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The subject of the present work is optimization of the modern implant
system Osteoplant, which was created and is still developed by Foundation of University of Medical Sciences in Poznań. Clinical observations
point to the occurrence of both early and late complications in the case
of all two-component implant systems. In many cases, these problems
are caused by mechanical fractures of the implants themselves. The obtained results of the previous studies focused on necessary changes of
the implant mechanical behavior, which helped to achieve the required
long-term strength. However, modiﬁcations of the present dental implant
system are not obvious. In this paper, an optimization of the Osteoplant
dental implant system, with the use of FEA and genetic algorithms is
discussed.
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1.

Introduction

The use of implants is the commonly applied treatment method of dental restorations. The modern implant system Osteoplant was created and has been
developed by Foundation of University of Medical Sciences in Poznań since
over 10 years. The Osteoplant is a two-component implant system. It consists
of the abutment and root, which are connected by a titanium screw. Clinical observations point to the occurrence of both early and late complications
in the case of all two-component implant systems (Goodacre et al., 2003).
In many cases, these problems are caused by mechanical fractures of the implants themselves (Hędzelek et al., 2004; Kąkol et al., 2002; Zagalak et al.,
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2005). One of the most dangerous complications is fracture and cracking of
the dental implant parts. Damage of dental implant components makes further
treatment very diﬃcult. The previous studies (Wierszycki, 2007; Wierszycki
et al., 2006a,b,c) conﬁrmed fatigue as a reason of implant damage. The obtained results of previous studies focused on necessary changes of the implant
mechanical behavior, which helped to achieve the required long-term strength.
However, modiﬁcations of the present dental implant system are not obvious.
To ﬁnd out a better design of the implant system, an optimization procedures
based on FEA must be used. In this paper, the optimization of the Osteoplant
dental implant system, with the use of FEA, genetic algorithms is discussed.

Fig. 1. Dental implant Osteoplant

Genetic algorithms (GAs) have received wide popularity as optimization
techniques during the last decades, in particular, for very complex designs
and they can successfully compete with gradient-based approaches in many
areas (Goldberg, 1989). GAs are stochastic search approaches which rely on
the principle of survival of the ﬁttest in natural selection. Unlike conventional
optimization techniques, GAs explore simultaneously the entire design space
and, therefore, are likely to reach the global minimum. An improvement of
the global search process can be performed by incorporating neural networks
(NN) in optimization, which can learn and adapt changes over time. In general,
GAs require a lot computations (structural analyses in our case) and hence
high performance computing ideally addresses their needs, especially when
combined with NN.
In the created tool, the existing open source libraries have been used:
Galileo (for GA) and ﬀnet (for NN). The whole optimization procedure was
implemented with the use of Python scripting language. The FE model, numerical analysis and post-processing of results were performed with the use
of the Abaqus Uniﬁed FEA product suite from SIMULIA. The integration of
the GA and NN libraries with the FE tools was done by using the Abaqus
Scripting Interface (ASI).
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Model

The learning of a genetic algorithm and neutral network needs a huge number
of analyses to be carried out. For this reason, the crucial characteristic of
the numerical model of implant, which is used in optimization process, is
performed. In practice, the time of calculation can not exceed several dozen
minutes. This limitation causes that a fully three-dimensional model of an
implant and typical modeling approaches can not be used (Wierszycki et al.,
2006a). For this study, a special approach was proposed. A modeling approach
described in detail below enables us to carry out a nonlinear, 3D simulation
of a dental implant in an acceptable time with a satisfactory level of accuracy
of the results.

Fig. 2. Numerical models of the implant: axisymmetric (a) and 3D (b)

A three-dimensional model of the implant has been created by revolving
an axisymmetric model about its axis of symmetry. The symmetric model
generation capability of Abaqus/Standard enables one to create automatically
a three-dimensional model (Abaqus..., 2007a). The nodes, elements, section
deﬁnitions, material and contact deﬁnitions of the three-dimensional model
are created automatically based on the axisymmetric model description. Only
kinematic constraints and boundary conditions must be redeﬁned. In order
to reduce the time of calculation, the asymmetric deformation of the threedimensional model was assumed to be symmetric with respect to the radial –
symmetry axis plane at an angle equal to 0 or 180◦ . The symmetric results
transfer capability of the program and it was used to transfer the results from
the axisymmetric simulation of the assembly to the ﬁnal three-dimensional
model (Abaqus..., 2007a).

T. Łodygowski et al.

576
2.1.

