque ratio (the ratio of the resistive torque at the 

tapered region to the total resistive torque) for both tightening and loosening 
 

 

 

 

 

Figure 4.4 The effect of the taper angle θ on the efficiency η of the connection 
 

 

 

Other than the taper angle, axial interference, contact length and implant diameter were the 

parameters influential on the results (Figure 4.5). The total tightening and loosening torque 

values were almost linearly proportional to axial interference and contact length. The 
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torque values increased with both parameters, as expected; because, as the axial 

interference increases, the contact pressure, therefore, the normal force and frictional 

forces at the interface also increases. Moreover, increase in the contact length leaded to 

larger contact area forming larger normal and frictional forces between contacting surfaces. 

These forces directly affect the resulting torque values. On the other hand, a nonlinear 

relation was observed between the implant diameter and total torque values. According to 

Figure 4.4c, higher torque values were required to tighten the screw into the implant for 

larger implant outer radii. 

 

 

 

 

           (a)    

                                              

                               (b)                                                                               (c)  
 

Figure 4.5 The effect of the (a) axial interference ∆z, (b) contact length Lc and (c) implant diameter 

b2 on the total tightening torque (TT) and total loosening torque (TL) 
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Finally, the total torque values resisting against loosening and tightening were directly 

proportional to the preload applied to the screw. The recommended values of tightening 

torques by the manufacturers of the commercial dental implants is in the range of 100-350 

N.mm. Applying a tightening torque in this range generates a screw preload between 40-

150 N according to Figure 4.6.  

 

 

 

 

Figure 4.6 The screw preload (FT) in relation with total tightening (TT) and loosening torque (TT)  

 

 

 

To sum up, all the aforementioned geometrical parameters were optimized for a tightening 

torque of about 350 N.mm, by considering relationships presented. In general, the results 

obtained for the proposed dental implant system using the optimal parameters were quite 

similar to the results for the ITI implant. After all, it can be concluded that the tapered-

with-screw connection that has been implemented in rigid commercial dental implant 

systems can be easily adapted to the design of the proposed dental implant system. By this 

way, the problem of abutment screw loosening can be successfully overcome.    

4.2 Results of the Axisymmetric Finite Element Analyses 

The axisymmetric analysis was the first stage of the finite element analysis procedure 

followed to assess and optimize the mechanical response of the proposed elastic dental 
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implant system. A systematic methodology was implemented starting with an initial model 

and updating it until the desired mechanical response, as described in the previous section, 

was satisfactorily approximated.  

 

The elastic dental implant system contains three resilient components placed at specific 

positions inside the abutment assembly as shown in Figure 4.7a. At the beginning of each 

step, throughout the axisymmetric analyses, some geometrical parameters of the elastic 

components and related dimensions of the relatively rigid parts were modified based on the 

results obtained at the end of the preceding step. These geometrical parameters are clearly 

indicated in Figure 4.7b. Actually, alteration of these parameters changed the shape factor 

(ratio of one loaded area to the total area free to bulge) of each elastic component, thereby, 

load carrying capacity and deformation characteristics under compressive loading.       

 

 

 

 
                             (a)                                                                   (b) 

 

Figure 4.7 (a) The abutment assembly including three elastic components, (b) Geometric design 

parameters of the elastic components  
 

 

 

In Table 4.4, the geometrical parameters belonging to the initial model and the models 

modified at the end of each step are presented. Model 1 was the initial starting model 

which was created at the conceptual design stage. In Model 2, four edges of all three elastic 
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components (two edges at upper and lower outer diameter, two edges at upper and lower 

inner diameter) were filleted with the given fillet radii (Rf). In Model 3, the previous model 

experienced an extensive change and almost all of the geometrical parameters of the elastic 

components were modified. Model 4 involved only a slight change in the magnitude of 

clearance (C) that was left for providing free space required for deformation of the elastic 

components. However, this slight change was notably influential on the force-displacement 

characteristics of the system. Model 4 was the last modified design in the axisymmetric 

analysis stage.  

 

 

 

Table 4.4 The values of geometric parameters corresponding to each elastic component in the 

models modified at each step (the unit of the dimensions is mm) 

 

Axisymmetric 

Models 
C Di Do W H Rf 

M
o

d
el

 1
 Elastic-up 0.14 1.94 3.10 0.58 0.9 - 

Elastic-mid 0.09 1.94 3.20 0.63 0.9 - 

Elastic-low 0.17 1.94 3.54 0.80 1 - 

M
o

d
el

 2
 Elastic-up 0.14 1.94 3.10 0.58 0.9 0.25 

Elastic-mid 0.09 1.94 3.20 0.63 0.9 0.20 

Elastic-low 0.17 1.94 3.54 0.80 1 0.25 

M
o

d
el

 3
 Elastic-up 0.07 1.4 2.86 0.73 1 0.2 

Elastic-mid 0.07 2 2.86 0.43 0.75 0.1 

Elastic-low 0.07 2 3.46 0.73 1 0.2 

M
o

d
el

 4
 Elastic-up 0.08 1.4 2.86 0.73 1 0.2 

Elastic-mid 0.08 2 2.86 0.43 0.75 0.1 

Elastic-low 0.08 2 3.46 0.73 1 0.2 

 

 

 

In Figure 4.8, all of the four axisymmetric models are shown together. At the first glance, it 

seems that all the models are very similar to each other. However, the minimal changes 

applied at each step leaded to critical contributions which approached the mechanical 

response of the system further towards the desired form.    
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                                       (a)                        (b)                   (c)                       (d) 

 

Figure 4.8 The axisymmetric models: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4  
 

 

4.2.1 Iterative Renewal of the Models 

Upon updating the geometry of the model in terms of the mentioned parameters, at each 

step, the four different materials, namely, polyurethane with 95, 90, 85 and 80 Shore A 

Durometer hardness were defined for the elastic components and separate analyses were 

carried out for each material specification. 

 

At the outset, Model 1 was analyzed with a material specification of 95 Shore A 

Durometer hardness. Applying a static load of 80 N resulted that the maximum 

displacement of the crown were 0.065 mm with a precisely linear behavior (Figure 4.9a) 

and the maximum von Mises stress appeared to be 17.7 MPa (Figure 4.10a) in the elastic 

components. When the stress distribution in the elastic components were carefully 

inspected, it was observed that at the inner upper and lower edges of the elastic 

components, stress concentration occurred for upper and lower elastic parts, which was an 

expected outcome since sharp edges are potential sites for stress concentration. Besides, 

the middle one did not carry load under compression. The stresses occurring in this 

component were caused by the prestress applied before the functional loading of the 

system. In addition, the incremental increase of the load caused the prestress of the middle 
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elastic component to decrease gradually. However, no contact separation occurred, as at 

the top load prestress still remained within the component. 

 

Model 2 was generated to overcome the problem of stress concentration at the sharp edges 

by creating fillets with a radius of 0.25 mm for upper and lower parts, 0.20 mm for the 

middle one. Filleting prevented high stresses at the edges and lowered the maximum von 

Mises stress in the elastic parts to 13.7 MPa. The stress distribution was such that highest 

stress occurred at the center, decreasing towards the boundaries as shown in Figure 4.10b. 

The stresses in the upper elastic part was higher than those in the lower one, which was 

most probably caused by non-uniform load sharing due to different sizes. On the other 

hand, the force-displacement relation of the crown was again linear but maximum 

displacement increased to 0.084 mm (Figure 4.9b). Note that the curve remained below the 

displacement axis in the fourth quadrant since the load is compressive (-80 N). 

     

 

 

   

                      (a) Model 1 (95A)                                               (b) Model 2 (95A) 

  

Figure 4.9 The force (N)-displacement (mmx0.1) results for (a) Model 1 and (b) Model 2 with 95 

Shore A polyurethane 
 

 

 

After examining 95 Shore A polyurethane, the same model was analyzed by defining the 

three other materials separately for the elastic parts. As shown in Figure 4.11, the 

maximum displacement of the crown was 0.084 mm, 0.115 mm, 0.180 mm and 0.182 mm 
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corresponding to 95, 90, 85 and 80 Shore A polyurethane, respectively. As the material 

became compliant, the mobility increased as expected. Moreover, for 85 and 80 Shore A 

polyurethane, the displacement curve stiffened from a linear path when approaching the 

point of maximum load. When compared with the target force-displacement curve, which 

is the reduced curve for a natural tooth as derived in the previous section, the curvature of 

the path resembled the target behavior but starting at a higher level of load. The 

displacement values obtained with this model were higher than desired. At the end, this 

modification provided a better mechanical response regarding both stress distribution in the 

elastic parts and mobility of the system, however, requiring further enhancement. 

      

 

      

          

                                     (a)                                                                          (b) 

   

Figure 4.10 The stress distribution (in MPa) in the elastic component in (a) Model 1, (b) Model 2 



127 

     

                                (a) 95A                                                        (b) 90A 

 

   

                                (c) 85A                                                        (d) 80A 

  

Figure 4.11 The force (N)-displacement (mmx0.1) results for Model 2 with (a) 95, (b) 90, (c) 85 

and (d) 80 Shore A polyurethane 
 

 

 

Transition from Model 2 to Model 3 was a changeover; because, instead of a single 

parameter, almost all of the geometrical parameters were modified with the aim of 

maintaining a more uniform load sharing between the upper and lower elastic components, 

decreasing the maximum displacement at the previous step and shifting the curvature of the 

displacement curve to fore points corresponding to lower force values like the case in the 

reduced curve of a natural tooth. The upper and lower elastic parts in the proposed dental 

implant system was functioning as two parallel springs bearing the applied total load. 
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Therefore, at this step the width and height of these components were equalized for sharing 

the load more evenly. In order to decrease the amount of deformation, the clearance at 

outer diameters and the radii of the fillets at edges were decreased with certain proportions 

as seen in Table 4.4. It can be deduced from the force-displacement curves in Figure 4.12 

that Model 3 was successful to achieve a similar curvature to the target curve, in other 

words, the desired nonlinear displacement behavior was approximated to a large extent, 

except that displacement values at each force increment and the maximum displacement 

values were remaining below those in the target curve.  

 

  

 

   

                                (a) 95A                                                          (b) 90A 

   

   

                                (c) 85A                                                          (d) 80A 

 

Figure 4.12 The force (N)-displacement (mmx0.1) results for Model 3 with (a) 95, (b) 90, (c) 85 

and (d) 80 Shore A polyurethane 
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As a single final modification, converting the Model 3 to Model 4, the clearance of all 

three elastic parts was increased from 0.07 mm to 0.08 mm so as to increase displacements 

under the same compressive force. In fact, this modification successfully attained the 

intended purpose as can be perceived by examining the force-displacement curves for 

Model 4, in Figure 4.13. The displacement values corresponding to each load increment 

increased when compared to Model 3. This was because the space for deformation was 

enlarged by the increase in clearance.  

 

 

 

   

                                (a) 95A                                                       (b) 90A 

 

   

                                (c) 85A                                                        (d) 80A 

 

Figure 4.13 The force (N)-displacement (mmx0.1) results for Model 4 with (a) 95, (b) 90, (c) 85 

and (d) 80 Shore A polyurethane 
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As the material became more resilient from 95 Shore A to 80 Shore A, the curvature 

tended to shift back more towards the displacement axis and maximum displacement of the 

crown changed from 0.074 mm to 0.084 mm under the compressive load of 80 N, which 

was very similar to that in the target curve. 

4.2.2 Summary of the Results for All Models 

To sum up the results of the axisymmetric analysis, the maximum displacement of the 

crown and maximum von Mises stress in the elastic components varying with different 

models and material selection are presented in Table 4.5. By applying the modifications 

from Model 1 to Model 4, the displacement range of the crown under the given 

compressive load was tuned to that of the natural case. Moreover, the maximum von Mises 

stress in the elastic components reduced at each modification of the model in addition to 

the decreasing pattern corresponding to the decline in the material resiliency from 95 Shore 

A to 80 Shore A. Figure 4.14 illustrates the progress in achieving reduction of maximum 

stress.   

