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1. Introduction 

 

Titanium dental implants are widely used in Lithu-

ania and all around the world. Recent studies suggest that 

some patients could be allergic to some additives of titanium 

alloys (approx. 1% of total cases) [1]. Furthermore specific 

reactions may be resulted, when small metal particles spread 

in surrounding tissues. Macrophages attempts to engulf and 

digest these particles and results in inflammatory reaction.  

Therefore titanium dental implants are not recommended for 

patients who are more susceptible to inflammatory diseases. 

Regardless excellent material properties of titanium dental 

implants and ability to osseointegrate, titanium dental im-

plants lack aesthetics. Silver color metal is often visible 

through the gums (Fig. 1).  

Zirconia dental implants are potential alternative to 

titanium dental implants. Ceramics are polycrystalline com-

pounds, usually inorganic [2]. Zirconia is a very durable 

white color material. Aesthetic properties of zirconia dental 

implants are very close to the natural teeth (Fig. 1). Mechan-

ical properties of zirconia are superior to some metal alloys 

[3, 4]. Zirconia dental implants are inert and also are has 

ability to osseointegrate. Furthermore inflammatory reac-

tions to ceramic particles are reported to be milder than 

those evoked by metal implants [5]. In contrast to metals, 

ceramics are less elastic and practically not susceptible to 

creep. Therefore ceramic dental implants are very suscepti-

ble to microcracks. However if a ceramic is flawless, it is 

very strong even when subjected to tension [2]. 
 

 
 

Fig. 1 Titanium versus zirconia implant [6] 

 

Up to this point zirconia was only used as a coating 

material for metal dental implants. Advancement in manu-

facturing process of ceramics led to the opportunity to pro-

duce dental implants entirely from zirconia. Although mate-

rial properties are auspicious, it is still early to discuss long-

term success of zirconia dental implants.  

Durability of dental implants is one of the most im-

portant fields of research in modern odontology.  Dental im-

plant success is closely related to the quality of osseointe-

gration process and artificial material’s ability to survive in 

aggressive biological environment. In order to apply novel 

techniques and materials in practice, clinical researches 

must be made to ensure that these products are capable to 

withstand loads which occur during mastication.       

Removal torque tests often are used to evaluate the 

strength of bone–implant interface [7–10]. These experi-

mental studies are time and cost consuming. Moreover tests 

are being carried out with living animals.  

Finite element studies allow researchers to simu-

late loading of object of interest and assess as well as com-

pare different materials and parameters. The modeling pro-

cess of desirable object is the most important stage of these 

studies. The model of the bone could be based on computed 

tomography or magnetic resonance tomography images 

[11]. According Li, the accurate determination of boundary 

between cortical and trabecular bone is a complex task, 

therefore this boundary line is approximated [11]. Not only 

composition of the bone can be simplified, but geometric 

shape also. Chang simplified bone structure to a cubic 

shape, which was covered with a 2 mm layer of cortical bone 

[12]. El Anwar simplified bone geometry and simulated as 

a cylinder that consists of two co-axial cylinders [13]. The 

model may be two-dimensional. Guan performed a two-di-

mensional bone-implant structural analysis [14]. According 

to Guan, two-dimensional model is as precise as three-di-

mensional, but requires less computing time.  

Artificial materials for example implant body, 

abutment and dental crown, can be modeled quite accu-

rately. Materials are considered to be homogenous and iso-

tropic [11–14]. Loading conditions can be simulated with 

axial and non-axial forces. If model consists only of bone 

and implant body, loading forces act on a crest module [13, 

14]; if model consists all parts including dental crown – 

loading forces act on the surface of dental crown [12]. Den-

tal implants are subjected to loading conditions from 25 N 

up to 500 N at 15–45 degrees angle [11-14].  

The aim of this study is to evaluate and compare 

the stresses, resulted by dental implants with different ma-

terials (titanium alloy and zirconia) and geometrical param-

eters (length and diameter). 

 

2. Materials and methods 

 

In this work a fragment of mandible of adult was 

modeled, specifically the area around right side first molar 

tooth. Models were created with Autodesk Inventor 2016 
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Professional CAD software. The von Mises equivalent 

stress was computed for cortical and trabecular bone.  

The structure of the bone was simplified and con-

sisted of cortical and trabecular bone. The height of the bone 

was 27.0 mm, width – 14.0 mm. The thickness of the corti-

cal bone was selected from adult male mandible dimensions 

statistical data. The layer of cortical bone was assumed to 

be 2.25 mm thick.   

