N

N

Finite Element Analysis of the Stress Field in
Peri-Implant Bone: A Parametric Study of Influencing
Parameters and Their Interactions for Multi-Objective

Optimization
Paul Didier, Boris Piotrowski, Gael Le Coz, David Joseph, Pierre Bravetti,

Pascal Laheurte

» To cite this version:

Paul Didier, Boris Piotrowski, Gael Le Coz, David Joseph, Pierre Bravetti, et al.. Finite Element
Analysis of the Stress Field in Peri-Implant Bone: A Parametric Study of Influencing Parameters
and Their Interactions for Multi-Objective Optimization. Applied Sciences, 2020, 10 (17), pp.5973.
10.3390/app10175973 . hal-03043898

HAL Id: hal-03043898
https://hal.univ-lorraine.fr /hal-03043898
Submitted on 7 Dec 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.univ-lorraine.fr/hal-03043898
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

iriried applied
L sciences

Article

Finite Element Analysis of the Stress Field in
Peri-Implant Bone: A Parametric Study of Influencing
Parameters and Their Interactions for
Multi-Objective Optimization

Paul Didier "*{%, Boris Piotrowski 17, Gael Le Coz !, David Joseph 2, Pierre Bravetti 3
and Pascal Laheurte !

1 Université de Lorraine, CNRS, Arts et Métiers, LEM3, F-57000 Metz, France;

boris.piotrowski@ensam.eu (B.P.); gael.lecoz@univ-lorraine.fr (G.L.C.);

pascal.laheurte@univ-lorraine.fr (P.L.)

Department of Periodontology and Implantology, Faculty of Dentistry, School of Surgery Nancy Lorraine,
F-54000 Nancy, France; david.joseph@univ-lorraine.fr

Université de Lorraine, CNRS, IJL, F-54000 Nancy, France; pierre. bravetti@univ-lorraine.fr
Correspondence: paul.didier@univ-lorraine.fr

check for
Received: 3 August 2020; Accepted: 22 August 2020; Published: 28 August 2020 updates

Abstract: The present work proposes a parametric finite element model of the general case of a single
loaded dental implant. The objective is to estimate and quantify the main effects of several parameters
on stress distribution and load transfer between a loaded dental implant and its surrounding bone.
The interactions between them are particularly investigated. Seven parameters (implant design and
material) were considered as input variables to build the parametric finite element model: the implant
diameter, length, taper and angle of inclination, Young’s modulus, the thickness of the cortical bone
and Young’s modulus of the cancellous bone. All parameter combinations were tested with a full
factorial design for a total of 512 models. Two biomechanical responses were identified to highlight the
main effects of the full factorial design and first-order interaction between parameters: peri-implant
bone stress and load transfer between bones and implants. The description of the two responses
using the identified coefficients then makes it possible to optimize the implant configuration in a case
study with type IV. The influence of the seven considered parameters was quantified, and objective
information was given to support surgeon choices for implant design and placement. The implant
diameter and Young’s modulus and the cortical thickness were the most influential parameters on the
two responses. The importance of a low Young’s modulus alloy was highlighted to reduce the stress
shielding between implants and the surrounding bone. This method allows obtaining optimized
configurations for several case studies with a custom-made design implant.

Keywords: dental implant; finite element analysis; parametric study; implant design; implant
material; low Young’s modulus alloy

1. Introduction

Nowadays, the endo-osseous screw dental implant is the most implanted medical device, for
which success relies on osseointegration at the bone—implant interface. This biochemical reaction
between the metallic part and the bone is achieved by titanium biocompatibility, highlighted for the
first time by Pr. Branemark [1]. Its surgical procedure is completely controlled, ensuring a success
rate exceeding 90% [2]. Dental implants placing configuration mainly depend on the geometrical
configuration and placement choices of clinicians. It takes into account a lot of criteria. The prosthetic
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project and the anatomy of the patient appear to be the most essential ones. However, mechanical
criteria are rarely considered. They have to be developed to increase the success rate of implantation
especially in complex physiological configurations.

