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Abstract
The study of the biomechanical behavior of a system of dental implant, abutment and surrounding bone is essential for a 
thorough understanding of the load transmission generated by masticatory forces, to develop and optimize the implant design. 
This article presents an accurate numerical model of implant-abutment-bone system which is subjected to a masticatory 
loading simulated by axial and horizontal forces acting on the abutment. It is presented a three-dimensional finite element 
method calculation of stress, displacement, and safety factor, highlighting the influence of bone quality and critical zones of 
stress concentration by a numerical model as close as possible to reality. The stress distribution pattern is influenced by the 
loading type and localization, rather than its intensity. Stress values obtained with oblique loading forces are higher than with 
vertical ones. The loads acting on the structure may cause damage, micro-cracks, and not immediate failure or rupture. The 
bone quality has an important influence, obtaining lower stress values when the bone is weaker and less resistant to deforma-
tion. The novelty of the study consists in developing exclusively by means of computer programs of a geometric model that 
respects exactly all dimensions and shapes of an actual implant. Once the geometric model of great accuracy is constructed, 
simulations of various clinical cases can be performed through various loads, various types of materials, boundary conditions, 
etc. Our study results are consistent with clinical studies observations and similar results from the literature, highlighting 
critical areas of high stresses at the implant neck and its surrounding bone, potentially responsible for implant failure.

Keywords Biomechanics · Finite element method · Bone resorption · Stress distribution · Numerical analysis · Implant 
failure

Abbreviations
3D  Three dimensional
FEM  Finite element method
FE  Finite element
FOS  Factor of safety

1 Introduction

In the last decades, the finite element method (FEM) has 
become a usual method to investigate the biomechanical 
response of the bone-implant-abutment system [1, 2]. A 
considerable number of papers are devoted to the analysis 
of this response, as a major instrument to evaluate the stress 
distribution [3, 4], osseointegration progress [5], the most 
appropriate implant design [6], implant stability [7, 8], oral 
rehabilitation [9], etc.

The implant prosthodontics studies based on FEM are 
numerous, and they are dedicated to a complex correlation 
with laboratory and clinical data with a view to considering 
optimal therapeutic decisions [10].

On the other hand, some other important parameters in 
evaluating the implant stability are studied by FEM in dif-
ferent papers, such as: bone quality on stress distribution 
at the bone–implant interface during occlusal loading [11], 
bone quantity to observe the variation in all mechanical 
parameters of the bone for accurate design of patient-specific 
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dental implants [12] and bone loss which may affect the 
bone remodeling process, together with excessive loading 
[13].

The biomechanics response of the whole structure (bone, 
with two different layers, the implant system and the abut-
ment) is relevant in determining the location of critical zones 
of high stress concentrations and displacement. Thus, an 
optimal design of the implant could be achieved for better 
stability and implant success.

This paper is devoted to the study of dental implant inser-
tion in a mandible portion using FEM. The overall objective 
is to determine and analyze on one hand, the distribution 
of stress and displacement in the implant and surrounding 
bone, and on the other hand, the safety factor (FOS) and 
influence of bone quality as well.

In recent years, this article authors have conducted several 
studies on the biomechanical response of the bone-implant-
abutment system, prosthesis presence as well, in vari-
ous situations to simulate actual clinical cases. Also, they 
approached in their study the period during the osseointe-
gration process [14], defined as a direct and functional con-
nection between bone and an artificial implant [15]. In this 
article, the study addresses the post-osseointegration period, 
highlighting possible factors that may affect the (secondary) 
stability of the implant, for example the quality of the bone 
in which the insertion is made, but also high stresses that 
can affect various areas of the system under consideration.

Regarding the implants, the most critical zone is that one 
in which the maximum stress concentration occurs. That 
critical area is the implant neck and the surrounding area, 
i.e., the marginal bone (neck edge). Therefore, this zone 
must be clinically preserved to keep a structural and func-
tional bone–implant interface.

2  Materials and methods

In this article, the dental implants and surrounding bone 
behavior are modeled using exclusively computer programs. 
This study examines the stress and displacement state due to 
the insertion of a dental implant into a part of the mandible. 
Special attention is given to highlight and assess the zones 
of stress concentration both in the cancellous (trabecular) 
and the cortical bone, and the implant as well, within various 
clinical situations of loading due to the process of mastica-
tion. These zones represent the most endangered zones in 
which possible damage, failure, or fracture can take place 
[7, 9].

2.1  The numerical model of dental implant

The first stage of FEM modeling is the developing of the 
geometric model of bone—implant—abutment system. 