 

 

 

Table 4.5 The maximum crown displacement and maximum von Mises stress in the elastic 

components varying with each model and material selection   

 

Models 

Max. Displacement of  the Crown 

(mm) 

Max. von Mises Stress in the Elastic 

Components (MPa) 

95 A 90A 85A 80A 95A 90A 85A 80A 

Model 1 0.064 - - - 17.8 - - - 

Model 2 0.084 0.116 0.181 0.182 13.7 11.9 11.2 10.4 

Model 3 0.057 0.059 0.060 0.057 10.9 8.9 7.3 6.7 

Model 4 0.074 0.077 0.083 0.084 11.4 8.8 7.0 6.8 

 

 

 

Considering the entire model, the maximum von Mises stress values and the maximum 

equivalent elastic strain in the dental implant system also tended to decrease at each step of 

model updating. However, in contrast to the elastic components, the stress and strain 
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values in the whole model did not decrease with reducing material stiffness of the elastic 

components. Table 4.6 summarizes the results for related with the entire model. 

 

 

 

 
 

Figure 4.14 The variation of the maximum von Mises stress in the elastic components with respect 

to material definition  
 

 

 

The maximum von Mises stresses in the dental implant system occurred inside the wall of 

the abutment housing, while maximum elastic strains occurred in the elastic parts. The 

maximum stresses remained well below the strength limits of both elastic and relatively 

rigid components for the axial compressive load of 80 N. 

 

 

 
Table 4.6 The maximum von Mises stress and the maximum equivalent elastic strain in the overall 

dental implant system varying with each model and material selection   

 

Models 

Max. von Mises Stress in the Dental 

Implant System (MPa) 

Max. Equivalent Elastic Strain in 

the Dental Implant System 

(mm/mm) 

95 A 90A 85A 80A 95A 90A 85A 80A 

Model 1 57.4 - - - 0.75 - - - 

Model 2 104.5 111.3 109.3 109.0 1.59 1.64 1.69 1.72 

Model 3 69.1 75.5 84.0 86.9 1.02 0.90 0.94 0.96 

Model 4 59.7 65.1 69.3 67.6 1.06 0.90 0.82 1.12 
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4.2.3 Determination of the Optimal Model 

Having conducted the axisymmetric analysis of all four models updated by following an 

iterative procedure, by comparing the curves in Figure 4.9, 4.11, 4.12 and 4.13, the curve 

in Figure 4.13d was the closest one to the target curve among all the force-displacement 

curves obtained until this point. It both satisfactorily approximated the nonlinear mobility 

behavior of a natural tooth and provided a range of displacement under the prescribed load 

condition almost the same as the natural case. In Figure 4.15, this curve is presented 

together with the target reduced curve for a natural tooth. The curve for Model 4 captured 

the general trend in the target curve very closely. The only distinction was that for low 

level of forces a natural tooth seemed to have higher mobility. One idea could be 

employing a more resilient material such as 75 Shore A or 65 Shore A polyurethane. 

However, the strength of polyurethane is lower for the types with lower hardness values, 

which may pose the risk of failure in case the system becomes subjected to the maximum 

biting forces (between 690-800 N).     

 

 

 

 
  

Figure 4.15 The comparison between the force-displacement relationships for Model 4 and for a 

natural tooth (target reduced curve)  
 

 

 

In addition to optimization with respect to the axial mobility behavior, the strength of the 

whole system under maximum biting forces should also be considered before 

determination of the final model. For this purpose, Model 4 was further analyzed by 
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applying a maximum vertical biting force of 200 N (reported for an incisor [40]). The 

equivalent von Mises stress distributions in the whole dental implant system and in the 

elastic components are shown in Figure 4.16. Accordingly, the highest stresses occurred in 

the abutment housing at the regions contacting the upper elastic part. The bulging of this 

elastic part towards the wall of the abutment housing under the action of compressive 

forces created the contact force between these parts. As the functional compressive load 

increases, the elastic parts completely fill the gaps and get stiffened. After that the contact 

forces increase more rapidly, creating large stresses around the contact region. However, 

the maximum stress both in the relatively rigid parts (138.1 MPa) and the elastic parts 

(11.4 MPa) were safely below the strength limits. As a result, according to maximum 

von Mises stress criterion, the safety factors were about 6.2 and 4.3 for the relatively 

rigid parts and elastic parts, respectively.  

 

 

 

         
                                         (a)                                                                          (b) 

 

Figure 4.16 The equivalent von Mises stress (in MPa) distribution under a maximum load of 200 N 

for Model 4 (80 Shore A polyurethane) (a) in the whole dental implant system, (b) in elastic parts  
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In most of the previous elastic implant designs, high stress concentration on the internal 

screw was an important problem that remained unsolved. In the design proposed in this 

study, under axial forces the internal screw was not subjected to high stresses. This was 

primarily due to the novel coupled load sharing system incorporated into the design. After 

the optimization process the two elastic (upper and lower) components shared the total load 

almost uniformly as can clearly be observed from Figure 4.16b. As a result only half of the 

total load was transmitted to the abutment screw through the upper elastic part, whereas the 

other half load is directly transmitted to the implant through the abutment housing and the 

lower elastic part. This saved the abutment screw from excessive loading.  

 

For Model 4 with the material of elastic components being 80 Shore A polyurethane, the 

force-displacement relation, under the maximum bite force of 200 N, is presented in Figure 

4.17. The maximum displacement at 200 N load was 0.094 mm with a general behavior 

being nonlinear, biphasic as in the natural case. This nonlinear behavior was achieved by 

both using nonlinear material modeling and applying certain geometric constraints in the 

design as described. 

 

 

 

 

 

Figure 4.17 The force (N) – displacement (mmx0.1) relationship under maximum bite force of 200 

N for Model 4 (with 80 Shore A polyurethane) 
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To conclude, Model 4 with 80 Shore A polyurethane for the elastic parts achieved the 

second and third objectives defined precisely in Section 1.7. More explicitly stating, the 

aim of optimizing the mechanical design parameters of the proposed dental implant system 

to yield a similar axial mobility as that of an incisor and to withstand functional loading 

safely without failure of any component was satisfactorily accomplished at the end of 

axisymmetric analysis stage. 

 

As a final remark, all the work done above was based on the simulation of the behavior of 

an incisor. It was reported that the molars are less mobile than incisors, that is, greater 

forces are required for the same amount of displacement for a molar compared with an 

incisor. The same approach implemented in this study for an incisor can be easily adapted 

to optimization for a molar. By changing the shape factor of the elastic components, 

decreasing the clearance left for deformation in horizontal direction and employing a stiffer 

type of polyurethane, the mobility of a molar could also be reproduced with an elastic 

dental implant. Just a single finding is included to show that proposed mechanical design 

could also withstand the higher maximum bite loads that may act on molars. The design in 

Model 4 was used with stiffer polyurethane (95 Shore A) and a maximum vertical bite load 

of 720 N (between the reported values for molar [40]) was applied on the system. The 

maximum stress was 478 MPa in the relatively rigid parts and 33 MPa in the elastic parts 

(Figure 4.18), both remaining below the compressive strength limits. Thus the proposed 

design was verified to be applicable also for molars. 

 

 

 

                

                                             (a)                                                                  (b) 

 

Figure 4.18 The equivalent von Mises stress distribution (in MPa) under a maximum load of 720 N 

for Model 4 (with 95 Shore A polyurethane) (a) in the whole dental implant system, (b) in the elastic 

parts  
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4.3 Results of the Three-Dimensional Finite Element Analyses 

The material presented in this section includes the results of the three-dimensional finite 

element analysis of  

 

- a single dental implant system under axial loading, 

- a single dental implant system under lateral loading and 

- a dental bridge supported by a rigid and elastic dental implant systems. 

4.3.1 Results for Axial Loading 

The finite element analysis of the proposed elastic dental implant system under an axial 

load of 80 N was carried out by defining polyurethane with 80 Shore A Durometer 

hardness as the material of the elastic components. The results of three-dimensional 

analyses are compared with the results of axisymmetric analyses obtained in the previous 

section. The geometric model implemented in the analyses was the final optimal design 

(Model 4) obtained at the end of the procedure applied in the previous section. The 

intention was to verify the results of the axisymmetric analysis. 

 

In Figure 4.19, the force-displacement relation of the crown obtained by three-dimensional 

analysis together with the result of the axisymmetric analysis is presented. For 80 Shore A 

polyurethane, the resulting displacement curve successfully captured the behavior in the 

reduced curve for a natural tooth up to a load of 20 N. After that point, the curve remained 

slightly above the reduced curve. Compared with the displacement results of the 

axisymmetric analysis, although the magnitudes of displacements were larger in the three-

dimensional analysis, the general nonlinear behavior was very similar. The results of both 

analyses, being in agreement with each other, showed that the elastic dental implant 

provided a satisfactory approximation to the axial mobility of a natural tooth. Besides, in 

order to determine the exact mobility behavior of the proposed dental implant system, a 

uniaxial compression test should be implemented to a prototype of the model. On the other 

hand, the mobility curve of natural teeth may change for different people. Having 

simulated the general mobility behavior of a natural tooth, it is possible to optimize the 

design according to a different mobility behavior by modifying the design parameters.  
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Figure 4.19 The comparison between the force-displacement relationship obtained in the three-

dimensional analysis with the result of the axisymmetric analysis 
 

 

 

The stress distribution in the three-dimensional model is shown Figure 4.20. Different from 

the axisymmetric analysis, in the three-dimensional analysis, the preload on the abutment 

screw was also simulated. By the action of preload, interference occurred at the conical 

mating region of the screw-implant connection, as intended during design in order to 

provide resistance against loosening. Due to the interference, the highest stresses occurred 

in this region. The maximum equivalent von Mises stress was 253.4 MPa around the 

conical region. The maximum stresses in the abutment assembly (31.9 MPa) were in the 

wall of the abutment housing, which also revealed in the axisymmetric analysis. The 

stresses in the elastic parts were comparatively lower (below 8 MPa) than those in the 

relatively rigid parts. In Table 4.7, maximum stresses in the elastic parts after preloading 

and after axial loading (80 N) are presented. For the upper and lower elastic parts, the 

maximum stress after preloading increased with application of the axial load. The stress 

values in these parts were close to each other, indicating that load sharing was uniform. On 

the other hand, the initial prestress of the middle elastic part was higher than others, but 

decreased by application of axial load. In fact, the function of this component was not 

resisting compressive loading but providing a continuous unloading after removal of the 

applied loads. As a result, all three elastic parts functioned as intended during the design of 

the dental implant system. 
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Table 4.7 The maximum stresses after preloading and after axial loading 

 

Part Name 
After Preloading 

(MPa) 

After Axial Loading 

(MPa) 

Upper Elastic Part 1.62 6.12 

Middle Elastic Part 4.70 0.73 

Lower Elastic Part 1.85 7.38 

  

 

 

 

 

Figure 4.20 The equivalent von Mises stress distribution (in MPa) in 3-D model (with 80 Shore A 

polyurethane) under an axial load of 80 N 
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4.3.2 Results for Lateral Loading 

The optimal model determined by the analyses under axial loading conditions was 

subjected to horizontal load of 100 N, simulating the maximum lateral load on a natural 

tooth. Figure 4.21 illustrates the stress distribution within the dental implant system 

resulting from lateral loading. The maximum equivalent von Mises stress was 282.2 MPa 

occurring around the contact region between implant neck and abutment housing. The 

stress concentration at the neck was caused by the moment which was created due to 

application of the horizontal force to the tip of the abutment. The elastic parts were not 

stressed, since they were designed only to carry axial loads. In conclusion, the system was 

found to be safe under a maximum lateral load of 100 N with a safety factor of 3.0 

according to maximum von Mises stress criterion. On the other hand, maximum 

horizontal displacement was 0.0013 mm at the tip of the abutment. This value is by far 

below the maximum lateral displacement of a natural tooth (0.15 mm [39]) as expected, 

since the design was made to provide only axial mobility. 

