
Eksploatacja i NiEzawodNosc – MaiNtENaNcE aNd REliability Vol.19, No. 2, 2017166

Article citation info:

(*) Tekst artykułu w polskiej wersji językowej dostępny w elektronicznym wydaniu kwartalnika na stronie www.ein.org.pl

1. Introduction

Dental implant is expected to be serviced as long as it is able to 
fulfill biological, esthetical and functional requirements. There is no 
service life for any of its components considered. Therefore, the prop-
er design should based on the assumption that the implant service life 
has to be longer than the maximal patients’ life expectancy regardless 
of biological and biomechanical conditions.

According to the retrospective studies [12, 26, 30] one of the 
problems reported in long term service of the implants is fatigue fail-
ure. Systematic review of twentysix followup studies estimated a cu-
mulative incidence of implant fractures after 5 years on the level of 
0.14% [22]. However, the fracture ratio for the followup studies for 
up to 15 years [2] rises drastically and can reach even 16% in the 
maxilla. Dental implant failure usually results in an expensive, long 
term therapy often accompanied by the patient’s trauma. It makes the 
fatigue resistance crucial feature to be include in implant designing. 
The significant rise in fatigue fracture cases after 5 years, which the 
followup studies are mostly limited to, can suggest that this period is 
inadequate to examine this phenomenon. Additionally, it should be 
taken into account that nowadays, market competition and patients’ 
demands force the producers to introduce the new or modified design 

in very short design cycles. Therefore, there is the need to develop of 
the efficient procedure for fatigue fracture risk minimization.

Many researchers undertake the implant failure problem using 
laboratory tests [7, 9, 10, 11, 13,20, 23,27, 29, 31, 32] and numeri-
cal approach [17]. Among the others, special attention should be 
paid to the studies done by Wierszycki [38] and Ilies [20]. Wierszy-
cki proposed complete methodology and computational model for 
fatigue fracture estimation using strain based approach. The results 
were supported with clinical observations [39]. Ilies, on the other 
hand, proposed approach for fatigue estimation utilizing stresses 
and provided additional verification with laboratory tests. An-
other important work was done by Patterson and Johns [28] who 
presented the concept of fatigue resistance as a function of screw 
preload. These results prove the existence of the optimal value of 
screw preload in context of fatigue life of the implant screw. Fi-
nally, Genna [18, 19] utilized shakedown analysis to examine low-
cycle fatigue failure of dental implants. The results show that the 
‘worst’ load case in context of fatigue fracture is characterized by 
pure transversal load or its strong domination on axial load.This 
conclusion was also confirmed for the prototype analyzed in the 
presented study by Szajek [35].

Taking into account the results of the above mentioned stud-
ies, the complete designing methodology for improvement of two 
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W artykule przedstawiono weryfikację zoptymalizowanego implantu zębowego w kontekście wytrzymałości zmęczeniowej przy 
pomocy testów laboratoryjnych. Optymalne rozwiązanie otrzymano przy zastosowaniu modelu numerycznego metodą elementów 
skończonych oraz strategii łączącej algorytm genetyczny z procedurą Hooke-Jeeves. Dla projektu bazowego oraz ulepszonego 
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are taken into account. The loads are applied in two steps. Firstly, 
tightening is defined as a prescribed assembly load (screw length is 
reduced) in its middle part to achieve the assumed tightening force 
(425 N). The value of tightening force was calculated from the empiri-
cal equation [4] and verified with the help of a fully three dimensional 
FE model [37]. The screw preload is considered as additional design 
variable. In the second step bending of the tightened implant is per-
formed. The concentrated load (30 N) is defined perpendicularly to 
axisymmetric axis. The load is applied to the top surface of the abut-
ment. The implant fixture is fixed assuming moderate three millimeter 
bone loss. Between all components contact conditions are considered 
as so-called “hard” Hertz contact in normal direction and as classi-
cal isotropic Coulomb friction model ( μ=0.2) in tangential direction. 
The penalty method as the contact constraint enforcement method has 
been selected for both normal and tangential direction. 