Geometry

The geometry of the numerical model was simpliﬁed to the axisymmetric
description (Fig. 2). The internal threads of the implant body and screw were
simpliﬁed to axisymmetric, parallel rings. Because the main goal of this study
is the optimization of the screw connection, the external thread of implant body was omitted. The parametric Abaqus/CAE model of the implant consists of
three axisymmetric parts. The shape of each of them corresponds to the crosssection of dental implant components: abutment, body and screw. The 2D
sketches of this parts have fully parametric geometry description and are fully
constrained. These constraints with the dimensions and parametric equations
added to the sketch enable us to automatically modify the shape of implant
components (Abaqus..., 2007b). The six global independent parameters were
deﬁned:
• screw head diameter,
• screw head conic surface opening angle,
• screw head height,
• hexagonal slot diameter,
• hexagonal slot height,
• hexagonal slot conic surface opening angle.
All parts share the same parameters, so the instances of the parts are
always consistent. The parameters are further coded in GA as gens (see Section 3.2.2.).
The geometry of the three-dimensional model of the implant was not deﬁned directly. The FE three-dimensional model is automatically created based
on the axisymmetric model (see Section 3.3.4).
2.2.

Material

All components of an implant are made of medical alloys of titanium. For
general stress-strain analyses, isotropic and non-linear elastic-plastic characteristics of material models were taken into account. The material properties
were based on the Certiﬁcates of Conformity and on literature (Wang, 1996).
The mechanical properties of titanium alloys are shown in Table 1. For fatigue calculations, the model of material has to be simpliﬁed to a linear elastic
description.
The material models and characteristic geometry deﬁnitions are automatically transferred from the axisymmetric to three-dimensional model during
realization of the symmetric model generation procedure (Abaqus..., 2007a).
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Table 1. Mechanical properties of implant materials
Young’s modulus [MPa]
Poisson ratio
Yield [MPa]
Tensile Yield [MPa]
2.3.

Implant body

Abutment

Screw

105 200
0.19
615.2
742.4

105 200
0.19
832.3
1004.0

105 200
0.19
802.8
970.4

Assembly and contact

The assembly is done at the ﬁrst axisymmetric stage of creation of the
implant model. The three two-dimensional instances of implant parts were
positioned relative to each other in a global coordinate system. Relative position constraints were applied to align with:
• conic surface of hexagonal slot and outside of abutment,
• conic surface of screw head and inside of abutment.
Fully relative position constraints of implant part instances make possible
automatic redeﬁnition of the implant model assembly (Abaqus..., 2007a). The
assembling simulation involves solving a contact problem (Wierszycki et al.,
2006b). For this purpose, it is necessary to deﬁne three contact areas, between:
• root and abutment,
• root and screw,
• abutment and screw.
This contact conditions produce typical assembly problems, so we decided
to use a standard small-sliding contact formulation. In order to minimize the
dependence on mesh density, the surface-to-surface contact discretization was
used. Signiﬁcant penetrations of master nodes into the slave surfaces do not
occur with the used space discretization. Moreover, surface-to-surface discretization provides more accurate stress and pressure results, especially in the
cases of contacts at corners like on the threads. In some situations, the surfaceto-surface discretization approach can generate additional solution costs (Abaqus..., 2007a). The reason for this is that more nodes per each constraint are
involved. In this particular application, the surface-to-surface discretization
approach signiﬁcantly reduces the solution cost. For a three-dimensional model with two cylindrical elements in 180◦ segment, the node-to-surface discretization causes a double increase in the number of increments and sever
discontinue iterations. There are no signiﬁcant diﬀerences in time of calculation depending on the method of contact constraint enforcement. The penalty
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method as the contact constraint enforcement method was selected for both
normal and tangential directions. Tangential surface behavior was deﬁned as
the classical isotropic Coulomb friction model. The friction coeﬃcient is the
same for all contact pairs and amounts to 0.19. The deﬁnitions of contact pairs are automatically transferred from the axisymmetric to three-dimensional
model in the symmetric model generation procedure (Abaqus..., 2007a).
2.4.

Loads

The loading of the implant model is a two-step process. The ﬁrst step
corresponds to simulation of a tightening process. In this step, both model and
its response are axisymmetric. This simulation can be carried out with the use
of the axisymmetric model. The second step is bending, which is caused by
the worst component of service load, perpendicular to the axisymmetric axis.
In this case, the model which can describe asymmetric deformation is needed.
For a two-component implant, one of the most crucial aspects of numerical modeling is simulation of the mechanical assembly subject to tightening
of the implant screw (Lang et al., 2003; Wierszycki et al., 2006c). For the
axisymmetric or a simpliﬁed three-dimensional model, tightening simulations
cannot be performed as a real physical process. A work-around of this approach is necessary. For simulation of tightening, a prescribed assembly load
has been used. The middle part of the screw was deﬁned as pre-tension section. The tightening load (150 N) was applied to the pre-tension section as a
concentrated load. During calculation, the screw length was reduced in this
pre-tension section to achieve the assumed tightening force. The implant body
and abutment were tightened as results of the change of screw length. The
value of axial force in the tightened screw was calculated from the empirical
formulation (Bozkaya and Müfüt, 2005; Lang et al., 2003; Merz et al., 2000). It
depends on the friction coeﬃcient and torque. This assumption and procedure
of tightening were veriﬁed during full simulation of screw tightening with the
help of a fully three-dimensional FE model of an implant (Wierszycki et al.,
2006c). The results obtained in the axisymmetric simulation were transfered
into the ﬁnal three-dimensional model. The second step was bending of the
tightened implant. The bending force was applied to the tip of abutment by
means of the concentrated load (10 N) perpendicular to the axisymmetric axis
of the implant.
2.5.