The numerical mechanic allows, especially through the Finite Element (FE) method, determining
loading levels in considered materials. Over the past two decades, numerous numerical studies have
investigated the impact of an endo-osseous dental implant on the surrounding peri-implant bone.
Each study focuses on particular parameters under different numerical assumptions by observing
different types of results. Certain parameters are commonly used, especially those that describe the
geometry of the implant, such as its diameter [3], length [4], taper [5] or threads [6]. General trends
can be identified. The diameter and the length, which are the most studied variables, both strongly
impact the mechanical environment of the peri-implant bone. It has been shown that a larger length
reduces stress in the bone but not as much as a larger diameter [7]. The placement of the implant in the
bone is also frequently studied, and some papers have considered its insertion depth [8] or inclination
in the bone [9]. For example, it has been found that, the deeper the implant insertion, the more the
peri-implant cortical bone is loaded and could be damaged. Bone anatomy is also a parameter often
taken into account in numerical models through different modelling approaches. The geometry of
the bone and its resorption can be determined from a CT scan [10,11], but the comparison between
these studies is limited since they deal with different cases of atrophy. The other widely used approach
is to model several thicknesses of cortical bone corresponding to different levels of resorption [12].
Their results converge and lead to the same conclusion that the peri-implant bone is considerably more
solicited with a thin cortical thickness. This variable is commonly combined with the characteristics of
the bone material, where different moduli of elasticity of cortical or cancellous bone are considered,
representative of atrophy levels [13]. These studies showed that the maximum stress in the peri-implant
bone increases when the bone Young’s modulus decreases. More rarely, the material of the dental
implant is studied. The two most commonly used materials are Ti-6Al-4V alloy [14] and zirconia [15].
Finally, other parameters that relate to numerical modelling assumptions have also been considered in
the literature. Interactions and contacts between the different subparts of the models allow, for example,
consideration of levels of osseointegration between the implant and the bone [16]. Regardless of the
method used to model the interaction, reinforced contact results in better homogeneity and reduced
stress in the bone.

A more exhaustive list of studies on this topic is presented in Table 1, ordered by type of parameter
studied. In general, papers focusing on similar variables lead to similar conclusions. To our knowledge,
only a few studies compare the influence of several parameters. Thus, the results are not meaningful if
all variables are not taken into consideration. The present study proposes to build a parametrized
model to consider several variable parameters and to compare their influences following the same
framework. Seven parameters are assessed, for a total of 512 FE models, taking into account the implant
geometry, the implant material and the quality of the implanted bone. The models are compared
through two biomechanical responses highlighting the effect of parameters on stress distribution.
The main effects and first-order interactions between the parameters on the mechanical environment
of the bone are evaluated. Based on the obtained results, the geometrical configuration of implant
placement is optimized for a study case with type IV significant bone resorption.
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Table 1. Summary of the literature.

Parameter Author Reference

Implant geometry

N. Ueda et al. [7], N. Okumura et al. [17], M. I. El-Anwar et al. [18,19], T. Ohyama et al. [20],
I. Hasan et al. [21], C. S. Petrie et al. [4], M. M. Ebrahim et al. [22], G. Vairo et al. [23],

Diameter and length L. Qian et al. [24], L. Kong et al. [25,26], T. Li et al. [27], ]. Ao et al. [28], L. Baggi et al. [29],
S. Roy et al. [30], E. P. Holmgren et al. [31], L. Himmlova et al. [32], S. Tada et al., C.-L.
Lin et al. [33], H.-J. Chun et al., [34], M. Bevilacqua et al. [35]

P. Marcian et al. [11], T. Ohyama et al. [20], J. P. Macedo et al. [36], ]. Wolff et al. [37],
Type or taper S. Quaresma et al. [38], H.-S. Chang et al. [39], G. Tepper et al. [40], D. Bozkaya et al. [41],
W. Aunmeungtong et al. [42], R. C. Van Staden et al. [43]

C.-C. Lee et al. [6], K. Premnath et al. [13], M. L. El-Anwar et al. [18], G. Vairo et al. [23],
Thread L. Kong et al. [25], ]. Ao et al. [28], G. Zhang et al. [44], M. M. Oswal et al. [45],
1. Zarei et al. [46], S. Hansson et al. [47], H.-]. Chun et al. [48]