Based on the FEM model the objective and all constraints are es-
timated. For fatigue life calculation the stress based approach with 
Goodman linear theory is used. Effective amplitude of stresses, , is 
calculated on the basis of stress obtained directly from FEM model. 
The effective mean value of stresses, is given as a first invariant of 
stress tensor. Finally, the effective stress amplitude at zero mean stress 
equals:
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where Kf is fatigue reduction factor (for fixture 1.25 – strongly 
roughed surface). Assuming constant values of stress amplitude and 
stress mean value, the number of maximal cycles to fatigue failure is 
given by:
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where ′σ f  is fatigue strength coefficient which is equal to 1250 MPa, 
1617 MPa and 1677 for fixture, abutment and screw, respectively, 
while b is Basquin’s exponent and equals −0.095. Static failure risk is 
estimated as a ratio of maximal Mises stresses to yield strength. For 
the sake of simplicity, screw thread is excluded from the optimization. 
It is assumed that the stresses concentration in the first loaded thread 
is reduced simultaneously with stresses in transition point between a 
shank and a screw head. Loosening and tightening moment is estimat-
ed on the basis of Bozkaya’s formula [7] supplemented with contact 
pressure obtained from FE analysis.

Because the design space is strongly nonlinear (contact, plastic-
ity), noncontinuous (unphysical configuration of design parameters, 

component dental implant fatigue life was 
proposed [33]. The procedure utilizes op-
timization techniques (genetic algorithm 
hybridized with Hooke-Jeeves technique) 
to find the optimal configuration of geom-
etry parameters and screw preload consid-
ering static failure risk and adequate levels 
of screw loosening/tightening moments. 
Moreover, the simplified computational 
model, yet, capable to estimate all neces-
sary dental implant features is thoroughly 
described. The procedure was used to op-
timize the representative design of a two 
component implant.

In the presented work the effectiveness 
of the proposed optimization strategy is 
verified with experimental tests. The fatigue 
tests of the prototype and initial design have been carried out using 
Locati method of an accelerated fatigue testing. The used method has 
been successfully applied to quality control fatigue tests of glass fi-
bre reinforced plastics [5], metallic materials and components [9] and 
research using thermography [25]. In order to carry out the tests, the 
simplified prototype (Fig. 2) was manufactured by Osteoplant. Due to 
used methodology, only qualitative effects are compared.

The paper is structured as follows. Section 2 recalls the most 
important information on the optimization done and the final design 
while section 3 presents methodology and the results of laboratory 
tests of dental implant fatigue life.

2. Two-component implant optimization

The goal of the optimization is to find a combination of geom-
etry parameters for which the optimal screw preload maximizes the 
number of cycles to failure which is measured in indirect way based 
on normalized maximal effective stress amplitude at zero mean stress 
(explanation below in the text). Additionally, it has to be taken into 
account that changes cannot reduce the loosening moment ( L ) below 
safe limit of 150Nmm (the value for the initial design1), the tightening 
moment ( T ) should be applicable considering bone implant interface 
resistance (300Nmm limit is assumed) and plastic strains ( S ) cannot 
occur during tightening and bending. Finally, the problem is formu-
lated as follows:

  (1)

Subject to: S(x)≤ 1.0;
 L(x)≥ 150 Nmm
 T(x)≤300 Nmm

where x denotes design parameters (see Fig. 1a, parameter B is omit-
ted in this study).

Finite Element Model (FEM) was developed in order to com-
pute the objective and constraints for various configuration of pa-
rameters [33]. The geometry is simplified to axisymmetric, however, 
the special type of finite elements is used, which enables to describe 
nonlinear asymmetric deformation due to asymmetric loads [1]. All 
components of an implant are made of medical alloys of titanium. 
The fixture of the implant is made of medical titanium (Grade IV) 
while the abutment and the screw of its alloys (Ti-6Al-4V-ELI). The 
isotropic, non-linear elastic-plastic characteristics of material models 

1 Friction between screw head and interior cylinder of an abutment is not considered. It 
was estimated [29] that an additional moment due to omitted friction forces can oscillate 
from 0 to 50 Nmm.

