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Abstract

Background. Improving the implantation conditions in order to reduce the failure is always desirable for researchers.
The aim of this study was to compare two different types of dental implant materials from biomechnical viewpoint in order
to introduce a novel simulation method to select suitable materials for dental implants.

Methods. In this research, drilling process was performed in the cortical bone of the mandible by finite element analysis
simulation. Then, a 3D model of the produced hole in the drilled site was derived and a dental implant model by ITI design
was inserted into the cavity. The space remaining between the implant and cavity was considered as a newly formed cortic-
al bone area. Implant loading was performed on two dental implants with different types of material. The change in the
volume of the cortical bone around each implant was considered a criterion for evaluating bone damage. Additionally, the
micromotion of dental implant in the mandible after implantation was used for investigating dental implant stability.
Results. After implant loading, the volume changes in newly formed cortical bone around Ti and Zr-2.5%Nb dental im-
plants were measured at 0.010809 and 0.010996 mm?, respectively. Furthermore, micromotion of Ti and Zr-2.5%Nb dental
implants were measured at 0.00514 and 0.00538 mm, respectively.

Conclusion. This study showed that Ti dental implant creates better conditions than Zr-2.5%Nb dental implant in the maxil-
lofacial region.
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Introduction

evelopment of a desirable alternative for lost
teeth has been an essential goal for dentists for
many centuries." After many years, implants became
a suitable replacement for original teeth.? Although
implantation helps patients live normally, some
drawbacks exist during and after implantation

process for some biological and physicochemical
reasons.® The failure cases such as bone degradation
occur due to surgical trauma or bacterial invasion or
high stresses on implant—bone interface.* Failures in
implantation indicate that further information is
needed on stress—strain distribution in the adjacent
bone and also implant stability.” Osseointegration is
a mechanism in which an implant is accepted by the
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host bone tissue biomechanically.® As shown in
many clinical researches, implants can fail because
of bone attenuation or decay around the implants.®
Mechanical loading on implants is transferred to the
newly formed bone around the implants, producing
stress and strain in this region, which results in bone
structure deformation.” Some effective parameters of
implants, prosthesis material, implant surface struc-
ture and property of bone—implant interfaces have
significant roles in the transfer of force to im-
plant-bone interfaces.® Different materials like met-
als, ceramics and polymers are used to manufacture
implants. Titanium is one of the metals used vastly
for the manufacture of implants due to its stability,
biocompatibility and mechanical properties.®*® Addi-
tionally, some metallic alloys such as stainless steel,
Co-Cr alloys, gold and tantalum alloys are metals
used to this end.”® In this research, the effect oftwo
types of implant made of pure titanium and zirco-
nium-2.5 niobium on reconstructed area of cortical
bone in the mandible was investigated by a practical
test and calculation of percentage of bone formation
after six weeks. After that, the effect of each implant
on the general stability in newly grown cortical bone
after 6 weeks was studied by finite element analysis.

Methods

This research consisted ofone practical and two si-
mulation sections. In the practical section, Young's
modulus of newly grown cortical bone around two
different implants was calculated after 6 weeks based
on the percentage of bone formation. The simulation
section consisted of two stages. The first stage was
drilling of the cortical bone of the jaw to achieve
cavity geometry and second was implantation and
loading on it, followed by investigation of the para-
meters applied in this process.

The first section

Young's modulus calculation for newly formed cor-
tical bone around Ti and Zr-2.5%Nb implants after 6
weeks

An in vivo animal model was used for measuring the
density of the newly formed bone. The animal model
was a 2-year-old hybrid dog. Six weeks after implan-
tation, the samples were separated from the sacri-
ficed dog's jaw, and the percentages of the newly
grown bone around the implants were determined by
histomorphometry. The percentages of newly formed
bone around Ti and Zr-2.5%Nb implants were esti-

mated at 39.5% and 38.5%, respectively. In the
second part of this research it was supposed that the
percentage of newly grown bone density around im-
plants relative to 100% formed bone is equivalent to
thevalues in the first part. The 100% formed cortical
bone density was 2.1 g/cm®** and its Young's mod-
ulus was 13.7 GPa.* The relation between the density
and Young's modulus is shown in Equation 1.