 

 

 

 
 

Figure 4.21 The equivalent von Mises stress distribution (MPa) in the optimal model under a lateral 

load of 100 N (full view and sectional view) 
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4.3.3 Comparison between Rigid and Elastic Dental Implant in a Bridge 

In this section, the results of the finite element analysis, carried out to examine and 

compare an elastic and a rigid dental implant system supporting a dental bridge prosthesis 

in combination with a natural tooth, are presented. 

 

In both elastic and rigid implant cases, a vertical load of 40 N was applied on the top 

surface of the crown bridge. For the bridge supported by a rigid implant (Figure 4.22), high 

stress concentrations occurred at crown bridge (157.9 MPa), abutment (266.5 MPa) and 

implant neck (341.3 MPa) as shown in Figure 4.23. These large localized stresses were 

created by the action of moments formed due to dissimilar mobility between the implant 

and tooth supports, leading to uneven load sharing between the supports. The vertical 

displacement of the crown on the natural tooth support was incongruent with that of the 

crown supported by the implant (Figure 4.24). The crown on top of the natural tooth 

experienced more than 3 times higher displacements during compressive loading compared 

with the crown at the implant side (Figure 4.24a). Moreover, the rotational motion of the 

crown bridge in addition to translation due to dissimilar mobility of the supports can be 

observed.  

 

 

 

 
 

Figure 4.22 The equivalent von Mises stress distribution (in MPa) in the dental bridge supported by 

a rigid implant 
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                        (a)                                                 (b)                                                 (c) 

 

Figure 4.23 The equivalent von Mises stress distribution (in MPa) in (a) crown bridge, (b) abutment 

and (c) implant 

 

 

 

    

                                           (a)                                                                           (b) 

 

Figure 4.24 Comparison of the vertical displacements of the crowns on the natural tooth and the 

rigid implant support: (a) Force-displacement curve, (b) Displacement distribution at maximum load 

(40 N) 
 

 

 

For the bridge supported by an elastic dental implant, on the other hand, the results were 

favorably unlike the rigid implant case. Under same compressive loading condition, no 

localized stress concentrations occurred in the abutment and at the neck of the implant 
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(Figure 4.25). The maximum stress was 235.5 MPa occurring at the region of conical 

interference of the implant and internal screw, which was not caused by the vertical load 

but the screw preload in accordance with the design preference for screw-implant 

connection.  

 

 

 

 
 

Figure 4.25 The equivalent von Mises stress distribution (MPa) in the dental bridge supported by an 

elastic dental implant system 

 

 

 

In the structure involving an elastic implant, the maximum stresses occurring in crown 

bridge, abutment and implant reduced prominently compared to prosthesis supported by a 

rigid implant. By comparing von Mises stress results in Figure 4.23 and Figure 4.26, the 

substantial decrease of the maximum stress in the crown bridge (from 157.9 to 28.4 MPa) 

and abutment (from 266.5 to 12.7 MPa) can be observed. Besides, the maximum stress at 

the implant neck was further diminished to 3.3 MPa from 341.3 MPa. These consequences 

implied even load sharing among the supports of the crown bridge. The reason for the 

excessive reduction of the stresses was the achievement of a similar mobility behavior for 

the elastic dental implant as that of a natural tooth. Considering the force-displacement 

relationships of the crowns supported by the natural tooth and by the elastic dental implant 

(in Figure 4.27), a very close conformity draws attention.  
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                                          (a)                                                                      (b) 

 

Figure 4.26 The equivalent von Mises stress distribution (MPa) in (a) the crown bridge, (b) the 

abutment housing 

 

 

 

After a compressive load of 30 N, the elastic implant provided slightly higher axial 

mobility, which was in compliance with the results obtained in the previous sections. In 

fact, this slight difference was responsible for the local stresses in the crown bridge that 

can be seen in Figure 4.26a.   

 

 

 

 
 

Figure 4.27 Comparison of the vertical displacements of the crowns on the natural tooth and the 

elastic implant support 
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To conclude, supporting a dental bridge with an elastic dental implant instead of a rigid 

one provides significantly improved distribution of load on the whole structure, decreasing 

the magnitude of the peak stresses. As another important inference drawn from the results, 

in the dental bridge supported by a rigid implant, in addition to the dissimilar mobility 

behavior between the crowns on each support, the total displacement of the crown 

supported by the natural tooth was lower than the same crown in the bridge structure 

involving an elastic implant. Figure 4.28 helps to better understand the remark. At the 

maximum load, the displacement of the crown on the natural tooth support was about 0.04 

mm for the structure involving elastic implant system, whereas the same crown 

experienced a displacement of only 0.01 mm when the elastic implant was replaced with a 

rigid one. This result can be explained by the fact that the limited mobility of crown on the 

rigid implant constraints the motion of whole bridge.   

 

 

 

 

 
 

Figure 4.28 Comparison of the vertical displacements of the crowns on the natural tooth and 

implant supports for the rigid and elastic implant cases 
 

 

 

From the clinical point of view, constraining the mobility of the crown on the natural tooth 

support adversely affects the natural structure of the connection between the tooth and the 

jawbone. In particular, the periodontal ligament at the interface is prevented to perform its 

normal mechanical functions as a resilient tissue. As a result, it loses its capabilities and 

starts to get thinner in time. At the end, the periodontal ligament completely disappears 

leading to an undesired phenomenon, called ankylosis, which is a term defining the state of 

rigid bonding of tooth roots to the jawbone.  
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CHAPTER 5 

 

 

5. CONCLUSIONS 

5.1 Summary and Conclusions Based on the Methodology and the Results  

The problem of tooth loss and the attempts to find out an efficient way to overcome this 

problem has been a common concern of human beings for ages. However, it has been only 

a few decades that a standard and permanent clinical dental treatment technique was 

developed by the modern breakthroughs in the field of dental implantology. Today, dental 

implant treatment is the most functional and long-lasting way of missing tooth 

replacement. It is continually becoming more widespread due to its evident superiorities to 

other alternative conventional methods like dental bridges and removable dentures.  

 

Dental implant is an artificial, usually metallic device surgically placed to the location of 

lost tooth on the jawbone in order to serve as an artificial dental root to support the new 

false tooth. Although the current commercial products are quite successful in terms of 

mechanical strength and long term survival rate, extensive research unceasingly continues 

to further improve the products and resolve the problems still existing. The investigations 

are carried out mainly on enhancing the biocompatibility of the implant surface and the 

mechanical design of the dental implant system.  

   

From the mechanical point of view, all the presently available commercial dental implant 

systems involve totally rigid mechanisms which enable almost no mobility for the crown 

anchored by the implant. However, it is not the case for the natural teeth. At the interface 

between the jawbone and the roots of a living tooth, an elastic, shock-absorbent thin layer, 

called the periodontal ligament, forms a cushion which provides certain mobility to the 

natural tooth. The lack of such an elastic interface in the dental implant system or at the 

implant-jawbone connection leads to some critical complications. Shock loads create large 

localized stresses in the implant system and the surrounding bone, causing bone resorption 

and early implant failure. Moreover, the differential mobility between the implant-
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supported tooth and the neighboring natural teeth results in uneven load sharing during 

biting or chewing, which is a more prominent problem in the applications of dental bridge 

prostheses supported by dental implants in combination with natural teeth. 

 

Incorporating flexibility to the design of dental implants to compensate the absence of the 

periodontal ligament and to simulate its mechanical behavior is a concept attempted by 

several researchers. Although a number of distinct design ideas, providing significant 

contribution to the basis of elastic dental implant concept, have been proposed up to the 

present, no practical and clinically applicable solution has been developed yet. 

 

In this thesis study, it was aimed to achieve a simple, solid and complete mechanical 

design, including certain material specification, of a dental implant system involving 

elasticity by incorporating resilient components into the upper structure of the system in 

order to mimic natural tooth with a periodontal ligament with respect to the mechanical 

behavior when subjected to functional loading.  

 

The design procedure implemented in the study was based on a systematic and iterative 

optimization method, developed by introducing a novel approach to the problem. Firstly, 

the implant (root part of the system) was designed in detail according to the geometric 

design criteria (like shape, size, thread profile and neck region) in the view of the 

information obtained from literature. The second step was the design of the abutment 

(upper structure), where the major contribution was made. The design of the abutment 

involving resilient components began with a conceptual design stage where a number of 

different concepts were generated. The proposed concepts were roughly assessed with 

respect to the design objectives and the best concept was determined prior to proceeding 

with further optimization via applying an analytical approach and finite element method.      

 

The analytical approach was used to optimize the geometrical design of the connection 

between the implant and abutment. By implementing taper with screw connection, instead 

of only screw connection, at implant-abutment interface, the loosening of the abutment 

screw, which is one of the foregoing complications in implant-supported restorations, was 

resolved. This type of connection takes the advantage of friction locking action provided 

by the interference of the contacting conical surfaces of the implant and abutment screw. In 

the systems involving only screw connection, being subjected to recurrent compressive 

biting forces causes decrease in the screw preload, thereby, screw loosening in the long 
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run. For a taper with screw connection, on the other hand, the biting forces acting in the 

direction of abutment insertion increase the degree of engagement in the conical region. As 

a result, repetitive loads contribute to secure the connection in contrast to causing 

loosening. It was shown that almost all of the resistive torque against loosening could 

occur at the conical region instead of threaded section by making an optimal design. 

Therefore, the problem of screw loosening was eliminated.    

 

By following an iterative static, axisymmetric finite element analysis procedure, the 

previously determined best design concept for the abutment was optimized. The 

optimization was based on the design objectives. The optimal model was verified by 

further three-dimensional FE analyses. The elastic components included in the abutment 

were modeled to have a nonlinear material behavior involving large strains and large 

deformations. At the end of the optimization procedure carried out by several FE analyses 

and accordingly making model updates, polyurethane with 80 Shore A Durometer hardness 

was determined to be the optimal material for the elastic components in the proposed 

dental implant system. 

  

The final optimized model involved three resilient components within the upper structure 

of the proposed dental implant system. In line with the thesis objectives, the optimized 

model yielded a very similar axial mobility behavior as that of a natural tooth with a 

periodontal ligament. Moreover, it was verified that the proposed design could withstand 

functional loading at component level without mechanical failure, especially, considering 

the internal screw and elastic parts, by providing uniform load sharing on two elastic 

components and transmitting only about half of the total applied load to the internal screw, 

while directly transmitting the other half of the load to the implant. The third intermediate 

elastic component was included to provide continuous unloading after removal of force 

and to bear possible tensile shock forces that may act on implants supporting fixed 

overdentures.  

 

It was also verified that the proposed elastic dental implant system, compared to a rigid 

counterpart, when supporting a dental bridge in combination with a natural tooth, provides 

significantly improved distribution of load and decreases the magnitude of the peak 

stresses on the whole structure. This was achieved by replicating the nonlinear, biphasic 

axial mobility behavior of the natural teeth. The problem of overloading of implants, due to 

dissimilar mobility with the neighboring teeth, was successfully overcome.     
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The proposed elastic dental implant design also avoided the problems of soft tissue 

irritation and moisture contamination of elastic parts by confining the elastic components 

within a closed system. The top part of the abutment, that is the abutment cap, in the design 

enabled modifications (like cutting to a specific geometry) before fastening the crown, 

which is a common practice employed by prosthodontists.  

 

In short, in accordance with the aims of the study, the complete detailed mechanical design 

of an elastic dental implant system with a reliable mechanical integrity, practical for mass 

production and appropriate for direct clinical application was satisfactorily achieved. In 

particular, the proposed elastic dental implant system  

 

1. Overcomes the problem of loosening of the internal screw, 

2. Yields a very similar axial mobility behavior as that of a natural tooth with 

periodontal ligament, 

3. Withstands axial and lateral biomechanical loads without failure, and 

4. Avoids soft tissue irritation problem.  

5.2 Recommendations for Future Research 

In spite of the important contributions of the study and the prominent advantages of the 

proposed design, some limitations were involved in this study. The issues requiring further 

future investigations are listed below. 