Fig. 1. Optimized dental implant: a) geometry parameters (parameter E is defined as a fraction of * distance), 
b) loads, c) the best solution, d) initial and optimal configuration of design parameters.

Param. Initial Optim.

A [mm] 1.05 1.11

C [deg] 31 42.7

D [mm] 3.45 2.2

E [-] 0.356 0.12

F [mm] 1.5 0.1

G [deg] 45 87.1

P [N] 425 520.0
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convergence problems) and there are relatively big number of design 
parameters, genetic algorithm (GA) is proposed. Binary encoding 
with short chromosomes is used (4 to 6 bit per design parameter) 
which convert the problem to combinatorial one were GA is very ef-
fective [17]. The sufficient accuracy of the optimal solution is pro-
vided by hybridization with Hooke-Jeeves procedure [16] (HJ) which 
starts from the best point found with GA after 10 generations. To pre-
vent additional multimodality Gray encoding is used [3, 6]. The static, 
exterior penalty approach is used in order to control the constraints. 
The optimization procedure along with FE model rebuilding has been 
implemented as an independent module in Abaqus/CAE environ-
ment [34].

The optimization process was carried out three times. The best 
solution is presented in Fig. 1c. The objective function is reduced by 
95% to 0.0197 what is an equivalent of 4.5e17 cycles to fatigue frac-
ture. All constraints features are below assumed limit and equals 0.49, 
217 Nmm and 285 Nmm for static risk factor, loosening and tighten-
ing moment, respectively.

3. Material and methods

To verify the optimization result the fatigue tests of the optimal 
and initial designs have been carried out. The two series of dental 
implants are produced: initial design (series A) and prototype of the 
optimal design (series B). The implant body was made of medical 
titanium (Grade IV). The abutment and the screw were made of medi-
cal titanium alloy (Ti-6Al-4V-ELI). The same materials were used for 
prototype and initial designs. 

The all implants of both series (19 specimens – series A and 21 
specimens – series B) have been mounted in a self-curing denture 
base resin Duracryl Plus (Spofa/Dental). The average mount diameter 
was 25.57 mm with an average height of 17.90 mm (see Fig. 3). The 
implants were mounted centrally with a slight offset from 90° in an x-
axis from the mount face without affecting test results. For both group 

the abutments were connected to the embedded implants 
and tightened to 285 Nmm with the use of the torque con-
trol unit.

Resin cylinders with embedded implants were mount-
ed using Mädler 61541800 clamping sets (Fig. 4) on a spe-
cially designed and made holder adapter (see Fig. 5).

Fig. 2. Prototype geometry: (1) fixture, (2) screw, (3) abutment. Arrows indi-
cates the point where fatigue crack are the most likely to appear for 
particular components (more in the text; colors agree with component 
section colors).

Fig. 3. Dental implants prepared for testing – (a) series A, (b) series B

Fig. 4. Mädler 61541800 clamping set (D = 35.0 mm, d = 18.0 mm, 
L = 21.0 mm, Ltot = 25.0 mm) (www.maedler.ch)

Fig. 5. Holder adapter for mounting implants on a test stand (cross-section)

Fig. 6. Test stand according to PN-EN ISO 14801 standard – 
clamping set with the resin cylinders with embedded 
implants mounted in holder of fatigue testing machine 
(Instron 8874)
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The fatigue tests were performed on Instron 8874 testing system 
using Locati method of an accelerated fatigue testing [8, 24, 40]. The 
Locatimethod assumes that a slope of a  S-N curve is known [24]. 