 

 
 

Fig. 2 Three-dimensional bone and implant model: 1 – cor-

tical bone; 2 – trabecular bone; 3 – implant body; 4 – 

abutment; 5 – dental crown 

 

Dental implant consisted of three main parts: im-

plant body, abutment and dental crown (Fig. 2). The geom-

etry of dental crown was based on first molar tooth average 

dimensions. Implant body was simplified and modeled as a 

cylinder with a chamfered end. The main parameters of im-

plant body were its diameter D and length L. 32 different 

dental implant designs used in this study cover the diameter 

range from 3.5 to 6.5 mm and length range from 8.0 to 17.0 

mm. Dental implants were made of titanium alloy Ti-6Al-

4V and yttria stabilized zirconia (3Y-TZP). The material for 

abutment was chosen the same as implant body. Dental 

crowns in all models were made from 3Y-TZP. 

 

Table 1  

Material properties adopted in the study 
 

Material 

Young’s 

modulus, 

GPa 

Poisson’s ratio 
Refer-

ence 

Ti-6Al-4V 110 0.35 [15] 

3Y-TZP 220 0.31 [16] 

Cortical 

bone 
13.7 0.30 [17] 

Trabecular 

bone 
1.5 0.30 [13] 

 

Both the implant and the bone were assumed to be 

isotropic, homogenous and linear elastic. Material proper-

ties used in this study are listed in Table 1. 

All physical, chemical properties and requirements 

for zirconia are listed in ISO 13356:2008 [18].  

Force application was performed in vertical condi-

tions using three forces (Fig. 3). One of them was axial and 

the rest was non-axial. The magnitude of forces was the 

same and equal 70 N each. The forces were applied on a 

dental crown. The exact points of loading were selected ac-

cording natural points of contact on the dental crown during 

occlusion [19].  

The model was constrained with fixed constraints 

at both ends of the bone fragment (Fig. 3). Implant was as-

sumed to be fully osseointegrated with the bone, therefore 

these parts were bonded. Furthermore, all parts of the model 

were bonded together.  

 

 
 

Fig. 3 Loading and fixture of the model 

 

Model was meshed into tetrahedral shape finite el-

ements. The number of finite elements ranged from 133148 

to 239858, with 201550–351595 notches.  

 

3. Results 

 

Finite element analysis has shown that highest von 

Mises stresses in cortical bone were found with titanium al-

loy implant with diameter of 3.5 mm and length of 8.0 mm. 

Peak stress value in cortical bone was 45.85 MPa. Calcu-

lated stresses were lower than yield strength of cortical 

bone. Highest stresses were concentrated in upper region of 

cortical bone on the buccal side of the mandible (Fig. 4). 

Loading resulted in 10.58 μm displacement in cortical bone.  

Lowest stresses in cortical bone were found with 

zirconia implant with diameter of 6.5 mm and length of 

17.0 mm (Fig. 5). Peak stress value in cortical bone was 

6.65 MPa, displacement – 5.14 μm.  
 

 
 

Fig. 4 Von Mises stresses in cortical bone caused by Ti-6Al-

4V implant (D = 3.5 mm; L = 8.0 mm) 
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Fig. 5 Von Mises stresses in cortical bone caused by 3Y-

TZP implant (D = 6.5 mm; L = 17.0 mm) 

 

 
Fig. 6 Von Mises stresses in trabecular bone caused by   3Y-

TZP implant (D = 3.5 mm; L = 8.0 mm) 

 
 

Fig. 7 Von Mises stresses in trabecular bone caused by Ti-

6Al-4V implant (D = 6.5 mm; L = 17.0 mm) 

 

Von Mises equivalent stresses in trabecular bone 

were 7.5 times lower than stresses in cortical bone. Highest 

von Mises stresses in trabecular bone were found with zir-

conia implant with diameter of 3.5 mm and length of 

8.0 mm. Peak stress value in trabecular bone was 5.87 MPa 

(Fig. 6). Maximum displacement was 8.8 μm.  

Lowest stresses in trabecular bone were found with 

titanium alloy implant with diameter of 6.5 mm and length 

of 17.0 mm. Peak stress value in trabecular bone was 

1.37 MPa (Fig. 7). The stresses distributed in larger area 

than compared with smaller diameter and length dental im-

plants. The maximum displacement of trabecular bone was 

5.11 μm. 

The increase of implant diameter and length re-

duced stress values in both cortical and trabecular bone 

(Figs. 8-9). Maximum stress values in cortical bone with zir-

conia implants were noticeably lower than with titanium al-

loy implants. Major difference was calculated with 3,5 mm 

dental implants, where von Mises stress peak values differed 

from 8.48 to 9.06 MPa.  

 

 

 
Fig. 8 Von Mises stresses in cortical bone 
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Fig. 9 Von Mises stresses in trabecular bone 

 

The difference in generated stresses between zirco-

nia and titanium alloys dental implants were 50% lower with 

implant diameter of 4.5 mm. Stress differences with 5.5 mm 

implants were only from 1,36 to 2.02 MPa, while tests with 

largest diameter used in this study, 6.5 mm, resulted no no-

ticeable difference.  

