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Abstract 

The main focus of this thesis is to investigate and describe a novel biomaterial 

structure that does not have any previously documented history of testing. The trabecular 

structure is not yet commercially available for prostheses or implants but seems to be very 

promising in various aspects such as biocompatibility and mechanical properties. Since this 

morphologically complex structure cannot be machined, 3D printing was used to create a 

variety of test specimens. These specimens were then tested by nanoindentation and tensile 

and compression tests. On the basis of the mechanical tests, a numerical model was created 

and curve-fitted to represent the mechanical behavior of the trabecular structure. Since future 

effort will be directed towards utilizing the structure in dental implants specifically, an 

overview of recent and historic implant materials and methods is presented to point out the 

benefits of development of new materials and structures. A closer attention is given to 

implant alloys, titanium implants, material properties and surface treatment. It is expected 

that further effort beyond the limits of this thesis will be needed to fully describe the complex 

behavior of the trabecular structure as no comparison with other authors is available yet. 
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Abstrakt 

Hlavn²m c²lem t®to diplomov® pr§ce je prozkoumat a popsat chov§n² nov® 

biomateri§lov® struktury, kter§ doposud nem§ ģ§dn® zdokumentovan® materi§lov® testy. 

Trabekul§rn² struktura je zat²m komerļnŊ nedostupn§ pro ¼ļely prot®z ļi implant§tŢ, ale jej² 

potenci§ln² vĨhody z hlediska biokompatibility ļi mechanickĨch vlastnost² se zdaj² bĨt velmi 

pŚ²zniv®. Protoģe tato morfologicky komplexn² struktura nemohla bĨt vyrobena 

konvenļn²mi metodami obr§bŊn², bylo u jej² vĨroby pŚistoupeno k technologii 3D tisku. 

Vyroben® vzorky byly n§slednŊ testov§ny metodou nanoindentace a tlakovĨmi a tahovĨmi 

zkouġkami. Na z§kladŊ tŊchto mechanickĨch zkouġek byl n§slednŊ vytvoŚen numerickĨ 

model, kterĨ byl metodou curve-fitting upraven tak, aby reprezentoval mechanick® chov§n² 

trabekul§rn² struktury. Protoģe budouc² vĨzkum bude vŊnov§n vyuģit² struktury v dent§ln²ch 

implant§tech, je v pr§ci zahrnut pŚehed rozliļnĨch materi§lŢ a souļasnĨch i historickĨch 

metod implantace pro lepġ² nast²nŊn² problematiky a zdŢraznŊn² vĨznamu vĨvoje novĨch 

materi§lŢ a struktur. Bliģġ² pozornost je vŊnov§na zejm®na implantaļn²m slitin§m, 

titanovĨm implant§tŢm, mechanickĨm vlastnostem a povrchovĨm ¼prav§m. Je 

pŚedpokl§d§no, ģe pro kompletn² a spolehlivĨ popis chov§n² trabekul§rn² struktury bude d§le 

proveden obs§hlejġ² vĨzkum, jelikoģ zat²m nen² moģn® dosaģen® vĨsledky porovnat s 

ostatn²mi autory. 
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Trabekul§rn², titan, dent§ln² implant§t, numerickĨ model, 3D tisk. 



Mech. and num. analyses of titanium trabecular structures of dental implants formed by 3D printing              Bc. Luboġ řehounek, 2016

 

   

Conflict of Interest Statement 

 As the author of this master thesis, I declare no conflict of interest. I claim to have 

written this master thesis solely myself, provided with professional consultations from my 

supervisor Ing. Aleġ J²ra, Ph.D.  

 I also declare that all literature and materials used in the writing of this master thesis 

are properly cited in the References chapter. 

 

In Prague, 7. 1. 2016 . . . . . . . . . . . . . . . . . . . . . . 

                                                                                                      Luboġ řehounek 

  



Mech. and num. analyses of titanium trabecular structures of dental implants formed by 3D printing              Bc. Luboġ řehounek, 2016

 

   

Acknowledgment 

 I would like to extend gratitude towards my supervisor Ing. Aleġ J²ra, Ph.D. for 

providing me with professional consultations, information on implants and also practical 

advice with regard to numerical modeling and writing my thesis. Also, I would like to thank 

Ing. arch. et Ing. Frantiġek Denk, Ph.D. for providing me with useful information during our 

consultations about the geometry of the model and numerical modeling in general. The 

assistance is greatly appreciated. I would also like to thank Ing. Ivan Laszlo for providing 

me with an online consultation on the failure of the model and other computation problems. 

The financial support by the Technology Agency of the Czech Republic (TAĻR 

project no. TA03010886) is also gratefully acknowledged.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mech. and num. analyses of titanium trabecular structures of dental implants formed by 3D printing              Bc. Luboġ řehounek, 2016

 

   

Table of Contents 

 

1 Introduction ............................................................................................................... 7 

2 Brief overview of alternative methods of treatment ............................................... 10 

2.1 Dentures ........................................................................................................... 10 

2.2 Bridgework ....................................................................................................... 11 

3 Implantology ........................................................................................................... 13 

3.1 History of dental implants ................................................................................ 13 

3.2 Approaching treatment ..................................................................................... 18 

3.3 Types of implants ............................................................................................. 19 

4 Implant alloys and biocompatibility ....................................................................... 21 

4.1 Bioceramics ...................................................................................................... 21 

4.2 Titanium alloys ................................................................................................ 22 

4.3 Biocompatibility ............................................................................................... 28 

4.4 Surface treatment and osseointegration ........................................................... 30 

5 Trabecular structure ................................................................................................ 33 

5.1. Introducing the trabecular structure ................................................................ 33 

5.2 Osseointegration and low modulus .................................................................. 34 

5.3 Stress shielding ................................................................................................ 35 

5.4 3D Printing technology .................................................................................... 36 