Mesh

For all parts of the model, a quad-dominated shape of elements was used.
At each edge of the mesh region, the seed (approximated node locations) has
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been deﬁned to control mesh density. Correct mesh density must be ensured for
diﬀerent geometry conﬁgurations. The seeds have been deﬁned by specifying
average element sizes along the edges. To ensure the proper mesh density
for diﬀerent geometry conﬁgurations, the seed densities have been partially
constrained. This approach ensured that even if the number of elements along
the edge was changed its size remained such as had been deﬁned (Abaqus...,
2007b).
The mesh of the three-dimensional model was generated automatically in
the symmetric model generation procedure. In whole model of implant, CCL9
and CCL12 elements were used (Abaqus..., 2007a). The cylindrical elements
available in Abaqus/Standard use standard isoparametric interpolation in the
radial-symmetry axis plane, combined with trigonometric interpolation functions with respect to the angle of revolution. Cylindrical elements can span
angles between 0 and 180◦ . The cost of calculation was signiﬁcantly reduced
by this fact itself. The number of cylindrical elements along the circumferential direction is the compromise between time of calculation and accuracy of
the results. Five tests were carried out to evaluate which number of elements
is optimal. The models with three-dimensional solid element C3D8 and C3D6
were used as reference solutions. In the models, 32 and 16 elements per 180◦
segment were used. The maximum values of the equivalent Mises stress at
characteristic notches and global bending stiﬀness of the whole implant structure were used to compare the results. The comparison of computations for
diﬀerent models are shown in Fig. 3. Detailed results of comparable studies are
shown in Table 2. Because there are no signiﬁcant diﬀerences in the results for
two- and four-cylindrical elements, two elements were used in the optimization
process. This approach enabled us to describe nonlinear asymmetric deformation for axisymmetric geometry and simultaneously signiﬁcantly reduced size
of the problem (ca. 94 000 dof) in comparison with the fully three-dimensional
model (ca. 600 000 dof).

Fig. 3. The Wallclock time for 3D analyses with the use of cylindrical (CCL-x) and
3D solid elements (C3D-x)
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Table 2. Selected parameters of comparable 3D simulations with the use of
cylindrical (CCL-x) and 3D solid elements (C3D-x)

CCL-1
CCL-2
CCL-4
C3D-16
C3D-32

Float. point
operations
per iteration [–]
6.51 · 109
2.81 · 1010
1.61 · 1011
9.48 · 1011
5.15 · 1012

Minimum
memory
required
[MB]
47.31
87.25
176.93
447.38
1157.12

3.

Required
disksdiskspace
[MB]
150.73
366.96
1034.24
2969.60
8427.52

Number Number Number
of equa- of incre- of iterations
ments
tions
[–]
[–]
[–]
56226
7
40
93588
7
45
168312
9
62
317760
13
104
616656
13
109

Wallclock
time
[s]
160
401
1565
8730
47685

Dental implant optimization

The optimization of the presented dental implant is a very complex problem.
The model, which is the basis (starting point) for the optimization, is well
developed. It estimates the implant behavior giving consideration to material
nonlinearity, complex contact deﬁnition and prestress of the assembly screw.
The level of complexity and large number of design parameters result in many
local minima in the design space. Thus, the optimization algorithm has to
search for the optimal solution globally, based on a limited set of solutions
in the design space. Moreover, a few problems with FE analysis can occur
and should be taken into account. The most frequent ones are rebuilding and
no-convergence problems. The complexity of geometry and large number of
design parameter combinations makes it impossible to predict all problems
with the geometry. As a consequence, for some conﬁgurations of the design
parameters which are in the feasible region, the proposed shape is incorrect.
Additionally, the problem with mesh generation can occur, which can be also
treated as a rebuild problem. Reasons for no-convergence are usually caused by
too large plastic strain or contact problems. Both can occur for points in the
feasible region of the design space and have to be expected during optimization
process.
One of the optimization algorithms which can fulﬁll all these requirements
is a genetic algorithm. In the presented optimization, a classic binary form
with two genetic operators: crossover and mutation is used.
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Genetic algorithm (GA)

The genetic algorithm has been inspired by evolutionary biology and incorporates techniques such as inheritance, mutation, selection and crossover to
ﬁnd a better solution. The most important advantages of the genetic algorithm
over classic methods of optimization is that it works basing on the problem
solution instead of analytical relations. It can optimize linguistic variables and
use parallel computing by nature. Despite being a powerful optimization tool,
the genetic algorithm uses simple rules, which makes it easy to implement. In
the module presented in this work, the galileo (GPL) library was used.