H.-Y. Chou et al. [8], G. de la Rosa Castolo et al. [14], L. Qian et al. [24],
E. Kitamura et al. [49], K.-H. Yoon et al. [50]

K. Tian et al. [9], M. Bevilacqua et al. [35] G. Zhang et al. [44], K. Wang et al. [51], C.-L.
Lin et al. [52],

Depth of insertion

Angle of inclination

Bone geometry
N. Ueda et al. [7], P. Marcian et al. [11], K. Akca et al. [12], N. Okumura et al. [17],

Cortical thickness I. Hasan et al. [21], C.-L. Lin et al. [33], ]. Wolff et al. [37], H.-S. Chang et al. [39],
T. Sugiura et al. [53], D. Kurniawan et al. [54], A. N. Natali et al. [55], T. Kitagawa et al. [56]

Materials
N. Ueda et al. [7], H.-Y. Chou et al. [8], K. Premnath et al. [13], C.-L. Lin et al. [33],
Bone parts H.-S. Chang et al. [39], T. Sugiura et al. [53], D. Kurniawan et al. [54],
T. Kitagawa et al. [56], S. Tada et al. [57], I. Linetskiy et al. [58], M. Sevimay et al. [59],
Implant parts G. de la Rosa Castolo et al. [14], A. Caglar [15]
Others

P. Marcian et al. [11], G. de la Rosa Castolo et al. [14], B. Bahrami et al. [16],
Interaction and contact T. Ohyama et al. [20], D. Kurniawan et al. [54], R. C. Savadi et al. [60], M. Shi et al. [61],
H.-L. Huang et al. [62]

N. Okumura et al. [17], T. Ohyama et al. [20], L. Qian et al. [24], L. Kong et al. [25],
E. P. Holmgren et al. [31], ]. P. Macedo et al. [36], H.-S. Chang et al. [39],

W. Aunmeungtong et al. [42], E. Kitamura et al. [56], R. C. Savadi et al. [60],

A. Rand et al. [63], R. Korabi et al. [64]

Loading conditions

2. Material and Methods

2.1. Presentation of the Finite Element Parametrized Model

To build finite element models automatically with different geometric configurations, a specific
numerical strategy was defined. The models are composed of an implant, its abutment, the cortical
and the cancellous bone; see Figure 1a. The developed numerical chain is composed of three steps.
Firstly, the geometry of the implant, the abutment, the cortical and the cancellous bone are defined.
Different design strategies are used for each part. The implant is designed using CATIA V5R20
(Dassault System) with the possibility of varying the length, the diameter and the taper. An example
of conical and cylindrical implant design is presented in Figure 1b. The cancellous and cortical bone
geometries are generated by segmentation using Mimics (Materialise) from a DICOM (Digital Imaging
and Communication in Medicine) file obtained by a CT scan. A 20-mm wide section at the insertion
of the first and second premolars is extracted. The geometry of the cancellous part is fixed. To have
different thicknesses of cortical bone, a scale factor is applied to the cortical part. In total, four cortical
configurations are defined corresponding to four different cortical thicknesses (1.0 mm, 1.5 mm, 2.0 mm
and 2.5 mm); see Figure 1c. The second step of the numerical strategy is about assembly of the different
parts together. It allows configuration of the placement of the implant in the bone and its angle in
the vestibulo-lingual plane; see Figure 1d. The parts are meshed with tetrahedral quadratic elements,
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with a 0.1-mm average mesh size for a 300,000 tetrahedral average number of elements per model.
To finish, boundary conditions, load and materials are set up. The elastic behaviour of the assigned
materials is summarized in Table 2. Tied contact is adopted for each interaction. The cross-sectional
surfaces of cortical bone and cancellous bone are embedded. A force of 120 N is applied on the top
surface of the abutment; see Figure 1a. Whatever the configuration of the model, the direction of the
load corresponds to the axis of the implant when it is not inclined.