5.5 Trabecular specimens for mechanical tests ...................................................... 39 

6 Mechanical and in-vivo tests ................................................................................... 41 

6.1 Nanoindentation ............................................................................................... 41 

6.2 Global mechanical tests ................................................................................... 45 

6.3. In-vivo tests ..................................................................................................... 47 

7 Numerical model ..................................................................................................... 50 



Mech. and num. analyses of titanium trabecular structures of dental implants formed by 3D printing              Bc. Luboġ řehounek, 2016

 

   

7.1 Purpose of the model and its introduction ....................................................... 50 

7.2 Methodology .................................................................................................... 51 

7.3 Geometrical model ........................................................................................... 53 

7.4 Meshing ............................................................................................................ 54 

7.5 Load program ................................................................................................... 55 

7.7 Manipulating material properties ..................................................................... 58 

7.6 Analysis settings and curve-fitting ................................................................... 59 

7.7 Future prospects ............................................................................................... 64 

8 Conclusion .............................................................................................................. 67 

9 List of Figures ......................................................................................................... 70 

10 List of Tables......................................................................................................... 75 

11 References ............................................................................................................. 76 

 



Mech. and num. analyses of titanium trabecular structures of dental implants formed by 3D printing              Bc. Luboġ řehounek, 2016

 

7 

 

1 Introduction  

The word Ăimplantñ can have multiple meanings and can be quite ambiguous in the 

conception of contemporary society. To accurately address the subject of this thesis, I 

consider its definition very important. The description I find to be best fitting for my specific 

issue is as follows: ĂAn implant is an artificial material or tissue that shows biocompatibility 

upon its surgical implantationñ. This is a definition introduced by the International Journal 

of Oral and Maxillofacial Implants (JOMI). In other words, an implant represents an 

extrinsic material the body of the patient is able and willing to accept and fully integrate. 

The general purpose of most implants is to substitute or enhance the original living 

tissue of the patient in some way, shape or form. From now on, whenever I will address the 

word Ăimplantñ, I will therefore mean the living or artificial replacement tissue introduced 

in the body of the patient in order to compensate for the loss, extraction or deterioration of 

the original tissue. Implants are man-made devices, contrary to transplants, which are living 

tissues transferred from a healthy specimen into the body of the patient. 

There are multiple reasons as to why should one want an implant introduced in their 

body. Throughout the years of human evolution, mankind has used implants of various 

shapes, materials and purposes to fill in the role of damaged tissue [1]. Materials like ligature 

wire made of gold, stone, oxen bones, ivory or animal shells were used to substitute missing 

teeth since the dawn of ancient civilizations [2]. The history of dental implants goes as far 

back as 3000 B.C. [3], the period of ancient Egyptians. 

I have chosen to cover this topic because with the advanced technology and 

manufacturing process we have at our disposal today, the whole idea of implants is growing 

rapidly and implants become more and more available. Whereas before only people of 

privileged position could afford to undergo this kind of treatment, now it is a widely available 

and also suggested option for nearly everybody who suffers from damage related to their 

bone tissue. I would like to present a comparison to confirm this fact. In the year 2008, 

searching the term Ăimplantñ in the PubMed database netted a total of 46,575 papers, with 

9,768 of them being identified to the term Ădental implantñ (21%) [3]. Now, at the time of 

writing this thesis in 2016, the same search extracted 97,655 papers when searching 
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Ăimplantñ and 37,185 papers for Ădental implantñ (38%). The total value has been doubled 

and the number of papers specifically written on dental implants has been quadrupled. This 

simple comparison shows us how much have implants (dental implants in particular) gained 

in popularity and attention over the course of mere 8 years. 

There is, however, still a great many number of unanswered questions and challenging 

problems with regard to this issue. One of them is the main motivation behind creating the 

trabecular structure ï the difference of material properties at the interface of individual dental 

materials. Dental implants have advanced tremendously, evolving from primitive 

hammered-down pieces of bone into fine, precisely shaped metal products. Yet, they still 

have one bad common denominator, and that is the interconnection between the implant and 

the bone. Trabecular structure is there as a future prospect and a potential solution to the 

problem of both the bad interconnection and material difference at the interface of materials. 

If proven to be satisfying in medical, mechanical and economic regards, trabecular structure 

could be the future of dental implants, improving upon the former variants. 

  

Fig. 1: Illustration of a porous tantalum trabecular metal (PTTM) ï microstructure (left) 

and the overall structure of a titanium PTTM-enhanced dental implant (right) [4]. 

The methods used to experimentally analyze the properties of the structure, mainly 

Youngôs modulus E and reduced modulus Er, are micromechanical and macromechanical 

tests, specifically nanoindentation and global tensile and compression tests. The mechanical 

tests have been conducted as a pilot experiment and cannot be therefore compared with 

results published by any other author. 

The complete mechanical analysis of the trabecular structure calls out for a numerical 

model. The nature of deformation of the structure is yet unknown, making the development 
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of any model without experimental data very challenging. However, with the data provided 

by micromechanical and macromechanical tests, it is possible to develop a numerical model 

including the nonlinear behavior required to describe the stress-strain diagrams obtained 

during the mechanical tests.  This data served as a baseline for curve-fitting, a necessary 

process in the creation of the numerical model based on experimental data. The manipulation 

of the properties of the model has been done in order to fit in the two most important regions 

ï the yield strength and ultimate strength and their respective values of corresponding 

elongation.   
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2 Brief overview of alternative methods of treatment 

The approach of treatment has multiple options. Before we further delve into the topic 

of dental implants specifically, let us briefly address other options of treatment as well. There 

are generally three basic solutions to the problem of treating missing teeth in the jaw ï 

dentures, bridgework and implants. 

