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Abstract

This chapter is devoted to the study of behavior of functional loadings for implant
prosthetics rehabilitation by finite elements method (FEM). It  presents a numerical
calculation of stress, displacement, and strain in implant and surrounding bone, which
is used to assess risk factors from a biomechanical point. The masticatory forces are
simulated by axial and/or non-axial loads, and they are responsible for the biomechan-
ical  response of  the  bone-tissue-implant-crown system.  This  chapter  represents  an
analysis of this response in view of highlighting the factors involved in implant stability
and success. The safety factor for different loading cases is calculated as well. A good
agreement with other study results and clinical studies is obtained.

Keywords: finite elements methods, implant prosthodontics, biomechanics, stress dis-
tribution, numerical solutions

1. Introduction

This chapter presents a study of the biomechanical behavior of dental implant prosthodontics
in a mandible under masticatory loads using numerical models made by the finite elements
method (FEM). This method is widely used in the study of dental implants and has proven very
useful in analyzing the distribution of strains and stress in the entire bone tissue, implant, and
crown structure [1].

These studies are equally relevant in achieving optimal design of the implant, in osseointe-
gration study, in oral rehabilitation study by developing various loading and orientation
versions of the implant, and so on [2].
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Numerical analysis of implants is useful for doctors in a deeper and thorough understanding
of the characteristics of the state of stress and strain in the bone structure to ensure success of
implants [3].

FEM is a numerical method developed by engineers and substantiated by mathematicians to
find approximate solutions to complex structure problems. This method is also successfully
used in medicine for biological structures and, in particular, in dentistry.

The method consists of dividing (mesh) the problem structure domain in smaller areas (finite
element) connected by nodes, called mesh; finding the solution to these subdomains, finite
elements (FEs), considering both loads (forces, pressures, etc.) applied to the structure
boundary, as well as the boundary conditions and finally assembling these elementary
solutions for finding global solutions.

FEM is considered by many specialists as one of the most common numerical methods for
structural analysis. Regardless of their type and complexity, FEM is used in industry and
science, taking increasingly greater scale in medicine and, certainly, its usefulness being quite
rigorously outlined in dentistry and all of its specialties [4].

The large variety of types of finite elements, of loads that can be taken into consideration, of
material modes of behavior (linear or non-linear), of the application regime (static, elastic, or
dynamic), of the types of analysis (structural response, modal analysis, fatigue, fracture,
optimization, etc.) gives the method and, therefore, the user the possibility to carry out an
accurate calculation for any problem, with results as close as possible to reality [5].

FEM possibilities are closely linked to the performance of programs and computers. Currently,
software products of analysis by FEM are made, which, under increasingly high hard per-
formance, enables the possibility that the size or difficulty of the problem to be solved to no
longer constitutes an insurmountable obstacle.

Correctly solving the structure analysis problems by FEM is based primarily on creating a
numerical model as suitable as possible; this model should be based on the correct under-
standing of the problem to be solved and equally on the knowledge of the theoretical foun-
dations of the method.

The great versatility and efficiency of FEM determined its utilization in areas as highly diverse
as mechanical structures, fluids, thermal processes, and recently in areas of medicine such as
orthopedics, stress flow, dental medicine, and so on.

Therefore, FEM is currently one of the most powerful tools for investigating many phenomena
of the most complex and highly diverse areas.

The FEM uses as a starting point an integral model of the phenomenon under consideration
[6, 7]. It applies separately for a series of small parts of a continuous structure obtained by the
meshing process, known as finite elements, connected to each other at points called nodes [8].
These finite elements must be designed so that their ensemble reconstructs as closely as
possible the actual analyzed structure. In principle, these connections must be designed as to
allow a numerical convergence to the exact solution when the structure is discretized in finite
elements with dimensions increasingly reduced.

Perusal of the Finite Element Method230



1.1. Finite elements analysis steps

Finite elements analysis of a structure should take the following steps [6–8]:

1. Dividing analysis area in finite elements (mesh)

Meshing a structure means that it is subdivided in a seldom number of finite elements or in a
numerical integration point mesh, interconnected in their exterior nodes. During this opera-
tion, the types of finite elements to be used will be chosen and their distribution among the
meshed area is established, resulting in their number, size, and form.

Meshing is done by computer. The finite element type is defined by several characteristics,
such as dimension (one-, two-, three-dimensional), the number of the element’s nodes, the
associated approximation functions, and others. Choosing the finite element is of great
importance for the necessary of internal memory, for the required calculation effort of the
computer, and for results quality.

In case of two-dimensional structures, for modeling, triangular or quadrilateral finite elements
can be used; the triangular elements ensure better opportunities in terms of contours geometry
approximation, while quadrilateral elements accurately reproduce the distribution of stress.
It is appropriate to use the elements as close as possible of the equilateral triangle or square.
The use of very obtuse triangles or rectangle angles is not recommended, with too elongated
elements. Similarly, in three-dimensional structures, tetrahedral or parallelepipedic types of
finite elements can be used.

The starting point for the mathematical construction of various finite elements methods is
represented by respecting the following principles:

• considering approximations based on the use of simple elements for which we have
provided a solution;

• increasing accuracy of the calculation by refining the mesh.

1.2. Effect of meshing on the numerical results

Calculation results (displacements strain and stress), which are obtained by FEM, are depend-
ent of the meshing choosing. For this reason, there are situations, especially in the case of
complicated geometries when the problem addressed with these methods should be investi-
gated in several meshing variants and subsequently sorting out the results [8].