Then, the next step is the materials set for these system com-
ponents by their material constants (Table 1). In this study, 
the model is static and the materials are considered elastic.

For every material involved in the studied structure, it 
is indicated the values of the following material constants: 
Young's modulus, Poisson's ratio, density, tensile strength, 
and yield strength (Table 2 for the implant and its compo-
nents, and Table 3 for the two types of bone). Usually, the 
implant is made of titanium alloy and the abutment of mag-
nesium alloy.

The third step of numerical modeling is to set the bound-
ary conditions and next apply the loading to simulate, in our 
case, the mastication forces.

Then the numerical model is used to calculate by Cos-
mos program the distribution of displacement and stress 
in the whole system made up of bone tissue, implant, and 
abutment.

2.1.1  Geometrical model

The geometric model consists of two parts: the biological 
one, the bone, and the one regarding the implant and the 
abutment. The three-dimensional (3D) geometrical model 
developed in this study is created entirely using SolidWorks 
software and uses tetrahedral elements both in the implant 
and bone.

Consider the case of a structure composed of an implant 
[17] of 11 mm length, a maximum thickness of 2.8 mm 
inserted in a part of the mandible, extending about 10 mm 
from the center of the implant and comprising a layer of 
cancellous bone bordering both the upper and lower sides 
of a thinner cortical bone layer, as in Fig. 1a.

Figure 1 represents the geometric model of the whole 
system, bone, implant, and abutment, while Fig. 2a and b 
presents only the implant geometric model.

The implant is conical shaped with a threaded area in 
the lower part representing an insertion zone of 11 mm, 

Table 1  Material types and their characteristics [10, 16]

No Component 
name

Material Mass Volume

1 Crown Ceramic 2.23 ×  10–4 kg 9.72 ×  10–8  m3

2 Abutment Magnesium 
Alloy

8.17 ×  10–5 kg 4.08 ×  10–8  m3

3 Cancellous 
bone

Cancellous 
bone

1.62 ×  10–3 kg 1.08 ×  10–6  m3

4 Cortical bone Cortical bone 6.77 ×  10–4 kg 3.38 ×  10–7  m3

5 Implant 
3.8 × 11.5

Titan Alloy
Ti6 Al-4VS

4.36 ×  10–4 kg 9.85 ×  10–8  m3

6 Screw Titan Alloy
Ti6 Al-4VS

1.72 ×  10–4 kg 3.88 ×  10–8  m3
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and in the upper area, the implant contains an abutment 
of 7 mm with a maximum diameter of 2.3 mm (Fig. 2a 
and b).

Implantation medium represents a part of the mandi-
ble around the implant at a distance from it, which can-
not affect the stress and displacement state of the whole 
system.

The model of the mandible part considers two distinct 
types of the bone (cortical and cancellous) by assigning 
those areas to corresponding material properties. All com-
ponents are modeled taking into account in detail all real 
technical elements (threads, undercuts, contacts, connec-
tion radii, release cutting, etc.).

The geometric model is meshed and used for various 
finite element (FE) calculations performed by setting 
appropriate boundary conditions and applying different 
axial and lateral loads simulating the masticatory forces.

2.1.2  Numerical model characteristics

The geometrical model presented in the previous para-
graph is meshed using tetrahedral elements both in the 
implant and in the two types of bone tissue. Our study 
used different mesh options, and for instance one of it is 
as follows: number of elements 184,562, number of nodes 
268,244, element size 0.4 mm, tolerance 0.02 mm, time to 
complete the mesh (hh;mm;ss): 00:02:03.

Then, the type of materials and material constants are 
set for each component, such as the bone (cancellous and 
cortical bone) and implant components. In this analysis 
we used as input data, the values available in [10, 16] 
and those provided by the technical presentation of the 
implants.

The mesh used in this model has a big number of finite 
elements owing to the high fineness of the structural ele-
ments of the implant such threads, recesses, etc.

Table 2  Material constants of 
the implant components and 
crown [10, 16]

Constant name Magnesium alloy 
(intermediate part)

Titan alloy (implant and 
screw)

Ceramic (Crown)

Value Unit Value Unit Value Unit

Elastic modulus 4.2 ×  1010 N/m2 1.048 ×  1011 N/m2 2.20 ×  1011 N/m2

Poisson Coefficient 0.33 0.31 0.22
Shear modulus 7.70 ×  1010 N/m2 4.10 ×  1010 N/m2 9.04 ×  1010 N/m2

