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Abstract—There are many types of mechanical failure on the
dental implant. In this project, the failure that needs to take into
consideration is the bone resorption on the dental implant. Human
bone has its ability to remodel after the implantation. As the dental
implant is installed into the bone, the bone will detect and change the
bone structure to achieve new biomechanical environment. This
phenomenon is known as bone remodeling. The objective of the
project is to improve the performance of dental implant by using
different types of design. These designs are used to analyze and
predict the failure of the dental implant by using finite element
analysis (FEA) namely ANSYS. The bone is assumed to be fully
attached to the implant or cement. Hence, results are then compared
with other researchers. The results were presented in the form of Von
Mises stress, normal stress, shear stress analysis, and displacement.
The selected design will be analyzed further based on a theoretical
calculation of bone remodeling on the dental implant. The results
have shown that the design constructed passed the failure analysis.
Therefore, the selected design is proven to have a stable performance
at the recovery stage.
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1. INTRODUCTION

ENTAL implant is a prosthetic replacement for missing

teeth on the patients. Basically, a dental implant is a tiny
screw that makes of a material known as titanium. Other types
of implant material are a polymer, ceramic and ceramic coated
as well as carbon compound implant. The length of the screw
is about 5-8 mm is placed in the jawbone of the mandible
bone. Natural teeth consist of the crown and the teeth root.

The crown is covered with the white enamel which is the
visible section by naked eyes. The teeth root is used to support
the crown as it is extended into the jawbone. The dental
implant consists of three parts. The implant screw itself which
is used to insert directly into the jawbone. The abutment is
used to connect the implant screw with the artificial crown.

The third part is the artificial crown or denture. This
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artificial crown will be made to match the natural enamel
color to each of the patient in order to have natural
appearances and smile.

A dental implant is manufactured by using titanium which
is bio-compatible and offer strength and durability as well as a
unique property of fusing directly to the bone. This process is
known as osseointegration as shown in Fig. 1 [1]. After the
implantation of dental, the recovery period is between 12 to 24
weeks. The patients are recommended not to do any functional
load towards the implant which can delay the healing process.
Dental implantation success or failures are generally divided
into patient-related factor and implant location as well as
clinician experience [2].

Fig. 1 Osseointegration process [3]

The effect of bone resorption or bone remodeling has
become a major concern in the design of the dental implant
and the successful recovery of the dental implant surgery on
the patients.

The bone remodeling consists of several processes such as
osteoclast, bone resorption, osteoblast, mineralization and
quiescence [4]. In this project, the failure that needs to be
taken into consideration is the bone resorption on the dental
implant. Human bone has its ability to remodel after the
implantation. When the dental implant is installed into the
bone, the bone will detect and change the structure of the bone
to achieve new biomechanical environment.

Consequently, the remodeling of the bone will affect the
stability of the dental implant [S]. Thus, some simulation such
as finite element method on the dental implant for the bone
resorption needs to be carried out.

The objectives of the project are to design the dental
implant by using CAD software, to analyze the dental implant
by using FE software, and to predict the bone remodeling of
the dental implant system.

II. MATERIALS AND METHODS

The overall methodology is illustrated in Fig. 2. The first
phase is to review and to verify the design of dental implant
followed by the development of dental implant system. Then,
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the third phase is the development of simulation models by
using finite element software namely ANSYS. The fourth
phase is the result and analysis.
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cement material and bone material
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Predict the bone remodeling of the dental implant system
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Fig. 2 Flow chart of the dental implant system

A. Bone Model

The bone model consists of two types, cortical bone and
cancellous bone which are shown in Fig. 3 [6].

s
J

(a) (b)

Fig. 3 (a) Cortical Bone of the dental implant system, (b) cancellous
bone of dental implant system

B. Types of Design for Dental Implant

There are five types of designs for dental implant [6]. Each
design has two categories; cemented dental implant system
and un-cemented dental implant system. The tapered dental
implant will give higher stress distribution [6]. Fig. 4 shows

the benchmarked design, which is to be modified for better
performance of the dental implant.