E~p® Equation 1

By supposing 39.5% bone formation around Ti im-
plant and 38.5% around of Zr-2.5%Nb implant, new-
ly formed cortical bone density around them were
0.8295 and 0.8085 g/cm?, respectively. By using eq-
uationland making a relation between the density
values and Young's modulus of 100% bone forma-
tion, Young's modulus of the newly grown bone
around Ti and Zr-2.5%Nb implants were 0.844 and
0.781 GPa, respectively.

The second section
The first stage: Bone drilling

Modeling: At first, a 3D-model from the cortical
bone of the mandible was designed by Catia soft-
ware and then the desirable model was imported into
Deform 3D software. The thickness of the cortical
bone of the mandible in this model was supposed to
be 2 mm, which has been measured for the end part
of the mandible in a previous research.®* For model-
ing of the drill bit, Deform 3D part design was used.
The diameter of the designed drill bit for this simula-
tion is 3.5 mm, the rotation speed is 400 rpm and the
feed rate is 60 mm/min.

Determination of cortical bone material for drilling:
For cortical bone drilling, the stress—strain curve of
human cortical bone in various strain rates wasre-
quired. According to Figure 1, the relevant data™
were imported to Deform-3D software. In order to
simulate drilling, the state of cortical bone and drill
bit model were supposed to be elasto-plastic*® and
rigid, respectively. The number of elements relating
to cortical bone model was 22316 and the number of
nodes was 14431. In this model the size of meshes in
drilled area was supposed to be 0.2 < mm. The fix
boundary condition was supposed for outer surfaces
of jawbone model except for the upper surface on
which the drill bit was placed. After drilling the cor-
tical bone of the jaw model, the 3D design of the
created hole was derived by Boolean operation in
Deform-3D software to be used in the second stage
of the research (Figure 2).
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Figure 1. The stress—strain diagram of human's cortical bone in different strain rates.

The second stage: Implantation in the jawbone and
applying load on implant

Modeling: The modelsused in this part consisted of
drilled cortical bone model, the geometrically de-
rived models from the inside of the hole, obtained
from the first part of simulation, acancellous part of
the jawbone model and a standard implant model.
The model of cancellous jawbone in maxilla was
drawn by Catia software and placed withinthe jaw
cortical bone. An ITI standard implant (Institute
Straumann AG, Waldenburg, Switzerland) with a
diameter of 3.3 mm was designed by Catia software
using data from a previous research.’ The designed
implant model was placed within the jawbone. Using
Boolean operation in Deform-3D software the place
of the implant and its treated surface were cut within
the cancellous bone and also the geometric model
was derived from the interior cavity form (Figure 3).
Figure 3 (C) indicates the model of newly grown
cortical bone around the implant. The diameter of the
implant designed in this research was 3.3 mm, whe-

A B

reas the diameter of the cavity drilled in first part
was 3.5 mm. In fact, the aim of this design was to
achieve a model of newly grown cortical bone
around implant with a minimum thickness of 0.1
mm. In other words, the thickness of the newly
formed bone around the thread tip of the implant was
about 0.1 mm and between the threads it was about
0.3 mm.

Material determination: For implant loading simula-
tion, each model was supposed to be elastic and im-
plant materials were Ti and Zr-2.5%Nb. Young's
modulus and Poisson's ratio relating to each mod-
elused in this part are presented in Table 1. The size
of elements in areas adjacent to implant and bone is
approximately 0.1 mm which is smaller than other
areas. The total numbers of elements for implant,
drilled cortical bone, cancellous bone and newly
grown cortical bone model were 46916, 18827,
61253 and 14652, respectively, and the numbers of
nodes were 11016, 4608, 1354 and 37950, respec-
tively. After placing the models in proper places,