(b) Diameter

Abutment

Implant

Cancellous

bone 7 Length

©

Abutment
Implant
Cortical
thickness
2.5 mm
T2 mm
_r1.5mm
1 mm

Cancellous
bone

Cortical
bone

Cancellous bone

Cortical bone

Figure 1. (a) Finite element model (unrepresented mesh) with boundary conditions and loading, (b)
implant design: conical on the left and cylindrical on the right, (c) mandibular section: presentation of
the four cortical thicknesses (1.0, 1.5, 2.0 and 2.5 mm) and (d) configuration of the implant in the bone
(cutting in the vestibulo-lingual plane).

Table 2. Properties of the materials: Young’s modulus and Poisson ratio.

Material Young’s Modulus (GPa) Poisson Ratio
Ti-6Al-4V alloy 110 0.3
Cortical bone 15 0.3
Cancellous bone 1.5 0.3

2.2. Full Factorial Design

A factorial design methodology is used in this study. It aims to analyse the existing relationships
between the studied quantities (responses) and their sources of variation (factors or parameters),
through a Taylor-Mac Laurin series limited development (Equation (1)). The analyses have been
conducted for two responses (Y). The two chosen responses are detailed in the following Section 2.3.
The overall average of a response is represented by the parameter by. X; represents the investigated
parameters, b; corresponds to the main effect and b;; corresponds to the first-order interaction between
two parameters. The purpose of the full factorial design is to determine the most influencing
parameters. The developed numerical strategy presented in Section 2.1 allows variation of seven
parameters. The diameter, the length, the taper, and the Young’s modulus of the implant and the
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cancellous bone are 2-level parameters, and the implant angle and the cortical thickness are 4-level
parameters. The levels of the studied parameters are summarized in Table 3. A full factorial design is
implemented with all possible 512 configurations (25 x 42). All 512 FE models are generated using
Abaqus, and the calculations are performed on a high-performance computer with 8 cores.

Table 3. Range of the parameters in the literature and investigated values in the study.

Parameters Range in the Literature Investigated in the Study
Diameter (3; 6 mm) 3 mm and 4 mm
Length (5; 20 mm) 10 mm and 15 mm
General shape and taper Various shapes and tapers Cylindrical and conical
Angle of inclination [0; 20°] 0°,5°,10° and 15°
Cortical thickness Various shapes and thicknesses 1mm, 1.5 mm, 2.0 mm and 2.5 mm
Cancellous Young’s modulus (0.1; 9.5 GPa) 0.75 GPa and 1.5 GPa
(Ecancellous)
Implant Young’s modulus Ti-6Al-4V (110 GPa) Ti-6Al-4V (110 GPa)
(Eimplant) Zirconia (200 GPa) Ti-Nb (60 GPa)

The full factorial design allows for calculation of the effect of different parameters on the responses.
For each response, the main effect of the parameters is determined by the difference between the partial
average over the models by setting a studied parameter and the overall average by. The first-order
interactions between the parameters two by two are also calculated by the differences between the
partial average performed on the models by setting two studied parameters and the overall average.
Quantification of the main effects and first-order interactions makes it possible to describe the response
Taylor-Mac Laurin series limited development, where the original variables are translated into reduced
centred variables (between —1 and 1).

Y =by+ ZbiXi+ Zbi_]‘Xin 1)
i ij

2.3. Two Investigated Biomechanical Responses for Model Classification

Two biomechanical responses are considered through the full factorial design. Response 1 is the
first investigated response, defined by the average of Von Mises stress in the peri-implant cortical
bone. The implant significantly affects the stress field in relation to a physiological state, and the most
loaded bone area is around the neck of the implant [7]. Its deterioration is one of the main causes of
dental implant failure [65]. An example of stress distribution in the vestibulo-lingual plane is shown in
Figure 2a. Response 1 is calculated through a virtual area corresponding to a concentric cylinder to the
implant (7-mm diameter). The average of Von Mises stress is calculated from all nodes of the mesh
elements belonging to this peri-implanted area; see Figure 2b.

Response 2 focuses on the load transfer between cortical bone and implant, related to
stress-shielding problematic and micromovements at the interface [66]. This response reflects a
discontinuity at the bone-implant interface and is assessed by calculating a stress jump along the
bone-implant interface. This consists of subtracting average stress from all nodes of the implant mesh
from the average stress of the nodes of the cortical bone along the surface.