I—.‘

| Abutment

Implant

Fig. 4 Benchmarked design [6]

C. Material Property of Dental Implant, Cement, and Bone

The material used to design a dental implant is Titanium.
Titanium alloy is a nontoxic and allergy-free for human body
[7]. Meanwhile compared to specific strength the titanium and
its alloy are superior to any other biomaterials [8]. Titanium is
biocompatible and offers strength and durability as well as a
unique property if fusing directly to bone. This process is
known as osseointegration [9], [10].

Tables I-III show the material properties of titanium,
cement, and bone model.

TABLE I
MATERIAL PROPERTY OF TITANIUM [6],[11]

Material property Value
Density, p 4.5-4.6(g/cm’)

Young Modulus, E  110x 10° (MPa)
0.3-0.36

210-1380(MPa)

Poisson’s ratio, v
Tensile Strength

TABLEII
MATERIAL PROPERTIES OF CORTICAL AND CANCELLOUS BONE [12]
Materials Young Modulus (MPa) Poisson’s ratio, v
Normal cortical bone 13,000 0.30
Normal cancellous bone 1,370 0.3
TABLE III
MATERIAL PROPERTIES OF CEMENT [13]
Material Properties Value

Density, p 2.24-2.40(g/cm?)
Young Modulus, E (14-41) x 10’ (MPa)
Poisson’s ratio, v 0.20-0.21
Tensile Strength 2-5(MPa)
Compressive Strength 20-40(MPa)
Shear Strength 6-17(MPa)

D. Applied Force and Boundary Condition

Force is applied to the dental implant system as well as the
boundary condition is set on the system. Type of force on the
dental implant is known as occlusal load or axial force. The
range of the applied force is in the range of 0 to 450N [10].
The force applied to this project is 100N which is
perpendicular on the abutment head of the dental implant [14].
This load is similar to the benchmarked design. Fig. 5 shows
the load applied on the abutment head of the dental implant.
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> 100N
Fig. 5 Load applied on dental implant system

Furthermore, the boundary condition as shown in Fig. 6 is
fixed at the two side of the dental implant system. The reason
to fix two sides of the dental implant system is not to allow
any movement of the system when the force is exerted on the
dental implant.

Fig. 6 Boundary condition on dental implant system

E. Prediction of Bone Remodelling

In the remodeling theory developed by Weinans [15], the
change in bone density is expressed as a fraction of
mechanical stimulus:

p=B(S-k); 0<p<pes (M

where B is a constant, S represents the mechanical stimulus, k
is the threshold value for the stimulus and pe, is the maximum
density of bone.

Further proposed (1) for various mechanical stimuli, a new
term U is the strain energy density, and p is the local density.
Hence, U/p represents the strain energy per unit bone mass.
Thus, (1) becomes,

p= B (U/p -k); 0<p<pcs 2)

The strain energy density U is taken as the apparent strain
energy density, and there is no consideration for the stress
history. Therefore, the empirical relationship between bone
density and Young Modulus is also considered [16]:

E=cp’ 3)

where E is the Young Modulus with a unit of MPa, ¢ is
constant with a value of 3790MPa (g/cm?)2.

Thus, based on Weinans for ease of algebraic manipulation,
the desired equation of change of density is formed.

p=B (U/p -k) - D (U/p -k)*; 0<p<pep 4)

where B is the rate of remodeling constant, U is the strain
energy; k is the strain energy density as well as D is the
additional rate of remodeling constant [17].

The prediction of bone remodeling is based on the selected
design of dental implant as shown in Tables [V and V.

TABLE IV
DESIGNS OF DENTAL IMPLANT

A cylindrical shape with threads.

A cylindrical shape with threads.
The bottom of this design is cut into
a cylinder shape hole.

A cylindrical shape with threads.
However, the body of the dental
implant is tapered from the top of
the body to the bottom of the body.

A cylindrical shape with threads.
However, the bottom edge of the
dental implant is cut in order to
improve the process of
osseointegration as well as the
surface area.

A cylindrical shape with threads.
This design is tapered from the top
of the body to the bottom of the
body.