2.1 Dentures 

The first option of treatment is denture. A denture, sometimes referred to as false teeth, 

is a removable replacement for missing teeth and tissues surrounding them. According to the 

number of teeth missing, they are either complete or partial (Fig. 2). Dentures can also be 

divided into another two major groups ï conventional and immediate [5]. A conventional 

denture is ready for placement approximately 8 to 12 weeks after the teeth have been 

removed. Immediate dentures are made in advance and are ready for placement immediately 

after the extraction. They bring the benefit of replacing the teeth immediately, allowing the 

patient an undisrupted period of time during the healing process. However, as the bone 

remodels itself and the gums shrink, adjustments to the immediate denture are necessary in 

order to remain functional. Conventional dentures should always be considered as the 

definitive answer, replacing immediate dentures after the healing process [5]. 

 

Fig. 2: Images of different types of dentures. A partial denture (left) and a complete 

denture (right) [6]. 
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Dentures are usually removable and provide the necessary masticatory and esthetic 

functions. However, they are generally considered as an obsolete method of treatment [7], 

simply because they cannot fully substitute the original teeth and are not nearly as stable as 

a dental implant. This fact is preventing the patient from performing everyday actions with 

the comfort of a dental implant or the original tooth. 

2.2 Br idgework 

The second option at our disposal is bridgework. There are generally three main types 

of bridgework [8]. The first and most common type is a traditional bridge. The treatment 

procedure using a traditional bridge can be seen in Fig. 3. The downside of this method is 

that teeth placed adjacent to the missing tooth have to be prepared (sized down) so the crowns 

on both sides can fit onto them. When everything is prepared, the crowns are cemented onto 

the adjacent filed teeth and the bridge is complete. Traditional bridges can provide the patient 

with a stable foundation to perform everyday activities ï mastication, smiling, speaking etc. 

They also help keep other teeth in place since they fill the empty space between adjacent 

teeth, making the drifting impossible or keeping it at its minimum [8] and are also 

esthetically pleasing [9]. However, traditional bridges still do not provide any load to the 

bone underneath the missing tooth (as there is no contact since the site is bridged), which 

can lead to bone loss. This is a fact that makes dental implants superior to them, as they can 

provide the necessary load to maintain the bone mass. 

 

Fig. 3: A step-by-step illustration of applying a bridgework [11]. 
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The second type of bridge is the cantilever bridge. While they are still being used, they 

have been on the decline as research has proven that they are not a very suitable  solution to 

the problem as they suffer from mechanical and technical difficulties [12]. Due to the 

mechanical nature of the cantilever, they sometimes behave like a lever, prying the abutment 

out from the healthy tooth and causing a loss of retention. There can either be one or multiple 

abutment teeth. 

The third type of bridge is the Maryland bridge (resin-bonded bridge). The main 

distinguishing part of this bridge is a metal or porcelain framework that holds the false tooth 

and bonds it to the adjacent tooth or teeth by resin. The advantage of the Maryland bridge is 

that the adjacent teeth do not need to have their enamel sanded away. A potential 

disadvantage might be the strength of the resin that binds the framework to the adjacent 

teeth, especially in areas where the masticatory stresses are very high, like the molars [13]. 

Another potential disadvantage is the discomfort of the framework getting in the way of 

oneôs gums or bite [13]. This is yet another disadvantage of the bridgework that does not 

concern dental implants. 

  

Fig. 4: Imagery of different types of dental bridges. A cantilever bridge (left) [14], and a 

resin-bonded (Maryland) bridge (right) [15]. 
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3 Implantology 

3.1 History of dental implants 

The history of dental implants is very rich and fascinating, revealing mankindôs 

resourcefulness, creativity and ability to use contemporary technology and materials. One of 

the most famous and documented archaeological findings of dental implants stretches back 

to the Mayan civilization at around the year 600 AD [16], [17]. In 1931, archaeologists found 

remains of the body of a young (approximately 20 years old) Mayan woman in the area 

where Honduras is today. Her lower jaw had three tooth-shaped pieces of shells placed in it 

to substitute for her missing incisor teeth [16], [17], [18]. It has been stated that these shell 

implants were indeed functional and were placed in the body of the woman during her life, 

contrary to the belief that they only served as post-mortem, esthetic accessories [18]. But the 

history goes back even further. As long ago as 2500 BC, the ancient Egyptians used golden 

ligature wire to stabilize loose teeth involved in periodontal issues [2]. It is even documented 

in their manuscripts that this method of treatment often caused severe toothaches. It is also 

believed that Egyptians used shells just as the Mayans did [19]. Various materials such as 

bone, shells or stone were used in order to preserve the looks and functions of the ancient 

humanôs dentition. 

 
 

Fig. 5: Various types of ancient dental restorations. Ligature wire and staples on the left 

[20], animal shells and bones on the right [21]. 
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In the Middle Ages, implantation revolved mostly around allografts and xenografts 

[22], [23]. An allograft is a transplant of an organ or a tissue from a donor of the same species 

with a different genotype. A xenograft is also a transplant, but it is grafted from an individual 

of completely different or unlikely species (for example a tissue from a baboon transplanted 

to a human) [24]. It was very common that the transplants came from dead people or 

livestock. During the time between 1500ôs and 1800ôs, teeth in Europe were collected from 

cadavers or from underprivileged commoners to be used as allotransplants [2].  This practice, 

however, did not have much success as it was often the cause of severe inflammation or even 

death [23]. 

Another evolution of implants happened at the end of the 1800ôs in USA, where 

specialists were able to implant false teeth lasting as long as 8 to 11 years [23]. A wide array 

of materials was already available at that time, including gold, platinum, rubber, wood, tin 

or lead. 