Mass density 2000 kg/m3 4428.8 kg/m3 2300 kg/m3

Tensile strength 4.2e ×  108 N/m2 8.27 ×  108 N/m2 1.72 ×  108 N/m2

Yield strength 1 ×  108 N/m2 1.05 ×  109 N/m2 5.51 ×  108 N/m2

Thermal expansion coefficient 1.5 ×  10–5 /Kelvin 9 ×  10–6 /Kelvin 1.08 ×  10–5 /Kelvin
Thermal conductivity 24 W/(m.K) 6.7 W/(m.K) 1.49 W/(m.K)
Specific heat 590 J/(kg.K) 586.04 J/(kg.K) 877.96 J/(kg.K)
Hardening factor (0–1; 0 = iso-

tropic; 1 = kinematic)
0.85

Table 3  Material constants of the two types of bone [10, 16]

Constant name Cancellous bone Cortical bone

Value Unit Value Unit

Elastic modulus 1.8 ×  108 N/m2 1.8 ×  1010 N/m2

Poisson coefficient 0.3 0.25
Mass density 1500 kg/m3 2000 kg/m3

Tensile strength 2e ×  107 N/m2 1.5 ×  108 N/m2

Yield strength 1.8 ×  107 N/m2 1.3 ×  108 N/m2

Fig. 1  Geometric model of system

Fig. 2  a, b Geometric model of implant and abutment (a), implant 
and abutment—longitudinal section (b)
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2.2  Contact modeling

The contact modeling between all the parts of the model is 
very important in the numerical calculations as it influences 
notably the results. It differs a lot if the study concerns an 
analysis during the osseointegration period or a post-osse-
ointegration period.

The contact areas are the threaded parts of the implant, 
mandible, and screw. The phenomenon of contact in these 
areas is modeled by special finite elements—contact ele-
ments, modeling the actual behavior of the system.

In our study, as we refer to a post-osseointegration period, 
the contact between the implant threads and bone is con-
sidered a bonded contact, so without slipping, without fric-
tion. The numerical model was built in order to capture the 
interaction between all the components of the implant and 
the bone, and to study the whole system.

2.2.1  Boundary conditions

Boundary conditions are usually set in terms of displace-
ments and/or forces in those zones where these quantities 
are considered known and they must be restricted to remain 
fixed during the simulation.

Null displacement conditions must be placed on a certain 
boundaries to provide the solution balance, for instance in 
Fig. 3a, in which also the boundary conditions are repre-
sented by green arrows.

In addition, the restrictions must be placed in those nodes 
that are far enough from the region of interest, which is in 
our analysis, the vicinity of the implant. It proceeds in this 
manner on account of avoiding the overlap of the stress fields 
corresponding to the reaction forces of the bone–implant 
interface.

2.2.2  Loading application

Setting the loads in a FE model represents a significant stage of 
the study as it must simulate the mastication loading. The type 
of masticatory forces could be of compression, tensile, bend-
ing, and shear. The most dangerous forces which may increase 
the stress around the interface bone-implant are tensile and 
shear forces, which can damage the integrity of the material 
and cause stress concentration that could mean implant failure. 
Generally, the whole system implant—bone adapts to com-
pressive forces [18].

The relation between excessive occlusal forces and the 
marginal bone loss in the peri-implant region is a complex 

phenomenon implying investigations and comprehensive 
research, which include the biomechanical relationships of liv-
ing type material and mechanical properties of bone around 
the implant, engineering principles, etc.

Under effective mastication, the repetitive pattern of cycli-
cal forces distributes the loading over the peri-implant bone 
through the implant. That develops a stress around the ridge. 
Still, the cyclical random forces of mastication are not easy 
to simulate. Accordingly, the majority of FE studies use axial 
and/or non-axial forces—horizontal or oblique, or a combina-
tion of them.

The masticatory force magnitude may be fluctuating 
depending on sex, age, edentation, parafunctional habits and 
can differ from anterior to posterior even for the same patient.

The loads simulating the masticatory forces develop stress 
concentration which must be evaluated and thus an appropriate 
risk must be taken into account [18].

In our FE study, static loads are applied to the abutment 
by an axial and horizontal forces, acting as in Fig. 3b, or axial 
forces only. In our study, calculations using different values for 
loading forces, between 50 and 400 N have been performed. 
For instance, the numerical results presented in the next sec-
tion are obtained for an axial force of 100 N and a horizontal 
force of 20 N and 40 N, respectively.

The Cosmos program determines the structure distribution 
of stress, strain, displacement. We use the elastic constitutive 
law that links the stress tensor σ to the strain tensor � through 
the elastic matrix E by Hooke law:

The strain tensor � is derived from the displacement vector 
u through the kinematic relation:

Concerning the convergence tests, let mention that few 
mesh versions were achieved with a fineness that does not 
present errors higher than a 3.5% solution [19].