III. RESULTS AND DISCUSSION

The results of five implant design simulation were analyzed
and discussed in this section. The results for cemented
implant were presented in terms of Von Mises stress, shear
stress, normal stress, and displacement. By making a
comparison among the designs, design 4 of the dental implant
is the best of all analysis. It has the lowest Von Mises stress,
displacement, shear stress and normal stress.

The maximum values of the stress and displacement are
13.734MPa, 2.998pum, 4.575MPa, and 1.971MPa respectively.
Design 4 also has more surface area as compared to other
designs and made it having a good contact with the bone. The
existence of the cement reduces the stress and deformation on
the bone. Design 4 is selected and compared with the
benchmark design as shown in Table V.
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TABLE V
BENCHMARK DESIGN BY ANOTHER RESEARCHER [18]

Benchmark, mm Results

Max. Von Mises Stress = 13.093 MPa
Max. deformation = 3.0422um
Shear Stress, Ty = 4.851 MPa
Normal Stress (MPa) = 1.852 MPa

Design 4 has improved the resultant displacement from
3.042um to 2.998um or 1.45% compared with the
benchmarked design. Figs. 7 and 8 show the simulation results
of design 4 of dental implant system by using commercial
finite element software namely ANSYS.

13 'I_‘?Il'l_:'
Liznde?
JRIZERYS
9158726
763356

6. 108326
4583120
1057826
15326126
F3B0.AMin

290706 Max

n 2ffdge 6
233L)e-0

= [RLHLEN

| Lads5e-6

—~{ L3346

. 4493 1s-7

. B.6621=-T

3331s-7

0 Min

Fig. 7 Von Mises stress and resultant displacement analysis

In order to make the prediction, the density of the bone will
be calculated. Thus, based on the (1) and (2) above, the strain
energy and the density of the cancellous bone need to be
obtained before the calculation of the rate of change for a
density [17].

The strain energy as shown in Fig. 9, reaches a steady state.
The strain energy, U obtained is 0.618 pJ. Then, the density of
the cancellous bone was calculated. The density of the
cancellous bone depends on the time.

Fig. 10 shows that the density of the bone is decreasing
after 1800 days. The percentage difference of the density of
the bone from 0 days to 1800 days is about 0.0128%. The
change of density is very small. Based on the theoretical

1.

calculation, the decreases in the density of the cancellous bone
is within 5 years or 1800 days.
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Fig. 8 Shear stress and normal stress analysis
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Fig. 9 Graph of strain energy against time

Density of cancellous bone against time
0,70002000000

= 0.70000000000

% 069998000000
< 069995000000
E 0.69994000000
= 0.69992000000

0.69990000000
o 500 1000

Time, t (Day)

1500 2000

Fig. 10 Graph of density of bone against time

IV. CONCLUSION

As compared to the benchmarked design [6], design 4 was
selected. Design 4 has a cylindrical shape, with a diameter
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of 4.3mm; abutment length of 5.5 mm as well as the
length of dental with 10 mm.

The resultant displacement is 1.45%. This design has the
lowest displacement as compared to other design.
Regarding the prediction of bone remodeling, the
theoretical result has been calculated. According to the
empirical formula from references [14], [16], [17], the
change of density has been calculated. The change of
density is within 5 years.

REFERENCES

A.F. Mavrogenis, R. Dimitriou, J. Parvizi, G.C. Babis, "Biology of
implant osseointegration," J Musculoskelet Neuronal Interact, vol. 9, pp.
61-71,2009.

L. Levin, "Dealing with Dental Implant Failures," Journal of Applied
Oral Science, vol. 16, pp. 1-5, 2008.

Academy of Osseointegration. Introduction of dental implant. Retrieved
from: http://www.osseo.org/newwhatisdentalimplant.html (Cited 29
April 14).

Y.C. Hsuan, J.J. John, S. Miiftii, "Prediction of bone remodeling around
dental implant systems," Journal of Biomechanics, vol. 41, pp. 1365-
1373, 2008.