In late 1930ôs, another great invention was introduced by Drs. Alvin and Moses Strock, 

who experimented with Vitallium, a chromium-cobalt-molybdenum alloy. They observed 

the effect of screws made from this material that were placed in hipbones of patients by other 

physicians and decided to implant  them in humans and dogs in order to provide the 

anchorage for the replacement teeth. For this invention, they have been later acknowledged 

in selection of a biocompatible material usable in human dentition [25]. 

 

Fig. 6: A crownless Vitallium implant replacing a human tooth by Strock brothers [26]. 

 In the 1940ôs, implants took another turn for the better as Swedish physician Dahl 

developed a subperiosteal (placed above the bone) implant [25] with flat abutments and 

screws which lay over the crest of the alveolar ridge [2]. His work has been continued by 

Goldberg and Gershkoff in USA to produce a cobalt-chromium molybdenum implant with 
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an extension including the external oblique ridge [27]. This concept was further investigated 

by Lew, Bausch and Berman in 1950 [28] and improved upon. The whole process was being 

streamlined and the placement of screws and the shape of the framework optimized. 

 

Fig. 7: Position of the implant in regard to the jawbone ï endosteal (inside the bone) 

implants on the left and subperiosteal (on the surface of the bone) on the right [29]. 

The greatest milestone in the evolution of dental implants happened just a few years 

later. In 1952, Swedish orthopaedic surgeon Per-Ingvar Br¬nemark observed the process of 

bone healing response and regeneration. To perform this experiment in vivo, he adapted an 

experimental chamber developed at the Cambridge university called the ñrabbit ear 

chamberò [18], [22]. This chamber was used to observe the functioning of bone marrow of 

rabbits in vivo. At that time, he was unable to obtain the original material, tantalum, so he 

used titanium instead. He performed a series of long investigations and when he finally 

wanted to retrieve the chamber and reuse it, he found to his discontent that it could not be 

removed from the bone [30]. 

Br¬nemark did not put much weight onto this discovery until the 1960ôs when he 

accepted professorship in the Department of Anatomy at Gothenburg University. Then, he 

started investigating more and used a titanium lens casting to observe the structure and 

workings of blood cells in human arms under numerous conditions, such as cigarette 

smoking. This research brought a great deal of information on the behavior of the blood cells 

but also ultimately proved that titanium is very compatible with human tissue as it did not 

provoke any immunological reactions. It was after this experiment that Br¬nemark gave 

titanium a brand new purpose as he began devising plans of introducing titanium in the 
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medical field [22]. Although at first he thought that his main work should be dedicated to 

knee and hip surgery, later on he finally decided that the jaw is far more accessible to 

continuous observations and also provides many specimens to work with as edentulism (loss 

of all teeth in one or both jaws) is very widespread throughout the population [18]. 

During the following years, Br¬nemark and his team focused mainly on the effects of 

titanium screws in living organisms and the biological responses associated with 

implantation. With these screws, they made various experiments on dogs, observing the 

conditions of bonding and the overall response to the extrinsic material [22]. As the 

understanding deepened and the field of their studies began to be more and more important, 

Br¬nemark felt the need to address the process of  bonding the metal with bone. The term he 

chose was osseointegration, from the Latin words os (bone) and integro (to renew). This is 

a term that is now used very frequently and is also one of the keypoints behind creating new 

structures, such as the trabecular structure. He and his team then proceeded to create 

numerous papers and carry out a vast volume of research and experiments towards the 

creation of titanium dental implants [31]. 

 

Fig. 8: Image of a section showing the difference in the contact region of a natural tooth 

and an osseointegrated implant [32]. 
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In 1965, Br¬nemark successfully implanted the first titanium implant [33]. His patient, 

Gºsta Larsson was the first person to ever receive a titanium dental implant and it changed 

his life tremendously. Br¬nemark placed four titanium screw implants into the manôs 

mandible, waited several months and then proceeded to place a set of false teeth. All of the 

titanium fixtures survived and the patientôs life had been changed for the better [28]. 

This method proved to be very effective. Eventually, in 1975 Br¬nemark won the 

approval of the team of three independent Swedish dentists who reported to the Swedish 

National Health and Welfare Board. As the result of this event, the Br¬nemark method 

became fully covered by the Swedish national health insurance system in 1976. A year later, 

in 1977, Br¬nemark began to train the first Swedish dental experts in his methods and 

techniques [28]. 

The evolution of dental implants went on and many other improvements followed. In 

1978, Br¬nemark entered into a commercial partnership with Bofors AB. With this company 

as the parent company, Nobelpharma AB (later renamed Nobel Biocare) was founded in 

1981 [18]. In 1997, the first tapered implant (Fig. 9 left) was created and in 1998 the All-on-

4 system was invented (Fig. 9 right). This groundbreaking method of implantation 

dramatically changed the lives of patients who have been previously unable to have dental 

implants placed in their jaw due to bone loss [33]. 

 

 

Fig. 9: Left ï tapered implants [34]; right- the All-on-4 system, where a whole arch of 

artificial crowns is supported only by 4 dental implants [35]. 
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During the 80ôs, the word spread to the U.S. as George Zarb from the Toronto 

University, who was trained under Br¬nemark, organized the 1982 Toronto conference on 

Osseointegration in Clinical Dentistry. More than 70 universities responded and sent their 

representatives. At this important conference, Br¬nemark presented more than 15 years of 

his diligent research on humans and animals [28]. 

Up to 2014, more than 7 million Br¬nemark system implants have been placed [18] 

and hundreds of companies already produce dental implants. The demand for dental implants 

is very high, as approximately 450,000 implants are placed every year. In the case of single 

tooth replacement, the expectation of success rate is around 95 % [31]. 