These two responses are complementary and give an overall view of the biomechanical effect
of the 7 investigated parameters, highlighting problems encountered in surgery that impact the life
duration of implants. Since these answers are scalar values, it becomes easy to analyse the results
and to compare the models to each other through a full factorial design to assist in selecting the most
appropriate choice of implant for a given physiological configuration.
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S, Mises
(Avg: 75%)

+5.000
+4.167e+00
+3.333e+00
+2.500e+00
+1.667e+00
+8.333e-01

+0.000e+00

___ Implant-bone
interface

Peri-implant
cortical bone

Implant

Cortical
bone

(a)

Figure 2. (a) Example of Von Mises stress distribution in the vestibulo-lingual plane and (b)
representation of the cortical bone peri-implant area (unrepresented mesh).

2.4. Case Study: Optimization of Implant Placement in Type IV Bone

In the last part of the study, the bone parameters were fixed to define a case study similar to a
type IV bone [67]. Other parameters varied and had to be optimized. The parameters of cortical bone
thickness and Young’s modulus of cancellous bone were set at 0.5 mm and 0.75 GPa, respectively.
The initial factorial design was thus simplified to consider only the five parameters of the implant
(diameter, length, taper, angle and Young’s modulus). The coefficients of the main effects and
first-order interactions, the identification of which was described in Section 2.2, allow both responses
to be described.

The problem has two objective functions and five variables. It has already been shown that the
stresses in the peri-implant bone around the implant and the stress jump were significantly higher
than in the physiological situation without a dental implant [68,69]. The adopted objective is therefore
to minimize both objective functions corresponding to these two responses. The optimization was
performed on Matlab software using a genetic algorithm of the NSGA-II type [70]. The search space
for solving the problem corresponded to the initial range of variation of the variables.

3. Results

3.1. Main Effects of Parameters

The main effects of the parameters for Response 1 (average stress in cortical peri-implant bone)
are summarized in Figure 3. The null effect corresponds to the overall average of this response of
the factorial design. Cortical bone thickness is the most influential parameter in the system, and a
thickness of 1 mm significantly increases the average stress in cortical bone. Implant diameter is also an
influential parameter, even if its range of variation is small (only 1 mm). A large diameter significantly
reduces the average stress in the bone. Taper, Young’s modulus of the cancellous bone and length have
significant effects on cortical bone, even if they are less than the previous ones. Finally, the Young’s
modulus of the implant and its angle of inclination show limited influence on cortical bone compared
to other parameters.

The results are different when Response 2 (stress jump between bone and implant) is considered;
see Figure 4. Young’s modulus of the implant has the greatest impact on this response, and a lower
Young’s modulus significantly reduces the stress jump between the implant and the cortical bone.
This parameter became crucial for stress jump when it had little influence on average stress in the
bone. The parameters that characterize the implant geometry (diameter, length and taper) are also
influential, especially diameter. Cortical bone thickness has less effect on this response compared to
other parameters but is still nonnegligible. Finally, Young’s modulus of the cancellous bone and the
angle of inclination of the implant have almost no influence on Response 2.
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Figure 3. Main effects of parameters on Response 1 (average stress in the peri-implant cortical bone).
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Figure 4. Main effects of parameters on Response 2 (stress jump between cortical bone and implant).

3.2. First-Order Interactions between Parameters

The full factorial design allows for determination of the first-order interactions between parameters.
Figure 5 shows 154 coefficients that describe all influences on Response 1, including the main effects
and the interactions. Globally, the interactions between implant parameters have less influence on
the response than the main effects. Interactions between the different implant geometry parameters
are minimal. Notable interactions are those between implant geometry parameters (type, diameter
and length) and cortical bone thickness. For example, the smaller the thickness of the cortical bone,
the greater the influence of the implant diameter on stress. The most dominant interaction was between
cortical bone thickness and cancellous bone modulus. The interaction between implant angle and the
Young’s modulus of the cancellous bone was also slightly significant.
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Considering Response 2, several interactions have a high influence, as shown in Figure 6.
Compared to the main effects, these interaction effects have a greater influence on this response than