Figure 2. A) Insertion of drill bit on the cortical bone of the jaw; B) The cavity created on the cortical bone of the
jaw and extracting the 3D geometry of the cavity by Boolean operation.
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Figure 3. A) ITI implant model inserted into the jawbone; B) Extraction ofimplant geometry from the cancellous
bone of the jaw by Boolean operation; C) Extraction of implant geometry from the 3D cavity created on the cortical

bone of the jaw by Boolean operation.

meshing them and specifying the suitable material
for each one, the stick boundary condition was sup-
posed for adjacent models. A 100-N vertical loading
was applied on the upper surface of implants. All the
models entered into the Deform-3D software were in
the STL format and all these simulations were per-
formed in a system with 8192 MB RAM, Intel®
Core™ i7-3770 CPU.

Results

After these simulations the volume change in newly
formed cortical bone model around each implant was
achieved as a criterion to compare the bone defect
around the implants. Displacement of each implant
was measured as a criterion for stability of each im-
plant in the jawbone. In relation to volume change in
the bone model around each implant, the first vo-
lume of newly grown cortical bone was measured at
4537818 mm®. After application of 100-N vertical
loading over two different implants, the volume of
newly formed cortical bone around Ti and Zr-
2.5%Nb implants reached 4.527009 and 4.526822
mm?, respectively. Therefore, the volume changesaf-
ter loading for new cortical bone around Ti and Zr-
2.5%Nb implants were 0.010809 and 0.010996 mm?,

respectively. Furthermore, the maximum amount of
displacement for Ti and Zr-2.5%Nb implants were
0.00514 and 0.00538 mm, respectively (Figure 4).

Discussion

Several studies have been performed on different
parameters related to implantation and their effect on
the bone surrounding implants after loading. A study
in this field evaluated the effect of cortical bone den-
sity and its thickness on emerged stress in cortical
bone after loading the implant. In that study, Guan et
al' proved that increasing Young's modulus increases
stresses in bone. Different studies have shown that
decreasing the cortical bone thickness increases
stress in the cortical bone.*'" The relation between
bone density and Young's modulus has been studied
in various researches."*® The results have shown that
an increase in bone density, increases Young's mod-
ulus. Additionally, different studies have shown that
a decreasein bone density will increase the strain in
bone.” In the current study, two different types of
materials were used for dental implants in order to
investigate mechanical properties of implants and
newly grown cortical bone around them. The results
of the practical test 6 weeks after implantation

Table 1. Mechanical properties of materials related to each modelin the second simulation part

Material Young's modulus (Gpa) Poisson's ratio Reference
Pure titanium 114 0.34 [6]
Zr-2.5%Nb 97.9 0.33 [16]
Cortical bone 13.7 0.3 [6]
Cancellous bone 1 0.3 [6]
Newly-formed cortical bone around Ti implant 0.844 0.3 Examined
Newly-formed cortical bone around Zr-2.5%Nb implant 0.781 0.3 Examined
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Figure 4. The schematic distribution of displacement
in: A) Ti implant, B) Zr-2.5%Nb implant.

showed that the cortical bone density around Ti im-
plant was higher than that around Zr-2.5%Nb. In
other words, the rate of bone formation around the
implant made of Ti is more than that formed around
Zr-2.5%Nb. In the next stage, the simulation of im-
plant loading process was performed 6 weeks after
implantation. The volume change in the surrounding
bone was considered as a criterion to compare bone
damage that each implant inflicted on its surrounding
bone. The results showed that Ti implants resulted in
less volume changesin the newly formed cortical
bone around it in comparison with the Zr-2.5%Nb
implants. In addition, the displacement of each im-
plant in the jawbone after loading was measured to
investigate the stability of each implant in the bone.

Conclusions

The results of the current study showed that using Ti
dental implants not only inflicted less damage onthe
newly formed cortical bone but also resulted in high-
er stability in the surrounding bone tissue under
loading compared to Zr-2.5%Nb dental implants.
The results of this study can help dentists select den-
tal implantswith suitable materials. In addition, this
research provided a novel simulation method to pre-
dict the behavior of dental implants from biomechan-
ical aspects for each material of dental implants.
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