Fig. 4. Scheme of genetic algorithm processing

A genetic algorithm operates on individuals which are abstract representations of a real solution. Each individual contains a set of encoded design
variables, which is called a chromosome. The binary encoding is a very classic
one and is also used here. The range and number of bits was set for each design parameter. The string representing a chromosome was constructed over
the alphabet {0, 1} and can be symbolically represented as follows
A = a1 a2 a3 . . . ai . . . al

(3.1)

In equation (3.1), ai represents a particular bit, an element from alphabet,
at the position i, and l denotes the total string length. In order to collect
chromosomes with similar features, we can introduce a schema. The schema is
constructed over an extended alphabet of three symbols {0, 1, ∗}, where ∗ is
do not care symbol. The schema can be symbolically represented as fallows
H = h1 h2 h3 . . . hi . . . hl

(3.2)

hi denotes a particular element from the extended alphabet at the position i,
and l represents the schema length. The order of schema H, denoted by o(H)
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represents the number of ﬁxed positions, in this case, 0’s and 1’s, whereas
length, denoted by δ(H) is the distance between the ﬁrst and the last ﬁxed
position. The chromosome matches the schema if for i ∈ h1, li, hi = ai or
hi = ∗. Each schema H can be described by the order and the length.
The main idea of GA processing consists in generation of a set of initial
solutions and use of evolutionary operators to improve them in successive
iterations, called generations. An initial set of individuals, called the initial
population, is usually randomly created. Every new population is subjected
to evaluation. The evaluation process consists of assigning a ﬁtness value to
each individual. The ﬁtness value describes solution quality and is calculated
according to an objective function and results of FE analyses.
Denoting the ﬁtness value of the j-th individual matching the schema H
by fjH and their number after t-th iteration by m(H, t), the average ﬁtness
value for the schema H after t-th iteration can be represented as follows
f (H, t) =

fjH
m(H, t)
P

(3.3)

whereas the average ﬁtness value of entire population may be given by
f=

P

fj
n

(3.4)

The population size and j-th representation of individuals is denoted by n
and fj , respectively.
Fitness values are the basis for the selection process. The selection mechanism watches over the improvement of the next population quality. During
selection, statistically only the most ﬁtted individuals are chosen in order to
allow them to take part in creation of the next population. The probability
of choosing the particular individual in a single trial using the wheel-roulette
selection method can be given by the following equation
fj
pi = P
fj

(3.5)

Assuming that the number of a selected individual has to be equal to the population size, the expected number of individuals which match the schema H
in the t + 1 population is as follows
m(H, t + 1) = m(H, t)

f (H, t)
f

(3.6)

The number of schema H representatives in the next population grows with
the ratio of the average value of the schema to the average ﬁtness of the entire
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population. Thus, the schema with a higher average ﬁtness is more strongly
promoted. Moreover, one should expect that the number of individuals matching the schema will grow if their average value is higher than the whole
population average value.
In the next stage, the selected individuals are subjected to crossover and
mutation. The operators use selected chromosomes in order to create new
design parameter conﬁgurations. The primary function of crossover is to mix
the parent individual chromosomes and create a new couple of oﬀsprings. The
crossover proceeds with a probability deﬁned by the crossover rate pc . The
moderation of crossover prevents premature convergence getting stuck in a
local minimum. In a classic form, crossover consists of sampling a chromosome
partition point, dividing parent chromosomes and swapping obtained parts
between them. The crossover improves the population diversity but on the
other hand reduces individuals, which match the schema H regardless of their
ﬁtness. The probability of survival of the scheme H, in spite of crossover, can
be deﬁned as follows
δ(H)
ps = 1 − pc
(3.7)
l−1
In the equation above, l denotes the chromosome length.
Mutation is responsible for random distortion of chromosomes. Random
distortions keep diversity of the population on a suﬃcient level and help to
escape from a local minimum. In binary encoded chromosomes, mutation samples a gene and changes its value to the opposite. The intensity of mutation
is controled with the mutation rate pm . Similar to crossover, mutation can
destroy individuals matching the schema H. In the case of mutation, the probability of H schema representative survival can be given by the equation
ps = 1 − o(H)pm

(3.8)

Summing up the eﬀect of three operators: selection, mutation and crossover, the expected number of representatives of the schema H in the next
population can be given as follows
m(H, t + 1)  m(H, t)

i
f (H, t) h
δ(H)
1 − pc
− o(H)pm
l−1
f

(3.9)

In the last stage, the new population replaces the previous one. Usually,
the genetic algorithm ends when either the maximum ﬁtness value for the
best ﬁtted individual is obtained or the maximum number of generations is
achieved. A general chart-ﬂow of the genetic algorithm is presented in Fig. 4.
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3.2.
3.2.1.