The method uses a sinusoidally varying pulsating load with pro-
gressively-increasing amplitude. The loading method is based on ISO 
14801 standard for the dynamic fatigue testing of endosseous dental 
implants. This standard specifies a method for determining the fatigue 
strength and defines the functional loading of the implant body un-
der “worse case” conditions. The following test parameters have been 
set:

loading angle equals 30 degrees from the implant axis,• 
number of cycles per load stage n = 10,000 cycles,• 
minimum constant load per load stage 41 – 47 N,• 
load increase per load stage 0.012 kN to 0.014 kN for series A • 
and 0.01 kN for series B,
number of cycles at the last load stage corresponds to the • 
number of cycles at machine stop due to implant failure (see 
Fig. 7),
load change frequency 5 Hz.• 

Maximum bending loads were calculated as a quotient of maxi-
mum bending moment and section modulus in a position the implant 
mounting was initiated. The load is applied directly to the abutment. 
The test stand is shown in Fig. 6.

4. Results
A fatigue limit for each implant was calculated based on: 

Wöhler curve equation (S-N curve):(i) 
where σmax is a maximum stress in MPa and Nf is a fatigue 
life in number of cycles and fatigue limit for the fatigue life of 

2x106 cycles was 561.72 MPa. This equation was available for 
ASTRA System Ti Design implants (similar to our) performed 
by UNIKE design&development GmbH, Trier, 

result of experimental tests combined with the phenomenology (ii) 
hypothesis of cumulative fatigue damage developed by Palm-
gren-Miner (P-M) [24].

In accordance with the hypothesis P-M for multi-stage load at 
stress level σi and ni fatigue cycles, the total Σni/Nfi ratio is 1 at the 
moment of sample failure due to fatigue. Nfi for Σni/Nfi ratio is fa-
tigue  life  at  load  level σi. This is based on the assumption that the 
virgin sample (load level σi and ni=0) has a specific damage function 
D equal to 0, and at the moment of sample failure i.e. n=Nf, D=1. The 
ni/Nfi ratio for the assumed loading scheme with stepwise increasing 
loading (σi, ni values are known) depends on the position of the S-N 
curve determined for constant amplitude loads (S-N curve) and as-
sumed ultimate fatigue limit Zg corresponding to a specific fatigue 
life threshold, e.g. 106 or 2x106 cycles. Last assumption is important, 
since it allows calculating total ni/Nfi ratio only for σi stresses >Zg.

The S-N curve position depends on the determined slope. In Lo-
cati method, with known or accepted S-N curve position (for similar 
to our ASTRA implants slope=-51.674), anticipated scatter is deter-
mined by a parallel up and down displacement in the coordinate axis. 
For the defined three S-N curves with Zg1, Zg2 and Zg3, total Σni/Nfi is 
described as D1, D2 and D3. Estimated fatigue limit Zg is determined 
by interpolation using the linear equation or by calculation using the 
quadratic equation based on the initial assumption that D=1 at sample 
failure.
End results – mean fatigue limit and standard deviation are:

series A: Z•  mg = 166.26 MPa, sZmg = 30.89 MPa,
series B: Z•  mg = 234.75 MPa sZmg = 28.49 MPa.

The damaged implant is shown in the Fig. 7. In the cases of 
series B the critical failure was located on the screw only. There 
are no damages or cracks on abutment and implant body. For 
series A (fig. 7b) the significant plastic deformation and cracks 
of hexagonal slot can be observed as well.

5. Discussion

The direct goal of the experimental tests is a qualitative com-
parison of the initial and the modified dental implant designs. 
However, the modifications were done based on the optimiza-Fig. 7. Damaged implants: (a) series A; (b) series B.

Table 1. The calculation results Zg for all specimens

series A series B
specimen no. Zg specimen no. Zg specimen no. Zg specimen no. Z Zg g

 MPa  MPa  MPa  MPa

1 225.1 10 189.95 1 262.6 12 240.1

2 175.1 11 151.6 2 226.3 13 168.1

3 142.5 12 175.39 3 250.7 14 237.8

4 144.76 13 142.8 4 173.8 15 227.6

5 164.6 14 137.5 5 207.6 16 271.2

6 234.4 15 129.6 6 249.6 17 259.4

7 143.96 16 148.55 7 275.5 18 225.2

8 185.8 17 142.16 8 266.2 19 243.4

9 192.7 - - 9 229.9 20 263.5

Zmg MPa 166.26 10 215 21 208.2

sZmg MPa 30.89 11 228.1 - -

Zmg MPa 234.75

sZmg MPa 28.49
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tion strategy utilizing a new concept of hybridized genetic algorithm 
and finite element model.Therefore, the obtained results are also a 
verification of the optimization strategy and modeling methods from 
the viewpoint of fatigue characteristics of examined dental implant 
what is the main goal of this study.