3.2 Approaching treatment 

The purpose of dental implants is to provide a stable, non-moving anchor in the 

jawbone. This anchor serves as a support for the artificial replacement tooth (crown), which 

is installed on the top of the dental implant (Fig. 10). The whole extrinsic body then 

comprises of the dental implant, crown and the abutment, which is an interconnecting piece 

of metal installed on top of the dental implant. Treatment in the form of dental implants 

should be considered as a viable option for the replacement of missing or damaged teeth as 

it provides more predictable results than bridgework, resin-bonded bridges or endodontic 

treatment [36] and also does not cause bone loss [19]. Dental implants therefore have a way 

of keeping the jawbone healthy and functional and are also fulfilling the esthetic demands. 

 

Fig. 10: Conventional implant and its parts (left) and its placement in the jaw (right) [37]. 
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It is very important to acknowledge the need of treatment as fast as possible. The 

earlier a patient recognizes the problem, the better and more successful can the procedure of 

treatment be. According to Wolffôs law, The Law of Bone Remodeling, presented more than 

a hundred years ago, the bone of a healthy specimen will always adapt to the conditions of 

the load [38]. Therefore, if the tooth has been extracted or damaged and is no longer 

providing sufficient load to the bone underneath it, the bone will start to remodel itself. As 

a result, the bone will become weaker and less dense, as it no longer needs to withstand the 

previously provided load. The fact that dental implants provide such load makes them 

significantly superior to other methods of treatment. 

The procedure of implantation is usually done in three sittings and is as follows ï 

during the first sitting, the dental surgeon makes a small incision in the gingiva where the 

implant will be placed. After that, they drill a hole in the patientós jawbone and clean it up 

for the placement of the implant. After the implant is placed, the hole in the gingiva is 

stitched together and the patient now enters the healing phase, during which the bone 

surrounding the implant heals and bonds with the metal (a process previously described as 

osseointegration) [39]. After this healing period, which is usually three to five months long, 

the patient visits the surgeon again. During the second procedure, the wound is opened again, 

exposing the implant. A healing cap is screwed on the top of the implant in order to shape 

and heal the gingiva. During the third sitting, the healing cap is removed and the abutment 

is screwed into the implant, followed by placement of the crown. Multiple variations of this 

procedure are also possible, resulting in either two-stage, or even one-stage procedures [39]. 

3.3 Types of implants 

Historically, there are four main types of dental implants that have been used in clinical 

dentistry. They include the subperiosteal (Fig. 11 A), blade (Fig. 11 B), ramus frame (Fig. 

11 C) and endosseus screw or cylinder-shaped implants (Fig. 11 D) [31]. However, since 

most of contemporary surgeons use endosseous implants, other types will only be illustrated 

briefly and the main attention will be directed towards endosseous implants. 
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Fig. 11: Different types of implants based on their shape and position towards the jawbone. 

A) subperiosteal implant [40], B) blade implant [40], C) ramus frame implant [41], D) 

endosseous implant [42]. 

Endosseous dental implants are available in different shapes, diameters, sizes, lengths, 

surface modifications, coatings, materials and other properties. Nowadays, dental surgeons 

have to choose from thousands of implant types with different properties and attributes [43]. 

According to the method of placement, endosseous implants can be divided into 2 

major subgroups ï screw-threaded implants and push-in implants. The push-in implants are 

coated twith a layer of osseointegrative layer and simply pushed into the drilled, cleaned 

hole and left to osseointegrate. Screw-threaded implants are placed onto the top of the drilled 

hole and screwed down. 

 
 

Fig. 12: Variants of coated push-in implants (left) and screw-threaded implants (right). 
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4 Implant alloys and biocompatibility  

Nowadays there are generally 2 major groups of materials used in implant dentistry ï 

metals (mainly titanium and its alloys) and ceramics. A great many other materials have been 

used in the past ï materials like gold, stainless steel, cobalt-chromium alloys, various resins 

and many more. Most of these materials, however, did not meet the necessary requirements 

for longevity, biocompatibility and mechanical properties and their production ceased as 

new, better materials arose [44]. 

4.1 Bioceramics 

Bioceramics is a rather new material in implant dentistry. It has been introduced in the 

1990ôs as a viable alternative to titanium alloys [44]. Most ceramic implants are zirconia 

implants. Ceramics have one substantial benefit over titanium ï their color. If the gums are 

worn out, the dark, grayish surface of titanium can be visible through the peri-implant 

gingiva, impairing the overall esthetics (Fig. 13 left). Ceramic implants are white and their 

esthetics are more appealing in this manner. Another great benefits are thermal non-

conductivity, no piezo-electric currents between different metals in the mouth and no 

corrosion [46]. 

 

Fig. 13: Comparison of a titanium-treated case (left) with receding gums and bioceramics 

(right). The grayish surface of titanium might appear unesthetic compared to bioceramics, 

where no defects are visible as the implant is white [45]. 
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Zirconia implants, however, do not provide much documented history of success as 

they have not been around for a long period of time. They are also known to be prone to 

shear and tensile loading. Surface wear may then lead to premature failure of the implant. 

Ceramics also have poor bonding abilities, making osseointegration questionable [47]. 

Surface modifications of ceramic dental implants are therefore a way of optimizing the 

bonding process [48]. Micro-roughness modifications (sandblasting, acid-etching), applying 

bioactive coatings (collagen, calcium phosphate, bisphosponate) and other various 

modifications are often performed in order to prepare the surface of the implant for osseous 

healing [49]. A picture of a ceramic implant taken with an optical microscope is shown in 

Fig. 14.  

  

Fig. 14: Images of a bioceramics implant taken with an optical microscope. Overall image 

of the implant (left) and a magnified image of the upper area (right). 