Definition of the optimization problem
The goal

The present study is expected to ﬁnd a new dental implant shape. The
shape should lead to lower principal stresses in comparison with the currently encountered values. In the presented FE model, geometry and material
properties are similar to a real dental implant. The loads which were applied
come from (Zagalak, 2003) and are recognized as test loads. For the presented
conﬁguration, the maximum principal stresses are greater than 625 MPa and
are localized in the screw corner (Fig. 5).

Fig. 5. Huber-Mises stress in the initial design of a dental implant

In spite of looking for a new proposal of shape, an other goal is veriﬁcation
of the used numerical method. The study should provide an answer to the
question wether this methodology can be used in further improvement of the
dental implant design.
The genetic algorithm tries to ﬁnd the most ﬁtted individual with the highest ﬁtness value. In the case of minimization problem, the objective function
has to be modiﬁed in order to evaluate individuals. In the present work, the
ﬁtness function was deﬁned according to the equation
f (X) =



1
max
σmaxPrinc

2

c

(3.10)

where X = [A, B, C, D, E, F ] and c = 109 .
max
The value of σmaxPrinc
represents the maximum principal stress in the
upper part of the implant and the vector X denotes conﬁguration of design
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parameters. An additional multiplier c was used in order to prevent obtaining
values smaller than machine precision.
3.2.2.

Design parameters

Geometry of the presented two-component implantology system is quite
complex and the choice of correct design parameters is crucial. The thread
was excluded from consideration at this stage of the study. Six geometrical
parameters were deﬁned as real variables (Fig. 6). All of them refer to the
upper part of the implant.

Fig. 6. Design parameters

The design parameters were encoded into a binary string. There were determined for each design parameter range and number of bits for encoding.
The ranges come from both the geometry limitations and manufacture requirements, and are listed in Table 3.
The larger number of bits for encoding, the better accuracy. On the other
hand, however, the total time of optimization substantially increases. The
decision on the number of bits is always a compromise between time and
required accuracy. In the present case, for angle variables four-bit strings were
constructed, whereas for all the rest only three bits were used. The choice of
particular design parameters was based on the range and expected inﬂuence
on ﬁnal results. The obtained resolution of the design parameter d, can be
calculated as follows
dmax − dmin
dπ =
(3.11)
2n − 1
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Table 3. Range and number of bits for design parameter encoding
Min Max
value value

Range

Bits

Resolution

1.6

0.65

3

0.093

0.0

80.0

80.0

4

5.33

C
D
E

1.5
1.0
0.05

6.4
1.5
2.65

4.9
0.5
2.6

3
3
3

0.7
0.071
0.371

F

11.0

90.0

79.0

4

5.27

Name

Symbol

Screw head diameter
Screw head conic
surface opening angle
Screw head height
Screw diameter
Hexagonal slot height
Hexagonal slot conic
surface opening angle

A

0.95

B

where dmax , dmin denotes the maximum and minimum limit for the variable
for string length equal to n.
All the binary strings reference to the design variables and are joined in a
chromosome. In the present work a twenty bit string is used as below
chi = [g1A , g2A , g3A |g4B , g5B , g6B , g7B |g8C , g9C , g1 0C |g1 1D , g1 2D , g1 3D |

(3.12)

g1 4E , g1 5E , g1 6E |g1 7F , g1 8F , g1 9F , g2 0F ]
The superscripts denote design parameters symbols in accordance with Table 3.
3.2.3.

Constraints

The material used in the FE model simulates the elasticplastic behavior.
To some extent, it is allowed to exceed the plastic stress limit in the dental
implant but the plastic strain can not be too large. In FE analysis, it is assumed
that the maximum equivalent of plastic strain can not be higher than 10%.
The equivalent plastic strain can be calculated as
pl

pl

ǫ =ǫ

0

+

Zt r
0

ǫpl

2 pl pl
ǫ̇ : ǫ̇ dt
3

(3.13)

where
denotes initial equivalent strain, which was equal zero, whereas
0
p
ǫ̇ l denotes the equivalent plastic strain rate. The principal stress reduction,
which was set as the goal, directs changes in individual in the opposite direction
to this constraint. Thus, no stress or plastic strain constraints were necessary.
In the case of rebuild or convergence problem, the death penalty method is
applied. The individual is eliminated from further processing.
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The genetic algorithm