 

1. Since the shock absorbing nature of elastic dental implants has been verified in 

several previous studies, dynamic analysis for impact loading conditions was not 

included this study. However, to examine how the proposed design is particularly 

successful in absorbing impact loads, a dynamic analysis can be carried out. In 

the dynamic analysis, damping due to viscoelasticity and strain rate dependency 

may also be considered for the material behavior of the elastic parts. 

2. The effects of hysteresis and softening under cyclic loading can be investigated.  

3. The proposed model provides mobility only in axial direction. The model can be 

improved by modifying the design so as to involve also lateral mobility. 

4. The resistance of the proposed design to fatigue needs to be revealed.  



149 

 

 
REFERENCES 

 

 

 

[1] “Tooth,” Academic Dictionaries and Encyclopedias. [Online]. Available: 

http://en.academic.ru/dic.nsf/enwiki/42915. [Accessed: 25-Oct-2010]. 

[2] “Oral Health Topics - Tooth,” ADA: American Dental Association. [Online]. 

Available: http://www.ada.org/2751.aspx?currentTab=2. [Accessed: 26-Oct-2010]. 

[3]  L. I. Linkow and R. Chercheve, Theories and Techniques of Oral Implantology, vol. 

1, 2 vols. Saint Louis: The C. V Mosby Company, 1970. 

[4]  S. J. Nelson and M. M. Ash, Wheeler’s Dental Anatomy, Physiology and Occlusion, 

8th ed. 2003. 

[5] “Tooth anatomy,” MedlinePlus Medical Encyclopedia. [Online]. Available: 

http://www.nlm.nih.gov/medlineplus/ency/article/002214. htm. [Accessed: 26-Oct-

2010]. 

[6]  M. S. Strayer, “Edentulism,” Encyclopedia of Public Health. 01-Jan-2002. 

[7] “Digestive System Disease,” Encyclopædia Britannica Academic Edition. [Online]. 

Available: http://www.britannica.com/EBchecked/topic/ 163199/digestive-system-

disease/45388/Dental-caries. [Accessed: 27-Oct-2010]. 

[8]  M. Hitti, “Unhealthy Older Men Who Smoke, Neglect Their Teeth Are at Risk,” 

Nov. 2005. 

[9] “Dental Researchers Work To Stop Bone Loss,” The Harvard University Gazette, 

29-Feb-1996. 

[10] “Paget’s Disease of Bone - Your Orthopaedic Connection,” American Academy of 

Orthopaedic Surgeons. [Online]. Available: http://orthoinfo.aaos.org/topic.cfm? 

topic=A00076&return_link=0. [Accessed: 08-Nov-2010]. 

[11] “The Physical and Psychological Effects of Tooth Loss,” Advanced Institute for Oral 

Health. [Online]. Available: http://www. newteethforme.com/dental-implants-

brentwood-tn/effects-of-tooth-loss.aspx. [Accessed: 07-Nov-2010]. 

[12]  M. Massler and I. Schour, Atlas of the mouth in health and disease, 2nd ed. Chicago: 

American Dental Association, 1958. 



150 

[13] “Bridges,” Medical Center, University of Maryland. [Online]. Available: 

http://www.umm.edu/oralhealth/proced.htm. [Accessed: 09-Nov-2010]. 

[14] “Morgan & Rogers Dental Institute - Bridges,” Morgan & Rogers Dental Institute. 

[Online]. Available: http://www.morganrogersdental.com/ Services/Bridges.aspx. 

[Accessed: 09-Nov-2010]. 

[15] “Partial Dentures.” [Online]. Available: http://www.harubdental.com/ 

partialdenture.php. [Accessed: 09-Nov-2010]. 

[16] “Complete Dentures,” Victory Dental Practice. [Online]. Available: 

http://victorydentalpractice.com/SERVICES.ASP?Header=Services/Dentures. 

[Accessed: 09-Nov-2010]. 

[17] “Dental Implant Images,” Roy H. Morita, DDS, Inc., Periodontics. [Online]. 

Available: http://drmoritaperio.com/dental-implants/dental-implant-images/. 

[Accessed: 19-Dec-2010]. 

[18] “What is a Dental Implant?,” Central New England Endodontics & Implantology. 

[Online]. Available: http://centralneei.com/endodontics. html. [Accessed: 19-Dec-

2010]. 

[19] “Dental Implants: teeth implant in Uddingston Glasgow Lanarkshire,” Park Dental 

Company. [Online]. Available: http://www.parkdentalcompany.com/ 

Dental_Implants.htm. [Accessed: 19-Dec-2010]. 

[20] “The Glossary of Prosthodontic Terms,” Journal of Prosthetic Dentistry, vol. 94, no. 

1, pp. 10-92, Jul. 2005. 

[21] “Dental Implants,” ADP Advance Aesthetic and Implant Dentistry. [Online]. 

Available: http://www.adpadvance.co.uk/implant3.html. [Accessed: 20-Dec-2010]. 

[22]  Y. Oshida, E. B. Tuna, O. Akt\ören, and K. Gençay, “Dental Implant Systems,” 

International Journal of Molecular Sciences, vol. 11, no. 4, p. 1580, 2010. 

[23]  L. I. Linkow, Implant Dentistry Today, vol. 1. Italy: , 1990. 

[24] “Brief History of Dental Implants,” James P. Russo, DDS Family Dentistry. [Online]. 

Available: http://www.jamesrussodds.com/ History_Of_Dental_Implants.php. 

[Accessed: 22-Dec-2010]. 

[25]  C. S. Venable, W. G. Stuck, and A. Beach, “The effects on bone of the presence of 

metals; based upon electrolysis: An experimental study,” Annals of Surgery, vol. 105, 

no. 6, p. 917, 1937. 



151 

[26]  R. F. Neiva, H. L. Wang, and J. Geng, “Introduction to Implant Dentistry,” 

Application of the Finite Element Method in Implant Dentistry, pp. 42–60, 2008. 

[27]  B. G. Röhlig, “The Use of Angulated Implants in the Maxillary Tuberosity Region, 

A- Dimensional Finite Element Analysis,” Doctoral Thesis, The Philipps University 

of Marburg, Germany, 2004. 

[28]  A. Jokstad, “The Toronto Osseointegration Conference Revisited,” May-2008. 

[29]  K. C. L. Nathan, H. F. W. Victor, M. H. L. Bernard, C. Ya-Ming, H. K. Y. Kevin, 

and J. S. Roger, “Mathematical Analysis of Occlusal Rest Design for Cast 

Removable Partial Dentures,” Eur.J. Prosthodont. Rest. Dent, vol. 15, no. 1, pp. 29-

32, 2007. 

[30]  M. Niinomi, “Mechanical properties of biomedical titanium alloys,” Materials 

Science and engineering A, vol. 243, no. 1-2, pp. 231–236, 1998. 

[31]  M. Niinomi, “Recent research and development in titanium alloys for biomedical 

applications and healthcare goods,” Science and technology of advanced Materials, 

vol. 4, no. 5, pp. 445–454, 2003. 

[32] “Mechanical properties of titanium,” FEPPD, European and International 

Federation of Dental Technician Laboratory Owner. [Online]. Available: 

http://www.feppd.org/ICB-Dent/campus/biomechanics_in_dentistry/ 

ldv_data/mech/basic_titanium.htm. [Accessed: 23-Dec-2010]. 

[33]  J. E. Lemons, “Dental implant biomaterials,” J. Am. Dent. Assoc., pp. 121-716, 

1990. 

[34]  H. Çimenoğlu, E. S. Kayalı, C. Şener, and G. Göller, “İmplant Malzemesi Olarak 

Kullanılan Titanyum ve Alaşımlarının Yüzey Özelliklerinin İleri Tekniklerle 

Geliştirilmesi ve Ülke Koşullarında Ekonomik ve KaliteÜretim Parametrelerinin 

İncelenmesi,” İstanbul, TÜBİTAK Project 105M062, Oct. 2008. 

[35] “Dental Implants,” Holistic Dentistry Arizona. [Online]. Available: 

http://holisticdentistarizona.com/WordPress/special-procedures/ implants/. 

[Accessed: 23-Dec-2010]. 

[36] “Types of dental implants,” Quality Dentistry. [Online]. Available: 

http://www.qualitydentistry.com/dental/implants/types.html. [Accessed: 23-Dec-

2010]. 

[37] “Colorado Springs Dental Implants,” Rota Advanced Dental Care. [Online]. 

Available: http://www.rotasmithdental.com/dental-implants-colorado.html. 

[Accessed: 23-Dec-2010]. 



152 

[38] “Types of Implants,” Vancouver Dental Implant Training Center. [Online]. 

Available: http://www.vancouverimplantdentist.com/ implanttypes.html. [Accessed: 

23-Dec-2010]. 

[39]  A. Caputo and W. Robert, “Force Generation and Reaction Within the 

Periodontium,” UCLA School of Dentistry. [Online]. Available: 

http://www.dent.ucla.edu/pic/members/force/forces.html. [Accessed: 13-Oct-2011]. 

[40]  H. Graf and H. J. Aeberhard, “A method for measurement of occlusal forces in three 

directions,” Helv. Odontol. Acta., vol. 18, p. 7, 1974. 

[41]  D. J. Anderson, “Measurement of stress in mastication,” J. Dent. Res., vol. 2, no. 35, 

p. 671, 1956. 

[42]  E. S. J. Abu Alhaija, I. A. Al Zo’ubi, M. E. Al Rousan, and M. M. Hammad, 

“Maximum occlusal bite forces in Jordanian individuals with different dentofacial 

vertical skeletal patterns,” The European Journal of Orthodontics, vol. 32, no. 1, p. 

71, 2010. 

[43]  M. Bakke, “Bite force and occlusion,” in Seminars in Orthodontics, 2006, vol. 12, 

pp. 120–126. 

[44]  E. Helkimo, G. Carlsson, and Y. Cornell, “Biteforce in patients with functional 

disturbances of the masticatory system,” J. Oral Rehabil., vol. 2, p. 397, 1975. 

[45]  V. Bousdras et al., “A novel approach to bite force measurements in a porcine model 

in vivo,” International journal of oral and maxillofacial surgery, vol. 35, no. 7, pp. 

663–667, 2006. 

[46]  A. M. Hinson, “Periodontal health and the perception of treatment versus actual 

treatment needs based on NHANES 2003-2004,” Master’s Thesis, University of 

North Texas Health Science Center, Fort Worth, 2009. 

[47]  L. A. Weinberg, “Biomechanics of force distribution in implant-supported 

prostheses,” Int J Oral Maxillofac Implants, no. 8(1), pp. 19-31, 1993. 

[48]  K. Noda, Y. Nakamura, T. Oikawa, and A. Hirashita, “Tooth movement limited to 

periodontal ligament width using interrupted orthodontic force,” Orthodontic Waves, 

vol. 65, no. 2, pp. 73–80, 2006. 

[49]  M. L. Jones, J. Hickman, J. Middleton, J. Knox, and C. Volp, “A Validated Finite 

Element Method Study of Orthodontic Tooth Movement in the Human Subject,” 

Journal of Orthodontics, vol. 28, pp. 29-38, 2001. 



153 

[50]  N. Yoshida, Y. Koga, C. L. Peng, E. Tanaka, and K. Kobayashi, “In vivo 

measurement of the elastic modulus of the human periodontal ligament,” Medical 

engineering and physics, vol. 23, no. 8, pp. 567–572, 2001. 

[51]  J. Rees and P. Jacobsen, “Elastic modulus of the periodontal ligament,” 

Biomaterials, vol. 18, no. 14, pp. 995–999, 1997. 

[52]  Y. Morita, M. Uchino, M. Todo, Y. Matsushita, K. Arakawa, and K. Koyano, 

“Relationship between the Load-Displacement Curve and Deformation Distribution 

in Porcine Mandibular Periodontium,” Journal of Biomechanical Science and 

Engineering, vol. 4, no. 3, 2009. 

[53]  M. Pini, P. Zysset, J. Botsis, and R. Contro, “Tensile and compressive behaviour of 

the bovine periodontal ligament,” Journal of biomechanics, vol. 37, no. 1, pp. 111–

119, 2004. 