� = � ⋅ �.

� =
1

2

(

∇� + ∇�
T
)

.

Fig. 3  a FE model and boundary conditions (green arrows). b Load 
application (axial and horizontal magenta arrows)
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3  Results

3.1  Results concerning the state of stress 
and displacement

Stress concentration in the implant and surrounding bone 
structure may occur under the effect of masticatory forces. 
As the stress is directly proportional to the force and 
inversely proportional to the surface area to which the force 
is applied, it is relevant to evaluate the surface on which the 
force is acting. For instance, the area of the occlusal surface 
on which rehabilitation is performed is less than 4 mm, such 
that the stress magnitude in many cases rests in the order of 
Mpa [20].

The FEM calculation refers to von Mises stress (equiva-
lent stress) values, a scalar quantity which designates the 
stress magnitude which is useful in damage criteria formu-
lation, plasticity, failure, etc. In our analysis, it is employed 
to assess the result of loading forces on the region near the 
dental implant.

It is used as the convention according to which positive 
stress values signify traction, whereas negative values mean 
compressive stress.

The results of numerical calculation by FEM are pre-
sented in the figures below by diagrams of the isovalues of 
the physical quantities under consideration, from the areas 
of minimum value to the areas of maximum value. As much, 
the most advantageous zones from a biomechanical point of 
view are those with minimum values of stress and displace-
ment, whereas zones with the most significant damage and 
high risk are signalized by higher values.

The main quantities of the analysis are: displacement and 
von Mises stress distribution and they are shown in the next 
figures for the case of combined axial and horizontal loads, 
for the whole bone—implant system and for the components 
as well.

For instance, Fig. 4 shows the displacements distribu-
tion in the whole structure: bone, implant, abutment, in the 
transversal section, for axial and horizontal forces acting 
simultaneously.

Fig. 4  Distribution of displacements in the whole system of bone, 
implant, abutment, in transversal section

Fig. 5  Displacement distribution in bone tissue only

Fig. 6  Displacement distribution in implant only
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We observe the asymmetry of the stress distribution due 
to the loading type and bigger values of the displacement in 
the opposite side of the load application.

If a detailed analysis of the system components is 
required, we present Figs.  5 and 6 which represent the 
displacement field for bone only and for implant only, 
respectively.

Figure 7 presents the von Mises stress in the whole sys-
tem in the transversal section under combined axial and 
horizontal loadings. In this case, bigger values are observed 
in the opposite zone of load action as well as in the case of 
displacement.

The asymmetry of these figures may be observed.

Calculations for different values of elasticity modulus 
E for the cortical bone reveal some information on the 
behavior of bone-implant-abutment system according to 
the bone quality. We consider, as frequently that the more 
bone quality is better, the elasticity modulus is higher. 
Figures 8 and 9 present the maximum displacement and 
maximum stress evolution vs bone quality, respectively.

3.2  Results concerning the factor of safety

Material damage in zones where stresses are greater than a 
certain level. These areas are signaled based on the appli-
cation of a failure criterion by calculating the factor of 
safety (FOS). There is a section in Cosmos program for the 
FOS determination as a ratio of the admissible limit values 
and calculated values by FEM model. Limit admissible 
stress values are distinctive for every material and have 
been set in specific conditions. If FOS < 1, the calculated 
stress values exceed the material limit and the structure 
may fail [21].

Figures representing FOS distribution are useful and 
they signify the necessity for appropriate constructive 
solutions to remove risk zones with a low factor of safety.

Figure 10a and b shows the FOS distribution in the 
implant only in the case of only axial loads and axial and 
horizontal loads simultaneously

Low values of FOS are obtained in the implant neck, 
which is well known and found in clinical practice as a 
critical zone.

Fig.7  Von Mises stress distribution in the whole system in section

Fig. 8  Maximum displacement 
vs bone quality (better bone 
quality, higher E value)
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4  Discussion

A 3D FEM study is highly adequate for the biomechanical 
behavior assessment of a system made up of bone, implant 
and abutment subjected to different loading conditions. 
The novelty of this study consists in developing entirely 
by the computer programs of a geometric model which has 
exactly all dimensions and shapes of an actual implant. 
As soon as the geometric model of great accuracy is built, 
simulations of different clinical situations may be devel-
oped, through various loads, various types of materials, 
boundary conditions, etc.

The stress pattern is not changed by an increase in load, 
but generally it just increases its value [9]. The loading the 
system is subjected to may provoke damage, microcracks 

in certain parts of the system, but not an immediate failure 
or rupture [18].