The experimental test shows that used optimization approach 
significantly changes fatigue characteristics of the examined dental 
implant. The fatigue resistance is meaningly improved. The fatigue 
limit is increased up to 41% of the initial value. From the viewpoint 
of fatigue life of the implant the stress amplitude changes play the key 
role in this case. The changes of the stress distribution in the optimal 
implant design are discussed deeply by Szajek [33]. Due to new shape 
of horizontal fixture abutment interface and higher screw preload the 
effective stresses amplitude is decreased in the critical points of the 
screw. The stress amplitude in the screw is reduced to 3.8% of the 
initial value. The experimentally confirmed higher fatigue limit of 
optimal design is caused not only by stress amplitude reduction at 
hotspots but also by homogenizations of the stresses within the entire 
implant, higher stiffness of the preloaded structure and the negligible 
bending effect in the screw. It is also worth mentioning that the maxi-
mal stresses are lower despite the higher screw preload.

From the viewpoint of the general mechanics characteristic of 
implant system the most significant modification is the reduction of 
the abutment rotation and therefore screw bending. The displacement 
of the point where horizontal load is applied is reduced to 41% of 
the initial value. The abutment rotates relatively to the fixture caus-
ing screw bending which is indicated by many researchers as a main 
reason of fatigue fracture. [21, 23,36]. In the initial design underging 
horizontal load an abutment presses strongly a top region of a fixture 
causing its large deformation. Moreover, the horizontal interface with 
larger contact region reduces circumferential tensional stresses in the 
fixture. The damage mechanics observed in experimental tests clearly 
confirmed observations and conclusions resulting from numerical 
modeling. In the case of initial design (series A) the significant plastic 
deformation are observed for both screw and hexagonal slot of fix-
ture. In the case of optimal design (series B) the damage is located on 
the screw only.

6. Conclusions

The verification of the dental implant optimization has been done 
based on the experimental studies. The fatigue tests clearly show that 
the optimal design has significantly higher fatigue limit then the initial 
design.

The results from experimental investigations confirms that used 
optimization strategy based on finite element model and genetic algo-
rithm hybridized with Hooke-Jeeves technique is the efficient method 
of an optimization for such complex nonlinear structure like dental 
implants. Based on the above results several general conclusions can 
be also confirmed or formulated.The significant fatigue resistance 
improvement is obtained mostly due to strong reduction of effective 
stress amplitude by screw bending elimination. It’s caused by major 
changes in geometry (flat fixture abutment interface) and higher screw 
preload causing bigger stiffness (screw bending elimination). Due to 
strong interaction between geometric parameters and screw preload 
(screw preload depends on geometry and geometry differs for various 
level of screw preload) it is necessary to consider all of them in an 
optimization problem.The stress based approach for fatigue life cal-
culation allows to effectively estimate fatigue life based on the ratio 
of effective stress amplitude at zero mean stress to a fatigue strength 
coefficient (Eq. 2) instead of number of fatigue cycles represented by 
exponential function of stresses.

The presented optimization approach is comprehensive and takes 
into account a several coupled mechanical and biomechanical objec-
tives and constrains. First of all, the fatigue resistance of implant is 
significantly improved. At the same time the loosening and the tight-
ening moments of the screw remain at the assumed level what is 
important in implantation as well as utilization stage. Too low value 
of loosening moment can cause need of retightening while too high 
value of the tightening moment can cause damage of implant-bone 
interface. In the modified design, the higher screw preload results in 
not only in the stiffness increasing and the screw loosing resistance 
but also better leak resistance on the fixtur eabutment interface what 
more efficient prevents biological complications.
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