4.2 Titanium alloys 

The use of titanium alloys in various areas of biomedical engineering is now a standard 

gold rule. It is mainly due to their attractive properties ï very high tensile strength, corrosion 

resistance, low density, low Youngôs modulus (considering relations between the alloy and 

human bone and tissue) and good ductility. On the other hand, titanium alloys also have one 

very specific weakness ï they are rather expensive, which is a fact that is limiting the 

potential of their usage as conventional materials. Various efforts have been made to reduce 

their cost, such as alloying with various elements, thermo-mechanical treatments and 

different approaches in the production process [50]. 

To better fit the natural environment of human body, it is desirable to reduce the elastic 

modulus of titanium alloys, making their mechanical behavior more similar to that of human 
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bones and tissue [51]. An overview of various titanium and other different alloys is shown 

in Fig. 15. 

 
Fig. 15: Moduli of elasticity of various biomedical alloys [52]. 

Titanium has one great benefit over zirconia implants ï it is a well-documented history 

of success, as they have been used for a longer period of time. Titanium implants can easily 

reamain functional after 25-30 years of service [46]. Titanium implants are also much more 

versatile than zirconia implants. Since zirconia is a one-piece system, there is not much space 

for fine-tuning and rectification of the implant. Unlike zirconia, titanium implants are a two-

piece system comprising of the body of the implant, which substitutes the root, and the 

abutment, onto which the artificial crown is placed. This system allows for a custom position 

placement of the implant and even slightly off-angle positions with customized, angled 

abutments, which are sometimes needed in case of local bone loss [46] (Fig. 16). 

 

Fig. 16: Variants of angled abutments for special applications [53]. 
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Titanium is an allotropic material, which means it can exist in multiple crystalline 

states. There are two of them ï the low-temperature Ŭ-phase and the high-temperature ɓ-

phase. The Ŭ-phase has a close-packed hexagonal crystal structure, whereas the ɓ-phase has 

a body-centered cubic (BCC) structure (Fig. 17) [54]. The transition from the low-

temperature Ŭ-phase into the high-temperature ɓ-phase occurs at 882ÁC, thus implying the 

use of different alloying elements with different mechanical properties. Therefore, using 

various alloying elements allows for stabilizing titanium in its respective phases.  

 

Fig. 17: Two allotropic forms of titanium. The transition from the hexagonal Ŭ-phase to the 

BCC ɓ-phase occurs at 882ÁC [54][54]. 

 

Choosing the elements for a specific alloy is bound with determining the final 

structure. The choice of the elements comes from their ability to stabilize either the Ŭ or ɓ 

phase. The most common Ŭ-stabilizing elements for titanium alloys are aluminum, oxygen, 

nitrogen, gallium and carbon. Elements used for stabilizing the ɓ-phase can be divided into 

two sections ï elements forming the ɓ-isomorphous-type or the ɓ-eutectoid-type. The 

isomorphous-type binary system-forming stabilizing elements are molybdenum, vanadium 

and tantalum, while the eutecoid-type stabilizing elements are copper, manganese, chrome, 

iron, nickel, cobalt and hydrogen. Zirconium, tin and silicon are considered to be neutral, 

considering their ability to stabilize either phase [55]. 
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Tab. 1: Critical concentrations (wt.%) of ɓ-stabilizing elements required to 

retain 100% of the ɓïphase after quenching  in binary Ti alloys [56]. 

Element Type 
Critical concentration 

(wt.%) 

Molybdenum Isomorphous 10.0 

Niobium Isomorphous 36.0 

Tantalum Isomorphous 50.0 

Vanadium Isomorphous 15.0 

Tungsten Isomorphous 25.0 

Cobalt Eutectoid 6.0 

Copper Eutectoid 13.0 

Chromium Eutectoid 8.0 

Iron Eutectoid 4.0 

Manganese Eutectoid 6.0 

Nickel Eutectoid 8.0 
 

The defining attribute of ɓ-titanium alloys is their ability to remain 100 % stable when 

quenched from the ɓ-phase field to room temperature. This stability is provided by alloying 

titanium with the ɓ-phase stabilizing elements. By providing the alloy with certain elements, 

we can stabilize either phase of titanium. Various elements can be used to lower the transus 

temperature required to provide transformation from the Ŭ to the ɓ-phase. This temperature 

is the lowest temperature in which 100% of the ɓ-phase will exist. Other elements can be 

used to increase the size of the ɓ-phase field or the Ŭ-phase field or create a combination of 

the two [56]. An overview of different Ŭ, ɓ and Ŭ+ɓ biomedical titanium alloys is shown in 

Tab. 2. 

The Ti-6Al-4V alloy deserves more attention in particular, as it is the commonly used 

alloy in total hip prostheses, dental implants and other biomedical applications. It is an Ŭ+ɓ 

titanium alloy with an excellent strength to weight ratio and very good corrosion resistance. 

Aside from the biomedical field, the Ti-6Al-4V alloy plays a huge role in aerospace, 

automotive, chemical plant, power generation, oil and gas extraction and many other 

industries [57], where low density, high performance and cost-effectivity demands the use 

of advanced materials. 
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Tab. 2: Various dental implant alloys and their mechanical properties [51]. 