[54]  S. R. Toms, J. E. Lemons, A. A. Bartolucci, and A. W. Eberhardt, “Nonlinear stress-

strain behavior of periodontalligament under orthodontic loading,” American Journal 

of Orthodontics and Dentofacial Orthopedics, vol. 122, no. 2, pp. 174-179, 2002. 

[55]  M. Gei, F. Genna, and D. Bigoni, “An Interface Model for the Periodontal 

Ligament,” Journal of Biomechanical Engineering, vol. 124, pp. 538-546, 2002. 

[56]  A. N. Natali, P. G. Pavan, E. L. Carniel, and C. Dorow, “Viscoelastic Response of 

the Periodontal Ligament: An Experimental–Numerical Analysis,” Connective Tissue 

Research, vol. 45, pp. 222-230, Jan. 2004. 

[57]  G. Limbert and J. Middleton, “A compressible anisotropic nonlinear elastic material: 

application to the finite element modeling of the periodontal ligament,” presented at 

the Second MIT Conference on Computational Fluid and Solid Mechanics. 

[58]  G. W. Bates, S. B. Cohen, M. Greenwald, C. C. Johnston Jr, and M. J. Legato, 

“Osteoporosis Management: Pathophysiology Of Osteoporosis,” American Medical 

Association, 2004. 

[59]  E. C. M. Eng, P. N. D. Eng, and W. Tharanon, “Finite Element Analysis of Bone 

around a Dental Implant Supporting a Crown with a Premature Contact,” J Med 

Assoc Thai, vol. 92, no. 10, pp. 1336–44, 2009. 

[60]  I. Miyamoto, Y. Tsuboi, E. Wada, H. Suwa, and T. Iizuka, “Influence of cortical 

bone thickness and implant length on implant stability at the time of surgery–clinical, 

prospective, biomechanical, and imaging study,” Bone, vol. 37, no. 6, pp. 776–780, 

2005. 

[61] “Mechanical properties of bone,” FEPPD, European and International Federation of 

Dental Technician Laboratory Owners. [Online]. Available: http://www.feppd.org/ 



154 

ICB-Dent/campus/biomechanics_in_dentistry/ldv_data/mech/basic_bone.htm. 

[Accessed: 20-Oct-2011]. 

[62]  C. L. Lin, S. H. Chang, J. C. Wang, and W. J. Chang, “Mechanical interactions of an 

implant/tooth-supported system under different periodontal supports and number of 

splinted teeth with rigid and non-rigid connections,” Journal of dentistry, vol. 34, no. 

9, pp. 682–691, 2006. 

[63]  O. Kayabaşı, E. Yüzbaşıoğlu, and F. Erzincanlı, “Static, dynamic and fatigue 

behaviors of dental implant using finite element method,” Advances in Engineering 

Software, vol. 37, pp. 649-658, 2006. 

[64]  D. Lin, Q. Li, W. Li, and M. Swain, “Dental implant induced bone remodeling and 

associated algorithms,” Journal of the Mechanical Behavior of Biomedical Materials, 

vol. 2, no. 5, pp. 410–432, 2009. 

[65]  Y. Oshida, E. B. Tuna, O. Aktören, and K. Gençay, “Dental Implant Systems,” 

International Journal of Molecular Sciences, vol. 11, pp. 1580-1678, Apr. 2010. 

[66]  M. Sund-Levander, C. Forsberg, and L. K. Wahren, “Normal oral, rectal, tympanic 

and axillary body temperature in adult men and women: a systematic literature 

review,” Scandinavian journal of caring sciences, vol. 16, no. 2, pp. 122–128, 2002. 

[67]  J. Yang and H. J. Xiang, “A three-dimensional finite element study on the 

biomechanical behavior of an FGBM dental implant in surrounding bone,” Journal of 

biomechanics, vol. 40, no. 11, pp. 2377–2385, 2007. 

[68]  W. J. Seong, U. K. Kim, J. Q. Swift, J. S. Hodges, and C. C. Ko, “Correlations 

between physical properties of jawbone and dental implant initial stability,” The 

Journal of Prosthetic Dentistry, vol. 101, no. 5, pp. 306–318, 2009. 

[69]  T. M. G. J. van Eijden, P. N. van der Helm, L. J. van Ruijven, and L. Mulder, 

“Structural and Mechanical Properties of Mandibular Condylar Bone,” Journal of 

Dental Research, vol. 85, pp. 33-37, Jan. 2006. 

[70]  F. Genna, “On the Effects of Cyclic Transversal Forces on Osseointegrated Dental 

Implants: Experimental and Finite Element Shakedown Analyses,” Computer 

Methods in Biomechanics & Biomedical Engineering, vol. 6, pp. 141-152, Feb. 2003. 

[71]  A. Eser, E. Tonuk, K. Akca, and M. C. Cehreli, “Predicting time-dependent 

remodeling of bone around immediately loadeddental implants with different 

designs,” Medical Engineering & Physics, vol. 32, pp. 22-31, 2010. 

[72]  R. Skalak, “Biomechanical considerations in osseointegrated prostheses,” J. Prosthet 

Dent., vol. 49, pp. 843-848, 1983. 



155 

[73]  D. Bin, “Inverse Analysis of Dental Implant Systems Using Finite Element 

Method,” Doctoral Thesis, National University of Singapore, 2006. 

[74] “Materials for prosthetic and implant dentistry.” [Online]. Available: 

http://www.feppd.org/ICB-Dent/campus/force_interactiv/force_full.html. [Accessed: 

02-Nov-2011]. 

[75]  L. A. Weinberg, “Therapeutic biomechanics concepts and clinical procedures to 

reduceimplant loading. Part I.,” J. Oral Implantology, vol. 6, no. 23, pp. 291-301, 

2001. 

[76]  J. B. Brunski, “Biomaterials and biomechanics in dental implant design,” Int J Oral 

Maxillofac Implants, vol. 3, no. 2, pp. 85-97, 1988. 

[77]  M. T. El-Wakad, “Measurement and prediction of loading on dental implants: 

transducer design and finite element modeling,” Ph.D Thesis, Rensselaer Polytechnic 

Institute, 1988. 

[78]  G. Eskitascioglu, A. Usumez, M. Sevimay, E. Soykan, and E. Unsal, “The influence 

of occlusal loading location on stresses transferred to implant-supported prostheses 

and supporting bone: a three-dimensional finite element study,” The Journal of 

prosthetic dentistry, vol. 91, no. 2, pp. 144–150, 2004. 

[79]  J. B. Brunski, “Biomechanical factors affecting the bone-dental implant interface,” 

Clinical Materials, vol. 10, no. 3, pp. 153-201, 1992. 

[80]  L. Vidyasagar and P. Apse, “Dental Implant Design and Biological Effects on Bone-

Implant Interface,” Stomatologija, vol. 6, no. 2, pp. 51–4, 2004. 

[81]  R. C. Van Staden, H. Guan, and Y. C. Loo, “Application of finite element method in 

dental implant research,” Comput Methods Biomech Biomed Engin., vol. 9, no. 4, pp. 

257-70, 2006. 

[82]  D. Sigele and U. Soltész, “Numerical investigations of the influence of implant 

shape on stress distribution in the jaw bone,” International Journal of Oral 

Maxillofacial Implants, vol. 4, no. 4, pp. 333-340, 1989. 

[83]  S. Tada, R. Stegaroiu, E. Kitamura, O. Miyakawa, and H. Kusakari, “Influence of 

implant design and bone quality on stress/strain distribution in bone around implants: 

a 3-dimensional finite element analysis,” Int J Oral Maxillofac Implants, vol. 18, no. 

3, pp. 357-368, 2003. 

[84]  E. P. Holmgren, R. J. Seckinger, L. M. Kilgren, and F. Mante, “Evaluating 

parameters of osseointegrated dental implants using finite element analysis - a two-

dimensional comparative study examining the effects of implant diameter, implant 

shape, and load direction,” J. Oral Implantology, vol. 24, no. 2, pp. 80-88, 1998. 



156 

[85]  P. Astrand et al., “Tapered Implants in Jaws with Soft Bone Quality: A Clinical and 

Radiographie 1-Year Study of the Br\aanemark System Mark IV Fixture,” Clinical 

Implant Dentistry and Related Research, vol. 5, no. 4, pp. 213–218, 2003. 

[86]  B. Friberg et al., “One-Year Prospective Three-Center Study Comparing the 

Outcome of a ‘Soft Bone Implant’ (Prototype Mk IV) and the Standard Branemark 

Implant,” Clinical Implant Dentistry and Related Research, vol. 5, no. 2, pp. 71-77, 

2003. 

[87]  G. Mailath, B. Stoiber, G. Watzek, and M. Matejka, “Bone resorption at the entry of 

osseointegrated implants-a biomechanical phenomenon. Finite element study,” J. 

Oral Implantology, vol. 24, no. 2, pp. 80-88, 1989. 

[88] “Guidelines for analysis and redesign of dental implants,” Implant Dent., vol. 7, no. 

4, pp. 355-368, 1998. 

[89]  C. S. Petrie and J. L. Williams, “Comparative evaluation of implant designs: 

influence of diameter, length, and taper on strains in the alveolar crest. A three-

dimensional finite-element analysis,” Clinical Oral Implants Research, vol. 16, pp. 

486-494, Aug. 2005. 

[90] “OsseoSource: Identify, Compare, and Locate Dental Implants.” [Online]. Available: 

http://www.osseosource.com/dental-implants/. [Accessed: 05-Nov-2011]. 

[91]  J. Hobkirk and H. Wiskott, “Biomechanical aspects of oral implants,” Clinical Oral 

Implants Research, vol. 17, no. 2, pp. 52–54, 2006. 

[92]  S. W. Shin, S. R. Bryant, and G. A. Zarb, “A retrospective study on the treatment 

outcome of wide-bodied implants,” International Journal of Prosthodontics, vol. 17, 

no. 1, pp. 52-58, 2004. 

[93]  L. Baggi, I. Cappelloni, M. Di Girolamo, F. Maceri, and G. Vairo, “The influence of 

implant diameter and length on stress distribution of osseointegrated implants related 

to crestal bone geometry: A three-dimensional finite element analysis,” The Journal 

of Prosthetic Dentistry, vol. 100, no. 6, pp. 422–431, 2008. 

[94]  L. Kong, Z. Gu, K. Hu, H. Zhou, Y. Liu, and B. Liu, “Optimization of the implant 

diameter and length in type B/2 bone for improved biomechanical properties: A 

three-dimensional finite element analysis,” Advances in Engineering Software, vol. 

40, no. 9, pp. 935–940, 2009. 

[95]  T. Li et al., “Selection of optimal dental implant diameter and length in type IV 

bone: a three-dimensional finite element analysis,” International journal of oral and 

maxillofacial surgery, vol. 38, no. 10, pp. 1077–1083, 2009. 



157 

[96]  Y. Sun et al., “Selection of the implant transgingival height for optimal 

biomechanical properties: a three-dimensional finite element analysis,” British 

Journal of Oral and Maxillofacial Surgery, vol. 47, no. 5, pp. 393–398, 2009. 

[97]  L. Kong et al., “Selection of the implant thread pitch for optimal biomechanical 

properties: A three-dimensional finite element analysis,” Advances in Engineering 

Software, vol. 40, no. 7, pp. 474–478, 2009. 

[98]  O. Eraslan and Ö. İnan, “The effect of thread design on stress distribution in a solid 

screw implant: a 3D finite element analysis,” Clinical Oral Investigations, vol. 14, 

pp. 411-416, Jun. 2009. 

[99]  C. C. Lee, S. C. Lin, M. J. Kang, S. W. Wu, and P. Y. Fu, “Effects of implant 

threads on the contact area and stress distribution of marginal bone,” Journal of 

Dental Sciences, vol. 5, no. 3, pp. 156-165, 2010. 

[100]  H. J. Chun et al., “Evaluation of design parameters of osseointegrated dental 

implants using finite element analysis,” Journal of oral rehabilitation, vol. 29, no. 6, 

pp. 565–574, 2002. 