Response 1. First of all, the interactions between the geometrical parameters of the implant and its
Young’s modulus as well as the interaction between the Young’s modulus of the implant and the bone
parameters emerge. In addition, as with Response 1, the interactions between implant geometry and

can be highlighted.
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Figure 6. Main effects and first order interactions between parameters on Response 2.
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3.3. Case Study: Optimization of the Placement of a Dental Implant in Type IV Bone

The optimal solutions minimizing both Response 1 and Response 2 are presented in Figure 7.
The parameter values for the six best configurations are specifically detailed in Table 4. These optimal
solutions converge on the choice of specific parameter values. It should be noted that the Young’s
modulus of the implant is minimized for all configurations. The length parameter also tends to
one of its extremes. A maximum length of 15 mm allows both types of response to be minimized.
The variation in diameter is small between the solutions, and optimums are obtained for diameters
close to the upper limit of 4 mm. These results are in agreement with the preliminary results of the
multiparameter study which recommended a larger diameter to minimize the stress field in the cortical
bone. The remaining differences between the solutions, therefore, seem to relate to the taper variable
and the angle of inclination of the implant. The taper parameter varies from a quasi-cylindrical implant
(solution A) to a slightly tapered implant (up to 2.5°) (solutions E and F).

75 T

6,5 +

Response 1: Average stress in the
peri-implant cortical bone (MPa)
[«)]
| |

45 T " " .

4 t t t } t |
5 6 7 8 9 10 11
Response 2: Stress jump between implant and cortical bone (MPa)

Figure 7. Solutions of genetic optimization: minimization of Response 1 and Response 2.

Table 4. Optimal solutions for multi-objective optimization.

. Stress Jum Average o Diameter Length o Implant Young’s
Solution (MIJa) b Stress (I\%IPa) Taper () (mm) (mrgn) Angle ) M‘I”d“hls (GPga)

A 6.23 6.09 0.35 3.79 14.99 0.07 60.34

B 6.42 5.80 0.75 3.90 14.98 0.41 60.50

C 6.65 5.75 1.2 3.86 14.98 0.94 62.22

D 6.81 5.45 1.7 3.95 14.97 1.14 61.68

E 7.00 5.38 2.45 3.89 14.98 0.64 60.85

F 7.14 5.20 2.55 3.97 14.96 1.25 62.57

4. Discussion

4.1. Full Factorial Design

For Response 1, the cortical thickness parameter is predominant over the others. Lower cortical
bone thickness causes a very significant increase in stress in the peri-implant bone. Its impact is almost
twice as great as that of the implant diameter, the second most influential parameter. The implant
diameter is therefore decisive compared to other parameters, whereas its range of variation is only
1 mm. For Response 2, Young’s modulus of the implant is the most influential. A physiological
situation in terms of material elasticity is approached when it becomes lower. The implant diameter is
also predominant in this second response. The stresses in the implant are lower with a larger diameter,
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resulting in a decrease of the stress jump between the bone and the implant. The same trend can be
seen with the length parameter but is less marked.

The interactions between two variables have weakly been studied and the ranking of so many
interactions has never, to our knowledge, been done before. Strong interactions were found between the
geometrical parameters of the implant coupled with the thickness of the bone for Response 1. Whatever
the geometrical variable, its choice has an even greater impact on the stress level when the quality of
the bone is degraded. This is particularly the case for the three variables of the intrinsic geometry of the
implant (taper, diameter and length). These same interactions deeply affect Response 2. The interaction
between cancellous bone Young’s modulus and cortical bone thickness is also significant for Response 1.
The increase in stress in cortical bone with the decrease in thickness had already been shown, but it
became even more important with a low cancellous bone modulus, which is also a characteristic
parameter of overall bone deterioration. When the cancellous bone is less rigid, it supports less the
cortical bone, which tends to deform more under the effect of loading of the implant.

On Response 2, interactions between the geometrical parameters of the implant (taper, diameter
and length) and its Young’s modulus are also very marked compared to the others. At constant loading,
these variables influence the stress levels in the implant and thus the stress jump. The two interactions
between Young’s modulus of the implant and bone quality parameters can also be highlighted. Indeed,
an implant that is too rigid will increase the stress jump on poor-quality bone much more than on
good-quality bone. This means that the choice of implant material will have significantly more impact
on deteriorated bone (osteoporosis).