Alloy 

Tensile 

strength 

Yield 

strength 
Elongation 

Reduction 

in area 
Modulus 

Type 

of 

alloy 

[MPa]  [MPa]  [%]  [%]  [GPa]  

cp Ti grade I 240 170 24 30 102.7 Ŭ 

cp Ti grade 2 345 275 20 30 102.7 Ŭ 

cp Ti grade 3 450 380 18 30 103.4 Ŭ 

cp Ti grade 4 550 485 15 25 104.1 Ŭ 

Ti-6-Al -4V ELI (mill 

annealed) 

860-965 795-875 10-15 25-47 101-110 Ŭ+ɓ 

Ti-6-Al -4V (annealed) 895-930 825-869 6-10 20-25 110-114 Ŭ+ɓ 

Ti-6Al-7Nb 900-1050 880-950 8.1-15 25-45 114 Ŭ+ɓ 

Ti-5Al-2.5Fe 1020 895 15 35 112 Ŭ+ɓ 

Ti-5Al-1.5B 925-1080 820-930 15-17 36-45 110 Ŭ+ɓ 

Ti-15Sn-4Nb-2Ta-

0.2Pd 

      

(Annealed) 860 790 21 64 89 
 

(Aged) 1109 1020 10 39 103 
 

Ti-15Zr-4Nb-4Ta-

0.2Pd 

     
Ŭ+ɓ 

(Annealed) 715 693 28 67 94 
 

(Aged) 919 806 18 72 99 
 

Ti-13Nb-13Zr (aged) 973-1037 836-908 10-16 27-53 79-84 ɓ 

TMZF (Ti-12Mo-6Zr-

2Fe) (annealed) 

1060-1100 100-1060 18-22 64-73 74-85 ɓ 

Ti-15Mo (annealed) 874 544 21 82 78 ɓ 

Tiadyne 1610 (aged) 851 736 10 
 

81 ɓ 

Ti-15Mo-5Zr-3Al 
     

ɓ 

(ST) 852 838 25 48 80 
 

(aged) 1060-1100 1000-1060 18-22 64-73 
  

21RX (annealed) (Ti-

15Mo-2.8Nb-0.2Si) 

979-999 945-987 16-18 60 83 ɓ 

Ti-35.3Nb-5.1Ta-

7.1Zr 

596.7 547.1 19 68 55 ɓ 

Ti-29Nb-13Ta-4.6Zr 

(aged) 

911 864 13.2 
 

80 ɓ 

         

 

  

Fig. 18: Figures showing geometrically modified Ti-6Al-4V ELI (extra-low interstitial) 

implants. Geometrical model (left) and cylinder-shaped implants with parallel beams 

(right). 
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The Ti-6Al-4V alloy is an Ŭ+ɓ alloy with the alpha hexagonal close packed structure 

and beta body-centered cubic in the microstructure at room temperature Fig. 19 [58]. It is 

usually manufactured in two variants ï the standard Ti-6Al-4V and the Ti-6Al-4V ELI 

(extra-low interstitial), which is a higher-purity alloy with lower specified limits on Fe, C 

and O. An overview of the chemical composition of this alloy as well as pure (cp) titanium 

is shown in Tab. 3.  

Tab. 3: Chemical composition of various grades of cp titanium and Ti-6Al-4V alloys 

[59], [60], [61], [62]. 

Titanium N C H Fe O Al V Ti 

cp Ti grade I 0.03 0.10 0.015 0.02 0.18  -  - balance 

cp Ti grade II 0.03 0.10 0.015 0.03 0.25  -  - balance 

cp Ti grade III 0.03 0.10 0.015 0.03 0.35  -  - balance 

cp Ti grade IV 0.03 0.10 0.015 0.05 0.40  -  - balance 

Ti-6Al-4V 0.05 0.08 0.015 0.30 0.20 5.50-6.75 3.50-4.50 balance 

Ti-6Al-4V ELI 0.05 0.08 0.012 0.10 0.13 5.50-6.50 3.50-4.50 balance 

 
 

 

Fig. 19: SEM image of the microstructure of a Ti-6Al-4V sample annealed at 800ÁC for 

two hours [58]. 
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4.3 Biocompatibility  

For the right functionality and risk-free usability in the human body, dental implants 

have to be biocompatible. That means that every element used in the final alloy must be 

corrosion resistant, tissue compatible, vital and elastic [63]. Titanium itself, being the most 

abundant element in the titanium alloy, meets the requirements of biocompatibility to an 

excellent extent [64], [65]. 

Recently, effort has been made to produce alloys free of V and Al as toxicity of V and 

potential neurological disorder impact of Al has been reported [64], [66], [67], [68], [69]. 

While Al and V are commonly used in Ŭ+ɓ alloys, which are currently the gold standard in 

implant dentistry, attention has been directed towards ɓ alloys, which commonly use Mo, 

Zr, Nb and Ta as alloying elements (Tab. 2). This trend also corresponds with osteogenesis 

ï it has been reported, that the amount of new bone formation after a few weeks is the greatest 

for niobium, then for tantalum and titanium (Fig. 20 a) [70]. Moreover, the results provided 

by H. Matsuno et al. [70] prove that during the 1-4 week period, the newly formed bone 

tissue was smoothly attached to the metal implant. During the 2-4 week period, the 

percentage of bone in contact with the implant has also rapidly increased (Fig. 20 b). 

 

 

 
a) The amount of new bone formation 

after 2 and 4 weeks. 

 b) The percentage of bone in contact with 

the implant after 2 and 4 weeks. 

Fig. 20: Two graphs showing the biocompatibility of different alloying elements in regard 

to new bone formation and bone-implant contact. Vertical lines show standard deviations. 

*Significant difference (p<0.05) [70]. 
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A series of in vivo tests [63] provides information on the short and long-term 

biocompatibility of individual materials. According to the reported results, the bonding 

abilities of tantalum are slightly inferior to those of titanium, with niobium being again the 

best material. The biocompatibility of niobium can be described as excellent. The results for 

titanium and tantalum are also very good, making these three metals very suitable for 

biomedical applications. It should be noted that the experiments were also made for other 

alloying elements, proving that aluminum is unsuitable for use as a ɓ-stabilizing element due 

to its limited ability to support cell growth (for conventional implants, it is still successfully 

used in the form of the Ŭ+ɓ Ti-6Al-4V alloy, originally designed for aerospace structures 

[66]). Zirconium stands as a potentially good biocompatible element, but it has poor 

corrosion resistance. Molybdenum has very strong ɓ-stabilizing properties on titanium 

alloys, but it was found that it is moderately toxic, making its use as a biomaterial 

questionable. Another observable factor considering biocompatibility is cell volume. It has 

been reported [63] that aluminum, implant steel 316 L and molybdenum exhibit a reduction 

in cell volume of the specimen, compared to cp-titanium, which has been set as 100% for 

the sake of comparison. Cell volume of the cells on tantalum and zirconium is not affected, 

while come cells on niobium show a small increase in volume. Other types of cells do not 

show any difference in volume or diameter on cp-titanium or niobium. Reduction in cell 

volume can be considered to be the result of a cytotoxic effect caused by reduction of the 

cytoplasmatic part of the cell [63]. 