[101]  J. Steigenga, K. Al-Shammari, C. Misch, F. H. Nociti, and H. L. Wang, “Effects of 

Implant Thread Geometry on Percentage of Osseointegration and Resistance to 

Reverse Torque in the Tibia of Rabbits,” vol. 75, no. 9, pp. 1233-1241, 2004. 

[102] “Osteo_ti Dental Implant System Micro Threading.” [Online]. Available: 

http://www.osteo-ti.com/detal-implant-system-micro-threading. [Accessed: 11-Nov-

2011]. 

[103]  R. M. Palmer, P. J. Plamer, and B. J. Smith, “A 5-year prospective study of Astra 

single tooth implants,” Clinical Oral Implants Research, vol. 11, pp. 179-182, 2000. 

[104]  R. M. H. Segundo, H. M. S. Oshima, I. N. L. Silva, L. H. B. Júnior, E. G. Mota, and 

L. F. B. Coelho, “Stress distribution on external hexagon implant system using 3D 

finite element analysis,” Acta odontológica latinoamericana: AOL, vol. 20, no. 2, p. 

79, 2007. 

[105]  K. Akça, M. C. Çehreli, and H. İplikçioğlu, “Evaluation of the mechanical 

characteristics of the implant-abutment complex of a reduced-diameter morse-taper 

implant. A nonlinear finite element stress analysis.,” Clin. Oral Impl. Res., vol. 14, 

pp. 444-454, 2003. 

[106]  D. Bozkaya and S. Muftu, “Mechanics of the taper integrated screwed-in (TIS) 

abutments used in dental implants,” Journal of biomechanics, vol. 38, no. 1, pp. 87–

97, 2005. 

[107] “Trade News,” British Dental Journal, vol. 197, no. 9, pp. 587-589, 2004. 



158 

[108] “Titamax II Plus,” Neodent. [Online]. Available: http://www.neodent.com.br/ 

produtos/implantes/titamax-ii-plus/. [Accessed: 29-Nov-2011]. 

[109]  A. R. Coppedê, E. Bersani, M. G. de Mattos, R. C. Rodrigues, I. A. Sartori, and R. F. 

Ribeiro, “Fracture Resistance of the Implant-Abutment Connection inImplants with 

Internal Hex and Internal Conical ConnectionsUnder Oblique Compressive Loading: 

An In Vitro Study,” Int J Prosthodont., vol. 22, no. 3, pp. 283-286, 2009. 

[110] “Bicon South Africa | Dental Implants.” [Online]. Available: http://www.bicon.co.za/ 

bpat_advantage.asp?pgs=3. [Accessed: 29-Nov-2011]. 

[111]  M. R. Norton, “An in vitro evaluation of the strength of an internal conical interface 

compared to a butt joint interface in implant design,” Clin. Oral Impl. Res., vol. 8, 

pp. 290-298, 1997. 

[112]  K. H. Kim, C. M. Jeong, J. H. Yoon, and J. Y. Seong, “Effect of Implant-Abutment 

Joint Design on Dynamic Fatigue Strength,” presented at the 20th  AO Conference, 

2005. 

[113]  C. G. Ribeiro, M. L. C. Maia, S. S. Scherrer, A. C. Cardoso, and H. W. A. Wiskott, 

“Resistance of three implant- abutment interfaces to fatigue testing,” J Appl Oral 

Sci., vol. 19, no. 4, pp. 413-420, 2011. 

[114]  S. Saidin, A. Kadir, M. Rafiq, E. Sulaiman, and N. A. Kassim, “Finite element 

analysis on internal hexagonal and internal conical abutment,” in Biomedical 

Engineering and Sciences (IECBES), 2010 IEEE EMBS Conference on, 2010, pp. 

216–220. 

[115]  G. S. Barbosa, J. P. Silva-Neto, P. C. Simamoto-Júnior, F. D. Neves, M. G. C. 

Mattos, and R. F. Ribeiro, “Evaluation of screw loosening on new abutment screws 

and after successive tightening,” Brazilian Dental Journal, vol. 22, no. 1, pp. 51–55, 

2011. 

[116]  M. S. Schwarz, “Mechanical complications of dental implants,” Clinical Oral 

Implants Research, vol. 11, pp. 156–158, 2000. 

[117]  E. E. Hill, S. M. Phillips, and L. C. Breeding, “Implant abutment screw torque 

generated by general dentists using a hand driver in a limited access space simulating 

the mouth,” Journal of Oral Implantology, vol. 33, no. 5, pp. 277–279, 2007. 

[118]  D. Bozkaya and S. Müftü, “Efficiency Considerations for the Purely Tapered 

Interference Fit (TIF) Abutments Used in Dental Implants,” Journal of 

Biomechanical Engineering, vol. 126, p. 393, 2004. 

[119]  D. Bozkaya and S. Müftü, “Mechanics of the tapered interference fit in dental 

implants,” Journal of biomechanics, vol. 36, no. 11, pp. 1649–1658, 2003. 



159 

[120]  C. Hekimoglu, N. Anıl, and M. C. Cehreli, “Analysis of strain around endosseous 

dental implants opposing natural teeth or implants,” The Journal of prosthetic 

dentistry, vol. 92, no. 5, pp. 441–446, 2004. 

[121]  G. J. Meijer, J. Heethaar, M. S. Cune, C. De Putter, and C. A. Van Blitterswijk, 

“Flexible (Polyactive) versus rigid (hydroxyapatite) dental implants,” Int J Oral 

Maxillofac Surg., vol. 26, pp. 135-140, 1997. 

[122]  K. Warrer, T. Karring, and K. Gotfredsen, “Periodontal ligament formation around 

different types of dental titanium implants. I. The self-tapping screw type implant 

system,” J. Periodontol., vol. 64, no. 1, pp. 29-34, 1993. 

[123]  L. Jahangiri, R. Hessamfar, and J. L. Ricci, “Partial generation of periodontal 

ligament on endosseous dental implants in dogs,” Clinical Oral Implants Research, 

vol. 16, pp. 396-401, Aug. 2005. 

[124]  A. Parlar, D. D. Bosshardt, B. Unsal, D. Cetiner, C. Haytac, and N. P. Lang, “New 

formation of periodontal tissues around titanium implants in a novel dentin chamber 

model,” Clinical Oral Implants Research, vol. 16, pp. 259-267, Jun. 2005. 

[125]  Choi et al., “The effect of a shock-absorbable polymer membrane on the mechanical 

behavior of dental implants,” presented at the 23rd Annual Meeting of the American 

Society of Biomechanics, University of Pittsburgh, 1999. 

[126]  A. Kirsch and K. L. Ackermann, “The IMZ osteointegrated implant system,” Dent 

Clin North Am., vol. 33, no. 4, pp. 733-791, 1989. 

[127]  H. J. A. Meijer, G. M. Raghoebar, M. A. Van ’t Hof, A. Visser, M. E. Geertman, and 

R. P. Van Oort, “A controlled clinical trial of implant-retained mandibular 

overdentures; five-years’ results of clinical aspects and aftercare of IMZ implants and 

Brånemark implants,” Clin Oral Impl Res, vol. 11, pp. 441-447, 2000. 

[128]  H. J. A. Meijer, G. M. Raghoebar, M. A. Van’t Hof, and A. Visser, “A controlled 

clinical trial of implant-retained mandibular overdentures: 10 years’ results of clinical 

aspects and aftercare of IMZ implants and Branemark implants,” Clinical Oral 

Implants Research, vol. 15, pp. 421-427, Aug. 2004. 

[129]  H. J. A. Meijer, M. E. Geertman, G. M. Raghoebar, and J. M. Kwakman, “Implant-

retained mandibular overdentures: 6-year results of a multicenter clinical trial on 3 

different implant systems,” Journal of Oral and Maxillofacial Surgery, vol. 59, no. 

11, pp. 1260-1268, 2001. 

[130] “Attachments International,” Dental Attachments & Implant Components. [Online]. 

Available: http://www.attachments.com/. [Accessed: 18-Nov-2011]. 



160 

[131]  T. D. Taylor and J. R. Agar, “Twenty years of progress in implant prosthodontics,” J 

Prosthet Dent, vol. 88, pp. 89-95, 2002. 

[132]  M. Behr, R. Lang, A. Leibrock, M. Rosentritt, and G. Handel, “Complication rate 

with prosthodontic reconstructions on ITI and IMZ dental implants. Internationales 

Team für Implantologie,” Clin Oral Implants Res., vol. 9, no. 1, pp. 51-58, 1998. 

[133]  C. R. Haganman, D. C. Holmes, S. A. Aquilino, A. M. Diaz-Arnold, and C. M. 

Stanford, “Deflection and stress distribution in three different IMZ abutment 

designs,” Journal of Prosthodontics, vol. 6, no. 2, pp. 110–121, 1997. 

[134]  D. C. Holmes, C. R. Haganman, S. A. Aquilino, A. M. Diaz-Arnold, and C. M. 

Stanford, “Finite element stress analysis of IMZ abutment designs: development of a 

model,” Journal of Prosthodontics, vol. 6, no. 1, pp. 31–36, 1997. 

[135]  H. Oka, T. Yamamoto, K. Saratani, M. Tanaka, and T. Kawazoe, “Tooth mobility 

measurement of dental implants,” Memoirs Fac. Eng., Okayama Univ, vol. 27, pp. 

11–17, 1993. 

[136]  I. Akpinar, N. Anil, and L. Parnas, “A natural tooth’s stress distribution in occlusion 

with a dental implant,” Journal of Oral Rehabilitation, vol. 27, no. 6, pp. 538–545, 

2000. 

[137]  I. Anders, “Dental implant with shock absorbent cushioned interface,” U.S. Patent 

542563920-Jun-1995. 

[138]  A. Gaggl and G. Schultes, “Biomechanical properties in titanium implants with 

integrated maintenance free shock absorbing elements,” Biomaterials, vol. 22, no. 22, 

pp. 3061–3066, 2001. 

[139]  M. Daas, G. Dubois, A. Bonnet, P. Lipinski, and C. Rignon-Bret, “A complete finite 

element model of a mandibular implant-retained overdenture with two implants: 

comparison between rigid and resilient attachment configurations,” Medical 

engineering & physics, vol. 30, no. 2, pp. 218–225, 2008. 

[140]  F. Genna, C. Paganelli, S. Salgarello, and P. Sapelli, “Mechanical response of bone 

under short-term loading of a dental implant with an internal layer simulating the 

nonlinear behaviour of the periodontal ligament,” Computer Methods in 

Biomechanics and Biomedical Engineering, vol. 6, no. 5, pp. 305–318, 2003. 

[141]  M. C. Mensor, R. H. Ahlstrom, and E. W. Scheerer, “Compliant Keeper system 

replication of the periodontal ligament protective damping function for implants: Part 

I,” The Journal of prosthetic dentistry, vol. 80, no. 5, pp. 565–569, 1998. 



161 

[142]  T. Achour, A. Merdji, B. B. Bouiadjra, B. Serier, and N. Djebbar, “Stress 

distribution in dental implant with elastomeric stress barrier,” Materials & Design, 

2010. 

[143]  L. Carvalho, A. Ramos, and J. A. Simões, “Finite element analysis of a dental 

implant system with an elastomeric stress barrier,” in Bioengineering Conference, 

Florida, 2003. 

[144]  M. Davarpanah and S. Szmukler-Moncler, Immediate loading of dental implants 

Theory and Clinical Practice, 1st ed. Quintessence Pub Co, 2009. 

[145]  J. Rosenlicht, J. Ward, and J. Krauser, “Immediate loading of dental implants,” 

Dental Implants: The Art and Science. 2nd ed. St Louis, Mo: Saunders Elsevier, pp. 

343–345, 2010. 

[146]  C. E. Misch, H. L. Wang, C. M. Misch, M. Sharawy, J. Lemons, and K. W. M. Judy, 

“Rationale for the application of immediate load in implant dentistry: Part II,” 

Implant Dentistry, vol. 13, no. 4, p. 310, 2004. 