Concerning the bone quality influence on the results 
of the study, we obtained higher stress values in the corti-
cal bone around the implant [22], being maximum on the 
opposite side to the application of force. Consequently, 
the implant placement must be considered carefully in the 
cortical bone with greater thickness since the stress in the 
cancellous bone is low, which may lead to atrophy in that 
zone [19].

Furthermore, the stress values obtained in the case of 
oblique loading force are higher than in the case of vertical 
loading force only [4]. In terms of FOS, this is lower when 
oblique forces are applied, compared with vertical forces 
only.

Fig. 9  Maximum stress vs bone 
quality (better bone quality, 
higher E value)

Fig.10  FOS distribution in the 
implant, a axial force; b axial 
and horizontal forces



 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:345

1 3

345 Page 8 of 9

The concept that the interface of materials with differ-
ent elasticity modulus is a vulnerability of rehabilitation 
systems is confirmed by FEM analysis results [23]. For 
example, rehabilitations involving materials that have an 
elasticity modulus similar to the tooth are able to preserve 
and consolidate the remaining tooth structure [18]. Putting 
together a fatigue laboratory tests with FEM studies, it 
may eliminate or at least diminish the experimental limita-
tions by relating fatigue failure to stress, rather than to an 
appropriate test configuration [24].

There are some limitations concerning on one hand the 
FEM application generally, and on the other hand some 
limitations concerning this study.

General limitations may refer to the fact that the simula-
tion of a real clinical case may not be applied straightfor-
ward in a FE program [23], but we can develop a model 
to simulate an actual situation as accurate as possible, and 
some hypotheses and simplifications have to be done. For 
instance, more convenient for the numerical calculation is 
to use elastic, isotropic, and homogenous materials, even 
it is not the case for real materials and processes [23]. 
At the same time, the FEM model is a static situation at 
a certain moment of load application and not an actual 
clinical situation. Consequently, the FEM results must be 
comprehended and interpreted carefully.

Clinicians should, however, be noted that these FEM 
applications are generated by computer calculations; thus 
they have hypotheses and important restraints that clearly 
will influence the application of these results to an actual 
case [25]. One more aspect of the FEM model is that the 
results are overestimated, due to the applied simplifica-
tions [25].

There are some findings that can be withdrawn from this 
study regarding the sensitive area of the implant neck. It 
should have enough distance from the soft tissue and pos-
sible implant adherence would not influence the mucous 
membrane, since marginal bone resorption and soft tissue 
inflammation may lead to implant failure [22]. Addition-
ally, the neck of implants should have enough sturdiness to 
take over the maximum stress concentrations taking place 
in the neck of the implant. The implant stability can be 
affected if the implant is not robust enough in this zone 
[10]. For patients presenting a narrow alveolar crest bone, 
it is an overload risk in the mesial and distal zone [18].

Consequently, the stress distribution in the whole sys-
tem of implant, bone, and abutment depends on numerous 
factors such as loading type, biomechanical characteristics 
of bone, cortical bone thickness, density of trabecular bone 
and some other factors [23].

To validate the FEM study results, it is necessary to 
correlate them with preclinical and clinical lengthy trials 
[26].

5  Conclusions

This paper presents the biomechanical response by a FEM 
numerical model of a system made up of the implant and 
surrounding bone. This response is employed to analyze 
those factors that influence the implant stability. The pur-
pose of this study is to provide a very accurate numerical 
model, especially regarding to the implant (the geometric 
model used is one of a real implant) to obtain a response as 
close to reality as possible.

The geometric model contains the entire system modeling 
of the problem: the implant, bone support with two types—
trabecular and cortical bone, and abutment. The simulation 
of the masticatory forces is achieved by the application of 
axial and horizontal forces on a certain surface of the abut-
ment. The results show several important related issues, such 
as implant insertion, the optimal implant length choice, the 
sensitive zone of implant neck, but the most significant fac-
tor being, in the end, the bone quality.

These results of the study are consistent with clinical 
observations and the results obtained by other papers. Fur-
ther studies are already in progress for on one hand, to estab-
lish a better connection between the FE analysis and the 
actual clinical situation and, on the other hand to extend the 
FE numerical simulations to more complex clinical cases, 
for instance more elements prostheses.

The clinical significance of this study consists in the fact 
that without in vivo or laboratory experiments, expensive 
both in terms of time and money, the clinician can estimate 
through successive runs of the program, the biomechanics of 
the complex bone-implant-prosthetics system, to highlight 
the risk factors involved in the success of the implant dental.
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