Commonly used biomedical titanium alloys have (in general) these mechanical 

properties ï tensile strength of 500-1000 MPa, elongation of 10-20 %, modulus of 100-120 

GPa for Ŭ+ɓ titanium alloys and 55-85 GPa for ɓ-type low-modulus titanium alloys [51]. 

Low Youngôs modulus is a welcomed material property as it is desirable to introduce implant 

material that has similar properties as its predecessor, the organic tissue.  

Producing biocompatible alloys suitable for dental implants is also a question of 

choosing the best alloying elements. While elements like Zr, Nb, Mo and Ta possess very 

good mechanical properties and biocompatibility, they are also very expensive and have, 

compared to titanium, very high melting points [71]. With the need for biocompatible 

implants growing greater and greater due to an increased number of traffic accidents [72] 

and increasing age of population, the question of sustainable implant production is at hand. 

While alloys including non-toxic, expensive elements capable of stabilizing the ɓ-phase 

(such as Nb, Ta, Zr or Mo) represent the superior material, it is also desirable to develop 
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other, new alloys, including more common, abundant metals [71]. Expensive metals can be 

substituted with Mn, Fe, Si and Sn, but they are commonly used only as Ŭ-stabilizing 

elements and do not possess the ability to stabilize the ɓ-phase, so at least some addition of 

the ɓ-stabilizing elements is required [71] and such alloys are the subject of further studies. 

The standard Ŭ+ɓ alloys contain Al, V or Ni, but they are not to be considered 

poisonous or strictly health-damaging as their dangerous potential rather lies in long-term 

implantation effects [71]. These alloys have excellent mechanical properties, very good 

corrosion resistance and exhibit no immediate biocompatibility issues or rejection in the 

living tissue environment. Despite the fact they have been used for extensive periods of time, 

Co-Cr based and Ti-6Al-4V alloys are considered not ideal for long-term implantation 

because they contain high-cytotoxic elements like V, Ni or Co. Nickel is even considered an 

allergic carcinogen that shows one of the worst results in metal allergen tests [73]. Aluminum 

is known to be an element involved in  neurological diseases, such as Alzheimerôs disease 

and metabolic-bone disease [74]. While alloys with these elements are still one of the best 

materials in the field of prosthetics and implant dentistry, it is presumed that future 

development will be shifted towards ɓ alloys with even more biocompatible elements like 

Nb, Ta, Mn or Mo [71]. 

One of the most basic biocompatible aspects of Ti alloys is their low modulus, as 

described in Fig. 15 (varying roughly from 50 GPa to 110 GPa), which is far lower than that 

of 316 L implant steel (around 210 GPa) and Co alloys (around 240 GPa), preventing bone 

resorption and implant loosening [52]. Since the interaction of the implant and human body 

occurs on the surface of the implant, surface treatment and roughness of the implant is 

considered to be critical when evaluating biocompatibility  [75]. 

4.4 Surface treatment and osseointegration 

One of the main deciding factors of a successful osseointegration of the implant is the 

quality of its surface. The geometry of the implant and its surface treatment play an important 

role during the bonding process in the early stages of osseointegration [76]. Directly after 

implantation, the bone in the peri-implant area starts to interact with the implant. Generally, 

there can be 2 responses after implantation. The first response means failure ï the organism 

of the host creates a fibrous soft tissue capsule at the peri-implant area. This capsule does 

not provide a good mechanical fixation and eventually leads to clinical failure of the implant. 
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The second response means osseointegration ï direct bone-implant contact without any 

disrupting interconnecting soft tissue layer. 

There are several factors that decide whether osseointegration will be successful ï for 

the sake of brevity, only the most important ones will be addressed. Generally, the most 

important parameters which are usually modified are surface roughness, geometry of the 

implant and chemical composition of the surface. The main indication for using an implant 

with modified surface is usually poor bone condition of the patient [76]. Reports have shown 

that titanium implants with roughened surfaces exhibit better bonding with newly formed 

bone tissue than implants with standard, machined surfaces [77], [78]. 

Surface rougness has been proven to play an important role in the bonding process 

[79], [80], [81]. The greater the surface area of the implant, the greater the interlocking 

between the implant surface and bone ï bone ongrowth. However, there is a potential 

downside to having a very fine micro-roughness. As the surface area of the implant 

magnifies, so does the potential risk of ionic leakage [82]. Therefore, a moderate roughness 

of 1-10 ɛm is recommended for maximizing the interlocking between the new bone material 

and implant surface [78], [81]. 

      

Fig. 21: Manufactured functional titanium implant stems coated with porous titanium by 

means of plasma spraying. Conical stem with oblique beams (left), cylindrical stem with 

oblique beams (middle) and cylindrical stem with parallel beams (right). Images obtained 

from the 2015 TA03010886 project report submitted by CTU Prague, Faculty of Civil 

Engineering. 

The most common methods of roughening the implant surface are titanium plasma-

spraying (Fig. 21), blasting with ceramic particles, acid-etching and anodization. Some of 

the various surface geometry modifications are also presented in Fig. 22. 








































































