The angle of inclination parameter exhibits limited influence regarding the main effects. This is
partly because attention is paid to global responses in the peri-implant area without taking into account
asymmetry of stress distribution when the implant is inclined. In addition, a second phenomenon
interferes with the results since, in some configurations with an angle of 15° or 10°, the apex of the
implant is in contact with the side wall of the cortical bone. This phenomenon of double cortical
support has been studied in the literature several times [71]. In this case, it results in unloading of
the peri-implant upper cortical area and reduction of peri-implant stress. Although this bi-cortical
attachment can be beneficial on a purely mechanical level, this solution is rarely sought after by dental
surgeons. Indeed, the clinical risks are high, especially with sinus cavities. Thus, in the investigated
range of values, the influence of implant inclination on the mechanical response is relatively small
compared to other parameters. For this reason, interactions with other parameters may be important,
such as between length and angle, since double cortical support is more likely to occur with greater
implant length and angle.

4.2. Case Study Optimization

In practice, bone quality is not a parameter that can be varied, although bone grafts can be
performed. The choice was made to base the analysis on a study case with the lowest bone quality,
similar to a type IV bone. Thus, optimization makes it possible to give guidelines for mechanical
criteria of implant placement with configurations to be preferred or avoided. This type of criterion
based on mechanical considerations is still taken into account little today by surgeons. According to
the optimal results of multi-objective optimization summarized in Table 4, the benefit of a low Young's
modulus material is predominant and emerges from this study. This type of material is not much
considered today. It makes it possible to approach a physiological situation from the point of view
of elasticity tending to mimic bone properties and to minimize stress shielding inside the implant
surrounding bone. Its interest is all the more pronounced for a bone of lesser quality. This type of
material has been studied by B. Piotrowski et al., who showed that the use of a Ti-26Nb implant ensures
better mechanical stability of the system and better preservation of the bone [68].
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4.3. Limitations and Future Developments

Some parameters, such as implant diameter, have a reduced range of variation. Thus,
the description of responses could be improved by expanding these ranges. The responses chosen
as mechanical criteria in the present study (average stress in the bone and stress jump) are global
responses that do not take into account local effects. This is one of the reasons why the angle of
inclination has only a small influence on the system. Local results, such as maximum strain or stress,
could be envisaged in further investigations. Consideration of this type of response could enable
physiological limitations to be taken into account with the bone’s mechanostat theory [72]. Modelling
of the bone’s anatomy and quality also has limitations as only cortical thickness and Young’s modulus
of cancellous bone were considered. Today, considerable progress is being achieved in automation of
the digital chain, particularly in segmentation of scanner images [73]. A digital model can, therefore,
be produced quickly and almost automatically, taking into account the patient’s real anatomy and bone
density levels. Mechanical criteria could thus be implemented during the planning stage of implant
placement by the dental surgeon. Another hypothesis was the sticky contacts in the parametric model,
in particular, the interface between bone and implant. It does not allow modelling of different levels of
osseointegration. Different methods have been used in the literature, such as varying the coefficient of
friction [16] or the number of force transfer nodes at this interface [74].

5. Conclusions

This work highlights the influence of seven parameters involved when placing a dental implant
through a finite element parametric study and full factorial design. To our knowledge, identification of
the role of so many variables and their interaction have never been carried out in the same numerical
framework, despite the large number of studies performed. The main effects of the parameters and
their first-order interactions (between two parameters) were quantified. The primordial impact of
the quality of the implanted bone, the diameter and Young’'s modulus of the implant in comparison
with other geometrical parameters was highlighted. These results also constitute real guidelines
for the placement of dental implants based on mechanical criteria, an aspect that is still taken into
account very rarely by dental surgeons today. The description of the responses of the full factorial
design was implemented to get an objective for the mechanical optimization of the implant placement
configuration in the case study of a type IV bone. The choice of a low Young’s modulus alloy for
implants proved to be relevant in optimising load transfer at the bone-implant interface and in avoiding
bone overload.
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