D. Lin, Q. Li, W. Lie, I. Ichim and M. Swain, “ Biomechanical
Evaluation of the Effect of Bone Remodelling on Dental Implantation
Using Finite Element Analysis” [online]. In: Veidt, Martin (Editor).
Proceedings of the 5th Australasian Congress on Applied Mechanics.
Brisbane, Qld.: Engineers Australia, 2007: 639-644. Retrieved from:
<http://search.informit.com.au/documentSummary;dn=22209873842077
5;res=IELENG> ISBN: 0858258625. (cited 03 Feb 14).

J.-R. Xiao, Y.-F. Li,S.-M. Guan, L. Song, L.-X. Xu, L. Kong, "The
Biomechanical Analysis of Simulating Implants in Function under
Osteoporotic Jawbone by Comparing Cylindrical, Apical Tapered, Neck
Tapered, and Expandable Type Implants: A 3-Dimensional Finite
Element Analysis," Journal of American Association of Oral and
Maxillofacial Surgeons, vol. 67(7), pp. 273-281, 2011.

D. Swindler, "Primate Dentition," in An Introduction to the Teeth of
Non-Human Primates, ed United Kingdom: The Press Syndicate of The
University of Cambridge, 2002.

C. Aparicio, A. Padros, F.-J. Gil, “In vivo evaluation of micro-rough and
bioactive titanium dental implants using histometry and pull-out tests”,
Journal of the Mechanical Behavior of Biomedical Materials, vol. 4, pp.
1672-1682,2011.

D. Kurniawan, F.M. Nor, H.Y. Lee, J.Y. Lim, “Finite element analysis
of bone—implant biomechanics: refinement through featuring various
osseointegration conditions”, International Journal of Oral and
Maxillofacial Surgery, vol. 41, 2012, pp. 1090-1096.

D. Lin, Q. Li, W. Li, M. Swain, "Dental implant induced bone
remodeling and associated algorithms," Journal of the mechanical
behavior of biomedical materials, vol. 2, pp. 410-432, 2009.

M. Jamshidinia, L. Wang, W. Tong, R. Kovacevic, "The bio-compatible
dental implant designed by using non-stochastic porosity produced by
Electron  BeamMelting®  (EBM),"  Journal of  Materials
ProcessingTechnology, vol. 214, pp. 1728-1739, 2014.

Y.-Y. Chen, W.-P. Chen, H.-H. Chang, S.-H. Huang, C.-P. Lin, "A
novel dental implant abutment with micro-motion capability—
Development and biomechanical evaluations," Journal of dental
materials vol. 30, pp. 131-137, 2013.

Web element. Material properties of Titanium  Available:
<http://www.webelements.com/titanium/physics.html > (Cited 29 April
14). Solehuddin Shuib, Barkawi B. Sahari, S.V. Wong , Manohar
Arumugam, and A Halim Kadarman,’Stress Analysis of Femoral Hip
with Bone Resorption’, Trends Biomater. Artif. Organs, 27(2), 88-92
(2013).

S.Shuib, B.B. Sahari, W.S. Voon, M. Arumugam, A.H.
Kadarman,"Stress Analysis of Femoral Hip with Bone Resorption"
Trends in Biomater. Artif. Organs, 27(2), pp. 88-92, 2013.

H. Weinans, R. Huiskes, H.J. Grootenboer, "The behavior of adaptive
bone-remodeling simulation in models," Journal of Biomech vol. 25, pp.
1425-1441, 1992.

J. Li, H. Li, L. Shi, A.S.L. Fok, C. Ucer, H. Devlin, K. Horner, N.
Silikas "A mathematical model for simulating the bone remodeling

process under mechanical stimulus," Journal of dental material, pp.
1073-1078, 2007.

[17] D. Lin, Q. Li, W. Li, P. Rungsiyakull and M. Swain, "Bone Resorption

induced by dental implants with ceramics crowns," Journal of the
Australian Ceramic Society, vol. 45, pp. 1-7, 2009.

[18] S. Shuib, M.Z. Thor, Z.A. Rajion, and A. H. Kadarman, "Design and

Analysis of Dental Implant to Reduce Failure", in 2013 Proc.HKICEAS
Conf., pp. 12-311.

1077