[147]  H. L. Wang, Z. Ormianer, and A. Palti, “Consensus conference on immediate 

loading: the single tooth and partial edentulous areas,” Implant Dentistry, vol. 15, no. 

4, pp. 324-333, 2006. 

[148]  G. Avila, P. Galindo, and H. Rios, “Immediate Implant Loading: Current Status 

From Available Literature. Clinical Science and Techniques,” Implant Dentistry, vol. 

16, no. 3, pp. 235-245, 2007. 

[149]  D. Flanagan, H. Ilies, B. Lasko, and J. Stack, “Force and Movement of Non-

Osseointegrated Implants: An In Vitro Study,” Journal of Oral Implantology, vol. 35, 

no. 6, pp. 270-276, 2009. 

[150]  A. P. del Palomar, A. Arruga, J. Cegoñino, and M. Doblaré, “A finite element 

comparison between the mechanical behaviour of rigid and resilient oral implants 

with respect to immediate loading,” Computer Methods in Biomechanics and 

Biomedical Engineering, vol. 8, pp. 45-57, Feb. 2005. 

[151]  G. Menicucci, A. Mossolov, M. Mozzati, M. Lorenzetti, and G. Preti, “Tooth–

implant connection: some biomechanical aspects based on finite element analyses,” 

Clinical Oral Implants Research, vol. 13, no. 3, pp. 334–341, 2002. 

[152]  L. A. Weinberg and B. Kruger, “Biomechanical considerations when combining 

tooth-supported and implant-supported prostheses,” Oral surgery, oral medicine, 

oral pathology, vol. 78, no. 1, pp. 22–27, 1994. 

[153]  C. L. Lin, S. H. Chang, J. C. Wang, and W. J. Chang, “Mechanical interactions of an 

implant/tooth-supported system under different periodontal supports and number of 



162 

splinted teeth with rigid and non-rigid connections,” Journal of dentistry, vol. 34, no. 

9, pp. 682–691, 2006. 

[154]  K. Akça, S. Uysal, and M. C. Çehreli, “Implant–tooth-supported fixed 

partialprostheses: correlations between in vivo occlusal bite forces and  marginal 

bone reactions,” Clin. Oral Impl. Res., vol. 17, pp. 331-336, 2006. 

[155]  W. W. Chee and N. Mordohai, “Tooth-to-Implant Connection: A Systematic Review 

of the Literature and a Case Report Utilizing a New Connection Design,” Clinical 

Implant Dentistry and Related Research, vol. 12, pp. 122-133, Feb. 2009. 

[156]  J. Boldt, W. Knapp, P. Proff, K. Rottner, and E.-J. Richter, “Measurement of tooth 

and implant mobility under physiological loading conditions,” Annals of Anatomy - 

Anatomischer Anzeiger, Oct. 2011. 

[157]  I. Van Rossen, L. Braak, C. De Putter, and K. De Groot, “Stress-absorbing elements 

in dental implants,” The Journal of prosthetic dentistry, vol. 64, no. 2, pp. 198–205, 

1990. 

[158]  R. K. Singhal and M. Kamra, “Forces on dental implants: Review of literature,” 

Indian Journal Of Dental Education, vol. 2, no. 4, p. 193, 2009. 

[159]  J. M. Martínez González and others, “Removal torque and physico-chemical 

characteristics of dental implants etched with hydrofluoric and nitric acid: An 

experimental study in Beagle dogs,” Med. oral patol. oral cir. bucal (Internet), pp. 

281–285, 2006. 

[160]  C. Karabuda, A. Aral, T. Tosun, and Z. Mutlu, “Comparison of the Removal Torque 

Values of the Dental Implants  nserted in Different Bone Types: Experimental 

Study,” Hacettepe Dişhekimliği Fakültesi Dergisi, vol. 30, no. 1, pp. 3-8, 2006. 

[161]  J. E. Shigley, C. R. Mischke, and R. G. Budynas, Mechanical Engineering Design, 

7th ed. 2004. 

[162]  M. Niinomi, “Mechanical properties of biomedical titanium alloys,” Materials 

Science and Engineering: A, vol. 243, no. 1, pp. 231–236, 1998. 

[163]  F. P. Miller, A. F. Vandome, and J. McBrewster, Hyperelastic Material. VDM 

Publishing House Ltd., 2010. 

[164]  H. Zheng, “On the predictive capability and stability of rubber material models,” 

Massachusetts Institute of Technology, 2008. 

[165]  W. Work, J. Aleman, and A. Y. Malkin, “Definition of Terms Relating to the Non-

Ultimate Mechanical Properties of Polymers Polymers.” 



163 

[166]  M. Mooney, “A Theory of Large Elastic Deformation,” J. Applied Physics, vol. 11, 

pp. 582-593, 1940. 

[167]  P. A. Ciullo, Industrial minerals and their uses: a handbook and formulary. William 

Andrew, 1996. 

[168] “Urethane Advantages,” Polyurethane Products Corporation. [Online]. Available: 

http://www.polyprod.com/urethane-advantages.html. [Accessed: 11-Jan-2012]. 

[169]  P. Vermette, H. J. Griesser, G. Laroche, and R. Guidoin, Biomedical Applications of 

Polyurethane. Texas, USA: Eurekah.com, 2001. 

[170] “Elastollan material properties : BASF Polyurethanes,” BASF The Chemical 

Company. [Online]. Available: http://www.polyurethanes.basf.de/pu/Elastollan/ 

Elastollan_Materialeigenschaften. [Accessed: 11-Jan-2012]. 

[171] “Hardness Scale - Durometer Comparisons of Materials,” Plastics International. 

[Online]. Available: http://www.plasticsintl.com/ polyhardness.htm. [Accessed: 11-

Jan-2012]. 

[172] “Urethanes in Compression,” Molded Dimensions - Engineered Elastomer Solutions. 

[Online]. Available: http://www.moldeddimensions.com/ urethanescompression.htm. 

[Accessed: 11-Jan-2012]. 

[173] “Shape Factor,” Gallagher Corporation. [Online]. Available: http://www. 

gallaghercorp.com/urethane/designguide/shape.shtml. [Accessed: 11-Jan-2012]. 

[174] “Properties of Polyurethane,” Chirag Techno. [Online]. Available: http://www. 

chiragtechno.com/poly-urethane-rods-sheets-pipes-rollers-properties.html. 

[Accessed: 11-Jan-2012]. 

[175] “Glossary of Materials Attributes,” Granta Material Intelligence. [Online]. 

Available: http://www.grantadesign.com/resources/materials/glossary.htm# cs. 

[Accessed: 11-Jan-2012]. 

[176]  P. Childs, Mechanical design, 2nd ed. Oxford: Elsevier Butterworth-Heinemann, 

2004. 

[177]  M. P. Hayes, “Effect of prestressing on the fatigue performance of compression 

springs,” Institute of Spring Technology, Sheffield, UK. 

[178] “British English Dictionary and Thesaurus - Cambridge Dictionary Online” [Online]. 

Available: http://dictionary.cambridge.org/dictionary/british/. [Accessed: 23-Jan-

2012]. 

  



164 

 
 

APPENDIX A 

 

 

CALCULATIONS FOR TAPERED SCREW CONNECTION 

(IN MATHCAD) 

 

 

 

A.1 Definitions of the Material and Surface Related Properties 

 

 

 

 
 

A.2 Definitions of the Geometric Parameters 

The assigned values to the geometrical parameters presented below are the optimal values 

obtained at the end of the iterative calculation procedure. 

 

a) Independent Parameters in the Tapered Region 

 

 

 

 

 

 

 

 

 

b) Dependent Parameters in the Tapered Region 

 

 

E := 113.8 MPa Elastic modulus of implant and 

abutment 

µs := 0.3       µk := 0.3 

 

Static and kinetic 

friction coefficient 

θ := 6 º Taper angle 

Top radius of taper hole of implant rit := 1 mm 

Bottom radius of tapered of part 

of the abutment  
rab := 0.8 mm 

Axial displacement of the 

abutment during tightening 

∆z := 0.02 mm 

 b2 := 2.1 mm Outer radius of the implant 

 Contact length of in the tapered section  

 

 

Radius of tapered section of the abutment 

varying along z-axis  

Interference in the radial direction 

Lc

rit rab 
sin ( )

z

cos ( )


b1 z( ) rab Lc cos ( ) z  tan ( )

 z tan ( ) 0.0021δ 
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c) Parameters in the Threaded Region 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

A.3 Definitions of the Equations Related with Force and Torque 

 

 

a) General Equations for Both Tightening and Loosening of the Screw 

 

 

 

 

 

 

 

 

 

 

  

                   
 

 

dmajor := 1.4 mm Major screw diameter 

p := 0.3 mm Thread pitch 

n := 1 (Since single thread is used) 

α := 30° Thread angle 

dm := dmajor - 0.649519p
 

Mean screw diameter 

 Lead of the screw 

Constant  a := 1 

 Helix angle/Lead angle of the screw 

Contact pressure due to interference of the 

tapered section  

 

 
Normal force due to interference fit in the 

tapered section 

By integrating the equation of normal force given above,   
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b) Equations for Tightening of the Screw 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) Equations for Loosening of the Screw 

 

 

 

 

 

 

 

 

 

 

 

d) The efficiency of the tapered screw connection: 

 

 

 

 Screw preload = Vertical resisting force 

in the tapered section during tightening 

Resistive torque in the screw threads 

against tightening 

(from the power screw formula for 

raising a load) 

 

Since the horizontal component of the friction force (μNcosλ) in the tapered section resists the 

tightening torque, the required torque to overcome this friction: 

 

Resistive torque in the tapered part 

against tightening 
 

Total resistive torque during tightening 

 Screw preload that resists loosening 

Resistive torque in the screw threads 

(from the power screw formula for 

lowering a load) 
 

where the Heaviside step function:  = 1  FL > 0
 

 = 0  FL < 0
 

 Total resistive torque against loosening 
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A.4 Parametric Definitions of the Equations  

 

 

a) General Equations for Both Tightening and Loosening of the Screw 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
b) Equations for Tightening of the Screw 
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c) Equations for Loosening of the Screw 

 

 

 

 

 

 

 

 

 

 

d) The efficiency of the tapered screw connection: 
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APPENDIX B 

 

 

 

GLOSSARY OF DENTAL TERMS 

 

 

 
The definitions of the terms included in this section were adapted from the Glossary of 

Prosthodontic Terms [20] and Cambridge Dictionaries Online [178]. 