In the evaluation of a single individual, the FE model of the dental implant
which is timeconsuming signiﬁcantly limits the population size. On the other
hand, the population has to be large enough to provide suﬃcient diversity and
represent the design space properly. In the present work, a forty-individual
population was used. The number of epochs was not limited a priori. The
optimization was stopped, based on monitored results. The signal to brake the
procedure was sent after a few epochs without any new proposal for better
solution.
The ﬁrst population was randomly created. Moreover, because of the death
penalty method constraints, individuals in the ﬁrst population were generated and checked as long as the whole population of correct individuals was
not achieved. The procedure prevents starting from individuals, which will be
eliminated in the second generation.
The ranking-based method of selection was used. This type of selection consists in sequential arrangement of individuals according to their ﬁtness and assigning to each i-th individual in the range from rimin to rimax
where
max
r0min = 0
rimin = ri−1
pi
(3.14)
rimax = rimin + Pn
rnmax = 1.0
j=0 pj

In the above equations pi and n denote the position in the ranking and the
population size, respectively. During the selection, a value between 0 and 1 is
randomly generated and indicates the individual which refers to the range in
which the value is included. In contrast to the classic method of selection, i.e.
roulettewheel, this method sets probability of being selected according to the
position in the ranking instead of the ﬁtness. As a consequence, the probability
of choosing an individual with much lower ﬁtness than the maximum one
increases and results in higher diversity in the late stage of the optimization
process.
The onepoint crossover method is applied. The selected individuals are
joined into couples, their chromosomes are divided into three substrings at
random positions and swapped between parent individuals. A new couple
of oﬀsprings represents combinations of both parent features. In order to
keep diversity on a suﬃcient level during the optimization process, not all
couples are subjected to crossover. The intensity of crossover is determined
with the crossover rate, which is constant and equal to 0.75 in the present
work.
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In the last stage of recombination, random distortions are introduced to
chromosomes. The probability of each gene distortion is controlled by the
mutation rate. In the present work, the constant value of 0.02 during the
whole optimization process was kept. When a gene is selected to mutation its
value is changed to opposite one, from 0 to 1 and vice versa.
The classic form of population replacement was used. The whole previous
population was replaced with the new one completely. This method allows for
increasing the diversity and search through the design space more extensively
in comparison with alternative methods, e.g. steadystate replacement. Unfortunately, at the same time, it moderates the convergence and increases the
number of necessary FE analyses. The small population size, which was used,
limited the variation of the design parameters, therefore the diversity was an
important factor.
3.3.

Incorporation of the genetic algorithm into Abaqus/CAE

The genetic algorithm processes chromosomes which represent various
combinations of design parameters. Each new chromosome has to be evaluated in order to assess its quality. A great advantage of the genetic algorithm
is that the evaluation process can be fully elaborated in an exterior procedure. The procedure returns ﬁtness values based on chromosomes. The tool
employed in the evaluation procedure has to provide possibility to rebuild the
FE model for any design parameter conﬁguration. Moreover, some procedures
like meshing has to be created automatically. Thus, the reliability and capacity of the rebuilding tool are crucial. In the present work, the Abaqus/CAE
environment in cooperation with Abaqus/Standard code is used.
3.3.1.

Optimization module for Abaqus/CAE

Abaqus/CAE provides an eﬃcient environment for user scripting. The
object-oriented scripting language, called python is available. The user can
add new procedures into the kernel and graphical user interface (GUI) as well.
In order to carry out the dental implant optimization, a new module has been
created with a fully functional graphical user interface (Fig. 7).
The optimization driver was imported as an external library into Abaqus/CAE environment. The open source library called galileo was used. The
implemented module was divided into two main sections. The ﬁrst one organizes genetic optimization and employes galileo library mostly, whereas the
second provides a tool for chromosome evaluation.
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Fig. 7. Optimization module for Abaqus/CAE
3.3.2.

Individual evaluation

Every chromosome created in the reproduction process is a starting point
for the evaluation procedure. In the ﬁrst stage, each i-th chromosome is divided into substrings which refer to the design parameters. Next, each binary
substring is decoded into an integer value ej and i-th design parameter is
calculated with the given equation
dmax
− dmin
j
j
dj = ej
2n − 1

(3.15)

In the equation above, the symbol n denotes the substring length. Finally,
a set of real design parameter values is obtained and provides the basis for
model rebuilding.
All design parameters refer to geometry of the dental implant. Abaqus/CAE kernel script is created and run in order to change them in the
model. The obtained geometry is controlled and if the shape is invalid, the
rebuild error is raised. The weakest point of the procedure is the creation of
a mesh. The mesh is generated automatically and due to the large number of
analyses it is not possible to control it manually. It is assumed that any error in the mesh result in higher principal stresses and eliminates the solution
during selection. Based on the modiﬁed geometry, the FE analysis deﬁnition
is created and sent to the Abaqus/Standard solver. In the case of the present work, an additional analysis has to be carried out to provide results for
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the axisymmertic model. The spatial dental FE model was built based on the
results for axisymmetric one and additional data such as lateral force magnitude. The module waits for analysis termination until the maximum time is not
exceeded. In the case of too long analysis, the solver stops and no convergence
error is raised. This limitation can also eliminate well ﬁtted solutions but is
necessary to proceed the optimization.
The analysis results and all information about its proceeding is stored in
an output database, which can be read with the use of the python script. All
necessary information is extracted from the output database and the objective
function is calculated. Finally, the ﬁtness value returns to the optimization
driver. The whole ﬂow chart of the individual evaluation procedure is presented
in Fig. 8.