The peak stresses in trabecular bone were found to 

be lower with dental implants from titanium alloy. Maxi-

mum von Mises stresses were 9.8% lower, compared to the 

dental implants from zirconia with the respective geomet-

rical parameters. The increase of implant geometrical pa-

rameters resulted in decrease of the stress difference be-

tween two materials.  

From a biomechanical point of view, zirconia im-

plants may be a potential alternative to conventional tita-

nium implants for the support of overdentures. Superior aes-

thetic properties and lower peak stresses in cortical bone 

suggest that zirconia dental implants may be recommended 

to be used for front teeth such as incisors and canines. The 

material of the dental implant for molar and premolar teeth, 

which are deeper in the mouth and where larger implants 

usually are used, may be chosen after considering a possible 

specific reaction to one of the material of a particular pa-

tient.  

 

4. Discussion 

  

Finite element analysis is a widely used method for 

stress determination in physical structures. The results of 

these studies depend on various factors, such as material 

properties, boundary conditions, body interface definition, 

etc. It is apparent that this study was only a simulation of 

clinical situation.  

The simplification of the model resulted in de-

crease of modeling and computing time. For instance, geo-

metrical shape of dental implant was simplified and re-

placed with cylinder shaped object, instead of screw type 

dental implant used in clinical practice. Both bone and im-

plant were assumed to be isotropic and homogenous, while 

in reality the determination of anisotropic properties of hu-

man bone is practically impossible. Nevertheless the results 

were not affected by these simplifications, because the pur-

pose of the study was to compare the stresses, resulted by 

dental implants with different materials and geometrical pa-

rameters. 

The comparison of results of various studies is 

complicated, because of different model parameters, mate-

rial properties, boundary conditions used in these studies.  

The comparison could be only made by analyzing patterns 

of stress distribution, resulted from variation of different pa-

rameters. The results of this study confirm the conclusions 

of many authors that highest bone stresses occur in the cor-

tical bone near the neck of the implant. Huang reported 

stresses in the cortical bone to be 9.5 times higher than in 

trabecular bone [20]. This study determined this ratio to be 

7.5. This suggests that the major loading is carried by corti-

cal bone. 

The distribution of the stresses and peak values are 

mostly affected by geometrical parameters of dental im-

plant. Himlova concluded that the increase of diameter of 

dental implant is more effective than the increase of length 

[21]. El-Anwar and El-Zawahri reported that stress distribu-

tion caused by wide implants (5-6 mm in diameter) was not 

affected by the change of implant length [13].  

Comparative studies suggest that zirconia and tita-

nium dental implants resulted similar stress levels in the 

bone, and thus zirconia is suitable material for application 

in dental implants. Chang determined that peak stress values 

with zirconia dental implants were 9% lower than titanium 

[12]. Meanwhile titanium dental implant resulted in 15% 

lower stresses in trabecular bone.  

Presumably, finite element analysis will remain 

one of main methods in dental research in order to determine 

and compare the effectiveness of different materials and pa-

rameters. The advancement in medical imaging techniques, 

such as micro-CT or MRT, proposes a possibility to build 

more precise models of the living structure. Moreover, these 

images may be used for pre-operative assessment and plan-

ning. This course of development may increase the reliabil-

ity of results in finite element analysis. 

 

5. Conclusions  

 

1. Peak stress values in cortical bone were 19.1% 

lower with zirconia dental implants than titanium alloy. The 

major advantage of zirconia dental implants was found with 

small dental implants (3.5 and 4.5 mm in diameter). Signif-

icant difference between bone stresses generated by differ-

ent material large diameter implants (5.5 and 6.5 mm) was 

not observed.  
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2. Peak stress values in trabecular bone were 

9.8% lower with titanium alloy dental implants than zirco-

nia.  

3. Analysis has shown that zirconia dental im-

plants can be used as an alternative to titanium dental im-

plants.  
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M. Ruzas, A. Šešok 

 

BIOMECHANICAL INVESTIGATION OF TITANIUM 

AND ZIRCONIA DENTAL IMPLANTS 

 

S u m m a r y 

 

This paper presents results from using a three-di-

mensional finite element model to investigate the stress 

level in surrounding bone as a function of implant material, 

diameter and length. Three-dimensional model of dental im-

plant and bone was created using Autodesk Inventor 2016. 

The 32 different implant designs used in this study cover the 

diameter range from 3.5 to 6.5 mm, length range from 8.0 

to 17.0 mm and materials – zirconia and titanium alloy. 

Models were subjected to loading of 1 axial and 2 non-axial 

forces, all equal to 70 N. Analysis of results showed that 

increase in implant diameter and length generated lower 

stresses in both cortical and trabecular bone. Stresses in cor-

tical bone were on average 19.1% lower using zirconia den-

tal implants. Titanium dental implants resulted in 9.8% 

lower stresses in trabecular bone.  

 

Keywords: dental implants, durability research, finite ele-

ment analysis, numeric stress analysis, osseointegration, ti-

tanium, zirconia. 
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