abutment: portion of a dental implant that serves to support and/or retain a prosthesis 

acrylic resin: 1. pertaining to polymers of acrylic acid, methacrylic acid, or acrylonitrile; for 

example, acrylic fibers or acrylic resins, 2. any of a group of thermoplastic resins made by 

polymerizing esters of acrylic or methylmethacrylate acids 

alveolar bone: the bony portion of the mandible or maxillae in which the roots of the teeth are held 

by fibers of the periodontal ligament 

alveolus: one of the cavities or sockets within the alveolar process of the maxillae or mandible in 

which the attachment complex held the root of a tooth after the tooth’s removal 

ankylosis: the situation when a tooth root becomes fused  to jawbone due to loss of periodontal 

ligament   

antagonist tooth: the opposing tooth in the other jaw 

artificial crown: a metal, plastic, or ceramic restoration that covers three or more axial surfaces and 

the occlusal surface or incisal edge of a tooth 

biocompatibility: being capable of existing in harmony with the surrounding biologic environment 

biting: the act of incising or crushing between the teeth 

biting force: see OCCLUSAL FORCE 

bone: the hard portion of the connective tissue which constitutes the majority of the skeleton; it 

consists of an inorganic or mineral component and an organic component (the matrix and cells) 
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bone regeneration: renewal or restoration of a bone after injury or as a normal process 

bone resorption: the loss of bone by physiologic or pathologic processes 

bridge: see FIXED DENTAL PROSTHESIS 

bruxism: 1. the parafunctional grinding of teeth, 2. an oral habit consisting of involuntary rhythmic 

or spasmodic nonfunctional gnashing, grinding, or clenching of teeth, in other than chewing  

ovements of the mandible, which may lead to occlusal trauma—called also tooth grinding, occlusal 

neurosis 

cancellous bone: the reticular, spongy or lattice-like portion of the bone; the spongy bone tissue 

located in the medulla of the bone; this bone is composed of a variable trabecular network 

containing interstitial tissue that may be hematopoietic 

cementum: the thin calcified tissue of ectomesenchymal origin that covers the root of a tooth 

chewing: crushing food into smaller, softer pieces with the teeth so that it can be swallowed 

chewing force: see MASTICATORY FORCE 

chewing cycle: see MASTICATORY CYCLE 

clinical: of or related to or conducted in or as if within a clinic 

collagen: a protein found especially in the joints 

complete denture: a removable dental prosthesis that replaces the entire dentition and associated 

structures of the maxillae or mandible; called a complete removable dental prosthesis 

connective tissue: a tissue of mesodermal origin rich in interlacing processes that supports or binds 

together other tissues 

cortical bone: the peripheral layer of compact osseous tissue 

crest: a ridge or prominence on a part of a body; in dentistry, the most coronal portion of the 

alveolar process 

crooked teeth: teeth that are not straight; but have sharp bends 
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crown: 1. the highest part, as the topmost part of tooth; the summit; that portion of a tooth occlusal 

to the dentinoenamel junction or an artificial substitute for this, 2. an artificial replacement that 

restores missing tooth structure by surrounding part or all of the remaining structure with a material 

such as cast metal, porcelain, or a combination of materials such as metal and porcelain 

dental anatomy: a field of biology and medical science which deals with the structure and 

functions of teeth 

dental arch: the composite structure of the natural teeth and alveolar bone 

dental biomechanics: the relationship between the biologic behavior of oral structures and the 

physical influence of a dental restoration 

dental bridge: see FIXED DENTAL PROSTHESIS 

dental caries: a dental disease causing the destruction of enamel, dentin and/or cementum 

dental implant: 1. a prosthetic device made of alloplastic material(s) implanted into the oral tissues 

beneath the mucosal or/and periosteal layer, and on/or within the bone to provide retention and 

support for a fixed or removable dental prosthesis; a substance that is placed into or/and upon the 

jaw bone to support a fixed or removable dental prosthesis, 2. the portion of an implant that provides 

support for the dental implant abutment(s) through adaptation upon (eposteal), within (endosteal), or 

through (transosteal) the bone 

dental prosthesis: an artificial replacement (prosthesis) of one or more teeth (up to the entire  

dentition in either arch) and associated dental/alveolar structures. Dental prostheses usually are 

subcategorized as either fixed dental prostheses or removable dental prostheses 

dentate: having teeth or pointed conical projections 

dentin: a calcareous material similar to but harder and denser than bone that comprises the principle 

mass of the tooth 

dentition: the teeth in the dental arch 

denture: an artificial substitute for missing natural teeth and adjacent tissues 

edentulism: the state of being edentulous;  without natural teeth 

edentulous: without teeth, lacking teeth  
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elastomer: a polymer whose glass transition temperature is below its service temperature (usually 

room temperature). These materials are characterized by low stiffness and extremely large elastic 

strains 

enamel: in dentistry, the hard, thin, translucent layer of calcified substance that envelopes and 

protects the dentin of the coronal aspect of the tooth; it is the hardest substance in the body 

endosseous implant: see ENDOSTEAL DENTAL IMPLANT 

endosteal dental implant: a device placed into the alveolar and/or basal bone of the mandible or 

maxilla and transecting only one cortical plate 

exogenous: coming from or produced outside an organism or cell 

fibrous: composed of or containing fibers 

fixed bridge: see FIXED DENTAL PROSTHESIS 

fixed partial denture: see FIXED DENTAL PROSTHESIS 

fixed dental prosthesis: any dental prosthesis that is luted, screwed or mechanically attached or 

otherwise securely retained to natural teeth, tooth roots, and/or dental implant abutments that furnish 

the primary support for the dental prosthesis. This may include replacement of one to sixteen teeth 

in each dental arch. 

gingiva: the fibrous investing tissue, covered by epithelium, which immediately surrounds a tooth 

and is contiguous with its periodontal membrane and with the mucosal tissues of the mouth 

gum: either of the two areas of firm pink flesh inside the mouth which cover the bones into which 

the teeth are fixed 

host bone: recipient bone 

hydroxyapatite: a composition of calcium and phosphate in physiologic ratios to provide a dense, 

non-resorbable, biocompatible ceramic used for dental implants and residual ridge augmentation 

implant: any object or material, such as an alloplastic substance or other tissue, which is partially or 

completely inserted or grafted into the body for therapeutic, diagnostic, prosthetic, or experimental 

purposes 
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implant dentistry: the selection, planning, development, placement, and maintenance of  

estoration(s) using dental implants 

implantation: grafting or inserting a material such as an alloplastic substance, an encapsulated 

drug, or tissue into the body of a recipient 

implantology: a term historically conceived as the study or science of placing and restoring dental 

implant 

implant surgery: the phase of implant dentistry concerning the selection, planning, and placement 

of the implant body and abutment 

incisor: one of the sharp teeth at the front of the mouth which cut food during biting 

intraoral: within the mouth 

jaw: see JAWBONE  

jawbone: the bony structure bearing the teeth—see also MANDIBLE, MAXILLA 

mandible: the lower jawbone 

mastication: the process of chewing food for swallowing and digestion 

masticating cycles: the patterns of mandibular movements formed during the chewing of food 

masticatory force: the force applied by the muscles of mastication during chewing 

masticatory cycle: a three dimensional representation of mandibular movement produced during 

the chewing of food 

masticatory movements: mandibular movements used for chewing food 

maxilla: the irregularly shaped bone that, with its contralateral maxilla, forms the upper jaw. It 

assists in the formation of the orbit, the nasal cavity, and the hard palate; it contains the maxillary 

teeth 

molar: one of the large teeth at the back of the mouth in humans and some other animals used for 

crushing and chewing food 

mucosa: a mucous membrane comprised of epithelium, basement membrane, and lamina propria 
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mucosal membrane: the thin skin that covers the inside surface of parts of the body such as the 

nose and mouth and produces mucus to protect them 

occlude: 1. to bring together; to shut, 2. to bring or close the mandibular teeth into contact with the 

maxillary teeth 

occlusal: pertaining to the masticatory surfaces of the posterior teeth, prostheses, or occlusion rims 

occlusal analysis: an examination of the occlusion in which the interocclusal relations of mounted 

casts are evaluated 

occlusal balance: a condition in which there are simultaneous contacts of opposing teeth or tooth 

analogues (i.e., occlusion rims) on both sides of the opposing dental arches during eccentric 

movements within the functional range 

occlusal force: the result of muscular force applied on opposing teeth; the force created by the 

dynamic action of the muscles during the physiologic act of mastication; the result of muscular 

activity applied to opposing teeth 

occlusion: 1. the act or process of closure or of being closed or shut off, 2. the static relationship 

between the incising or masticating surfaces of the maxillary or mandibular teeth or tooth analogues 

osseointegration: 1. the apparent direct attachment or connection of osseous tissue to an inert, 

alloplastic material without intervening connective tissue, 2. the process and resultant apparent 

direct connection of an exogenous materials’ surface and the host bone tissues, without intervening 

fibrous connective tissue present 

osseous: bony 

osteoblast: the cells of bone that make new bone  

osteoclast: the cells responsible from absorbing bone 

overdenture: any removable dental prosthesis that covers and rests on one or more remaining 

natural teeth, the roots of natural teeth, and/or dental implants; a dental prosthesis that covers and is 

partially supported by natural teeth, natural tooth roots, and/or dental implants  

parafunctional: disordered or perverted function 
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partial denture: a removable dental prosthesis or a fixed dental prosthesis that restores one or more 

but not all of the natural teeth and/or associated parts and may be supported in part or whole by 

natural teeth, dental implant supported crowns, dental implant abutment(s), or other fixed dental 

prostheses and/or the oral mucosa; usage: a partial denture can be described as a fixed dental 

prosthesis or removable dental prosthesis based on the patient’s capability to remove or not remove 

the prosthesis  

periodontal: pertaining to or occurring around a tooth 

periodontal ligament: a collagenous connective tissue, completely covering tooth roots and 

separating tooth from the alveolar bone 

physioelasticity: the unique biologic quality of being capable of changing and resuming size  

physiologic: 1. characteristic of or conforming to the innate function of a tissue or organ,                

2. pertaining to organic processes or to functions in an organism or in any of its parts, 3. the opposite 

of pathologic  

pontic: an artificial tooth on a fixed dental prosthesis that replaces a missing natural tooth, restores 

its function, and usually fills the space previously occupied by the clinical crown 

porcelain: a ceramic material formed of infusible elements joined by lower fusing materials. Most 

dental porcelains are glasses and are used in the fabrication of teeth for dentures, pontics and 

facings, metal ceramic restorations including fixed dental prostheses, as well as all-ceramic 

restorations such as crowns, laminate veneers, inlays, onlays, and other restorations 

premolar: one of the two teeth immediately in front of the molars on both sides of the upper and 

lower jaws of humans and some other animals, used for grinding and chewing (crushing with the 

teeth) food 

progressive loading: the gradual increase in the application of force on a dental implant whether 

intentionally done with a dental prosthesis or unintentionally via forces placed by adjacent anatomic 

structures or parafunctional loading 

prosthesis: an artificial replacement of an absent part of the human body 

prosthetic: relating to a prosthesis or prosthetics 



176 

prosthetics: the art and science of supplying artificial replacements for missing parts of the human 

body 

prosthetic dentistry: see PROSTHODONTICS 

prosthetic restoration: an artificial replacement for an absent part of the human body 

prosthodontics: prosthodontics is the dental specialty pertaining to the diagnosis, treatment 

planning, rehabilitation and maintenance of the oral function, comfort, appearance and health of 

patients with clinical conditions associated with missing or deficient teeth and/or maxillofacial 

tissues using biocompatible substitutes 

prosthodontists: a specialist in prosthodontics 

pulp: the richly vascularized connective tissue of mesodermal origin with much innervation  

contained in the central cavity of the tooth 

removable bridge: see REMOVABLE DENTAL PROSTHESIS 

removable complete denture prosthesis: a removable dental prosthesis that replaces the entire 

dentition and associated structures of the maxillae or mandible 

removable partial denture prosthesis: any prosthesis that replaces some teeth in a partially dentate 

arch. It can be removed from the mouth and replaced . It is also called partial removable dental 

prosthesis 

removable dental prosthesis: 1. any dental prosthesis that replaces some or all teeth in a partially 

dentate arch (partial removable dental prostheses) or edentate arch (complete removable dental 

prostheses). It can be removed from the mouth and replaced at will, 2. any dental prosthesis that can 

be readily inserted and removed by the patient 

resilient: characterized or noted by resilience, as a) capable of withstanding shock without 

permanent deformation or rupture or b) tending to recover from or easily adjust to change syn. 

ELASTIC  

resilient attachment: an attachment designed to give a tooth borne/soft tissue borne removable 

dental prosthesis sufficient mechanical flexion to withstand the variations in seating of the 

prosthesis due to deformations of the mucosa and underlying tissues without placing excessive 

stress on the abutments 
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resin: 1. any of various solid or semisolid amorphous natural organic substances that usually are 

transparent or translucent and brown to yellow; usually formed in plant secretions; are soluble in 

organic solvents but not water; are used chiefly in varnishes, inks, plastics, and medicine; and are 

found in many dental impression materials, 2. a broad term used to describe natural or synthetic 

substances that form plastic materials after polymerization. They are named according to their 

chemical composition, physical structure, and means for activation of polymerization 

spongy bone: see CANCELLOUS BONE 

subperiosteal dental implant: an eposteal dental implant that is placed beneath the periosteum 

while overlying the bony cortex  

swallow: to cause food, drink, pills, etc. to move from mouth into stomach by using the muscles of 

throat, or to use the muscles of throat as if doing this 

trabecular bone: see CANCELLOUS BONE 

 

 