Fig. 8. Individual evaluation procedure

In the case of the rebuild error, the zero ﬁtness value is returned for an
individual. The zero ﬁtness value guarantees that invalid solution will be eliminated during the selection process.
3.3.3.

Parallelization

Genetic processing generates a large number of solutions that have to be
checked. Taking into account the time of a single FE analysis, the total time of
optimization (computations) is a frequent limitation. The single analysis of the
presented FE model took 5 to 40 minutes and a large spread was caused by the
nonlinear behavior. Because the time of analysis is signiﬁcant, the algorithm
was modiﬁed to support parallel analyses. During the evaluation stage, the
optimization driver waits for ﬁtness values of all individuals. The population
is divided into subgroups according to available resources. In the work, an
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eight-processors machine was used to determine the number of individuals,
which were evaluated simultaneously. For each individual in a group, an FE
analysis deﬁnition is prepared. Next, all analyses are submitted simultaneously
and the longest one determines the time which is necessary for evaluation of
the whole group. The obtained results are the basis of ﬁtness calculation. They
are returned to the optimization driver. The procedure is presented in Fig. 9.

Fig. 9. Scheme of genetic algorithm evaluation processing

3.3.4.

Procedure of building of an FE implant model during the optimization process

The procedure of building of an FE implant model during the optimization
process is schematically shown in Fig. 10. At the beginning of the optimization,
the Abaqus/CAE ﬁle with the fully parametric axisymmetric model of the implant is opened. This model was described in details before (Section 2). When
the optimization loop is started, the axisymmetric model of the implant is
modiﬁed. The Abaqus/CAE creates an INP ﬁle with a modiﬁed axisymmetric
model of the implant and the Optimization Module submits jobs. The results
of these axisymmetric simulations are assembled in the implant structure. In
the next step, the optimization module generates PARAM ﬁles and simultaneously runs three-dimensional jobs. The INP ﬁle of the three-dimensional
model contain the deﬁnition of symmetric model generation procedure, and
the second step of implant simulation is manually prepared. The PARAM ﬁles
are created based on information from axisymmetric ODB ﬁles and options
which are deﬁned at the beginning of the optimization procedure. These ﬁles
contain parameters of three-dimensional models of the implant:
• segment angle through which the cross-section is to be revolved,
• number of elements to be used in the segment,
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• oﬀset for element numbering,
• oﬀset used for node numbering,
• global number of node in the axisymmetric model.

Fig. 10. The procedure of building of an FE implant model during the optimization
process

Finally, the results of three-dimensional simulations are read from ODB ﬁles and the Optimization Module can start the Genetic Algorithm process. This
procedure must be repeated for each population. The described modeling approach with the use of axisymmetric geometry description and semi-analytical
discretization enable us to carry out a large number of implant simulations in
a realistic time period and to carry out the optimization.
3.4.

Results

The optimization was performed using 8 cpus in computations (FujitsuSiemens PRIMERGY TX300 S3). During the whole optimization process over
1600 FEA analyses were curried out. The total time of optimization was ca.
250 hours.
The evolution of the optimization process is presented in Fig. 11. It shows
changes of the maximum principal stresses in the upper part of the implant
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screw for successively generated solutions. The average value of the principal
stress is drawn by the solid curve. It can be observed that the designs are
being improved - the maximum principal stress is decreasing. Starting with an
value of 625 MPa, the principal stress is reduced down to 150 MPa. The graph
does not consist of the ﬁrst stage when the initial population was established.
More than 320 FE analyses were necessary to ﬁnd forty correct individuals.
Starting with the ﬁrst population of random individuals yields better solution.
Moreover, the reduction of principal stress is meaningful and equals 475 MPa,
what is more than 75% of the initial value. In the next generations, the design
parameters from the best solution (peaks) were promoted stronger and thus
they strongly inﬂuenced the population improvement. It resulted in constant
decreasing of both average and minimum value of principal stresses. After the
20th generation, the best solution was established and no further essential
reduction of stress was observed. Because of the chosen reproduction strategy,
the diversity within population was kept on a suﬃcient level and even in the
last monitored population the individuals represented a wide range of ﬁtness
value.

Fig. 11. Fitness value for sucessively generated individuals

Two proposals of new shapes are shown in Fig. 12. The lowest principal
stress was obtained for shape (b) and equaled 150 MPa. The next proposal
(Fig. 12c) provides reduction down to 180 MPa but still has a hexagonal slot
instead of the most optimal solution. The haxagonal slot plays an important
role in preventing screw loosening, thus solution (b) will not be considered
in further analyses. There are a few clear tendencies easy to observe. In the
ﬁrst place, the screw head is wider than the initial one and the opening angle
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of the screw head conic surface is moderated. Together with modiﬁcation of
the opening angle of the hexagonal slot, the conic surface makes clamping
of the abutment and the body more eﬃcient. Moreover, moderation of the
opening angle of the screw head conic surface reduces stress concentration in
the interior corner of the screw.

Fig. 12. Initial (a) and new (b, c) shapes of dental implant

All the modiﬁcations make the joint stiﬀer and reduce relative rotation
between the abutment and the body. The implant starts to behave as a cantilever (Fig. 13). The ﬁnal implant incorporates a body to carry the lateral load.
As a result, the displacement of points in the upper edge is reduced almost
twice from 0.085 mm down to 0.045 mm.
The change of dental implant behavior results also in a more uniform stress
distribution (Fig. 14). The contact pressure is realized on the whole contact
surface in contrast to the initial implant. Consistently, the screw is less bent.
All the proposals of new shapes were veriﬁed with the use of the full threedimensional FE model. The results conﬁrmed that the FE model built with
cylindrical and solid elements provides compatible values and can be used for
further optimization.

4.

Conclusions

The present approach successfully incorporates an FE solver into a genetic
optimization procedure. The complex dental implant model was optimized
based on FE analyses. The study and the ﬁnal results give evidence that the
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Fig. 13. Deformation of the initial (a) and ﬁnal (b) dental implant (displacement
scaled up 40 times)

Fig. 14. Mises stress in the initial (a) and ﬁnal (b) dental implant

presented method is eﬃcient and can be used for further analyses. Moreover,
the FE model built with cylindrical and solid elements was validated and no
meaningful diﬀerences with the full three-dimensional solid FE model were
observed.
A new shape was found which provided a solution with substantial reduction in principal stresses and displacemens. The joint between the abutment
and the body was much stiﬀer. It made the implant behave more as a cantilever than a two-element system. As a consequence, the obtained dental implant
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transmitted stress from the abutment to the body more smoothly and the maximum displacement was reduced twice. In comparison with the optimal dental
implant it is visible that the initial one behaved more as a hinge where the
screw is bent. The obtained reduction of the principal stress allowed also for
assumming a signiﬁcant extension of long-life strength of the implant.
Fatigue damage of implant components is not a common phenomenon but
it makes further treatment very diﬃcult. One of the main ﬁnal goals of dental
implant optimization is the minimization of fatigue damage of the implant.
The obtained level of principal stress in the key parts of the implant connection enable us to reduce or even eliminate the risk of fatigue damage. It should
be noted that despite the level of principal stress reduction only a part of it
can be obtained in the real product. In the ﬁrst place, the limitation comes
from manufacturing requirements. The dimensions have to be adopted to the
given manufacture facility. The second limitation refers to the screw loosening. The shape of the hexagonal slot which connects the root of the implant
with the abutment plays the key role in kinematic behavior of the implant.
The ﬁnal geometry of screw connection must protect against screw loosening
phenomenon as well. The ﬁnal shape of this part must also ensure easiness of
in-vivo assembling of the implant. On the one hand, the hexagonal slot must
safely transfer torsional load during implant ﬁxing and abutment assembling,
on the other hand the dentist should easily place the abutment in the slot.
As shown above, the real implant must consider many mentioned limitations. The obtained results of the optimization procedure cannot be directly
adopted in implant systems used at present, but can be a start point for new
designs of such systems. However, the presented approach of optimization can
be used in further studies and designing of modiﬁed and new dental implants.
The primary disadvantage of the presented numerical approach is the number of FE analyses, which are necessary to be carry out in the procedure.
Despite the total time of the analysis can be shortened using parallel computations, it is still a considerable limitation. Thus, it is an important goal
of the study to modify the procedure in order to reduce the number of timeconsuming analyses. The ﬁrst study with the use of a neural network as a
surrogate model has been already elaborated, and the obtained results seem
to be promising.
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Optymalizacja wszczepu stomatologicznego z wykorzystaniem
algorytmu genetycznego
Streszczenie
Przedmiotem prezentowanej pracy jest problem optymalizacji systemu implantologicznego Osteoplant, który został opracowany i wciąż jest ulepszany przez Fundację
Uniwersytetu Medycznego w Poznaniu. Obserwacje kliniczne potwierdzają występowanie powikłań zarówno we wczesnej, jak i późnej fazie użytkowania implantu. Dotychczas otrzymane wyniki wskazują, że wydłużenie bezawaryjnego okresu użytkowania implantu wymaga wprowadzenia zmian w jego pracy mechanicznej. Jednakże,
ustalenie szczegółów modyﬁkacji nie jest oczywiste. W artykule została opisana procedura optymalizacji systemu implantologicznego Osteoplant z użyciem analizy metodą
elementów skończonych oraz algorytmu genetycznego.
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