On the other hand, the effect of errors increases with the number of elements used. Numerical
errors are due to truncation, rounding, and of input data errors.

To study the influence of meshing, the most common method is to halve the mesh and compare
it, and if the results are negligible, the analysis is considered acceptable. To effectively achieve
more accurate results by successive refining of the finite elements mesh, the following criteria
must be considered:

• Each previous mesh should be reflected in the new one;
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• Each point of the structure must always be found in a finite element;

• The approximation function (type of element) should remain the same when passing from
one element to another.

Nevertheless, it must be noted that from a certain number of finite elements, results can no
longer be improved by increasing their number, and changing the type of finite element used
becomes compulsory.

The model obtained by meshing the structure into finite elements must meet the following
requirements:

– to represent with sufficient fidelity the actual behavior of the structure;

– to allow easy generation of results (displacements, strains, stress);

– to not involve an excessively high labor for input data preparation or results processing and
hence a very long work time for the computer and a great part of its memory.

Some of these requirements are becoming less restrictive following the improvement of
software and technical performance of computers.

It should be emphasized that computer programs are capable of performing automatic
meshing, being able to perform even an automatic refinement of meshing in areas where there
are large gradients of stresses (strains).

2. Establishment of finite element equations (elemental equations)

Material behavior within a finite element is described by finite element equations called
elemental equations. These form a system of equations of the element. Basic equations can be
derived directly on a variational way, through, for example, residues method (Galerkin) or by
the energy balance method.

3. Assembling the elemental equations in the equations system of the structure

The whole structure behavior is modeled by assembling systems of finite elements equations
in the system of structure equations, which physically means that the structure balance is
conditioned by the balance of finite elements. The assembly requires that in the common nodes
of the elements, the unknown function or functions to have the same value.

4. Implementation of boundary conditions and solving the system of the structure equations

The equations system obtained from implementing appropriate boundary conditions suitable
for the problem under consideration is solved by one of the common procedures, for example,
by Gauss elimination or by Cholesky method, and so on, obtaining function values in nodes.
These are called primary or first-order unknowns.
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5. Performing additional calculations to determine the secondary unknowns

In some problems, after finding the primary unknowns, the analysis closes. In other problems,
however, knowing only the primary unknown is not sufficient, the analysis must proceed with
the determination of the secondary unknowns. These are higher-order derivatives of the
primary unknowns. Thus, for example, in dental implants analysis, primary unknowns are
the nodal displacements. With their help, in this step, secondary unknowns are determined,
represented by strains and stress [6, 8].

2. Material and method

2.1. The use of FEM in dental implants studies

FEM is very useful in the study of dental implants because it determines stress, strain, and
displacement both in the implant, crown, as well as in the bone tissue. This calculation plays
a crucial role both in the optimal design of implants [9] and in determining the factors that
control the whole process of post-implant osseointegration [3].

In recent years, studies that are based on the use of FEM in oral implantology became very
numerous and are dedicated either to oral rehabilitation or to analysis of the state of stress in
and around the implant in the peri-implant bone (cortical and trabecular bone). We can
mention works that use two-dimensional (2D) representations of the implant and mandible or
maxilla and consider a geometry of the implant-bone system and axial-symmetric loads [10]
or numerous three-dimensional (3D) studies [11], which model the bone geometry or loads
application in a proper way. On the other hand, there are studies that consider a more realistic
modeling of mastication, namely cyclical dynamic loads directed in an occlusal angle [12].

The importance of FEM numerical analysis in the study of dental implants involves several
aspects. The method is equally useful both for clinicians, by investigating alternative treat-
ments, and for dental implants producers [13]. They can change the macro-design according
to clinical benefits. The purpose of improving the design and use of dental implants is
represented by the bone absorption as reduced as possible in the region around the implant,
certain micro-displacement of the blunt, a better distribution of the loading on the implant
structures [14]. All these properties are often related to the biomechanical behavior and should
be investigated not only in clinical trials but also in FEM studies [2].

A new design of dental implants and materials must be subjected to thorough investigation
and compared to traditional structures. FEM analysis allows the comparison of old and new
treatment modelings, taking into account the limitations and deeper understanding of the
applicability areas [15].

FEM studies are not generally designed for clinicians without the help of engineers. Typically,
clinicians have limited knowledge of modeling and simulation using computers and therefore
they need the help of engineers. Therefore, collaboration between a clinician and an engineer
in this field is very useful. The clinician should devote too much time to acquire adequate
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knowledge on techniques of computational for the preparation and development of a numer-
ical model implementation. However, the clinician must manage the study and provide
necessary directions and indications concerning the dental implant parts, bone physiology,
masticatory forces, the implant bonds with the bone, generally, the dental implantology matter.
Also, the clinician should make every effort to maintain contact with the engineer to achieve
effective assessment and adaptation of the numerical model [16].

The number of elements and nodes can be increased to achieve a more detailed modeling. But
this can be time consuming, which could hinder the development of the model and complicate
the computational calculations. Therefore, the engineer must clearly understand the purpose
of the study, the boundaries, the limitations that can be applied to the model, and the number
of elements can be increased only in the area of interest, therefore in the vicinity of the implant.

The difficulties in finite element modeling in dental implants study are linked on one hand to
the assignment of material properties for biological materials: cortical bone, trabecular bone,
gingiva; on modeling of loads that act on the bone-tissue-implant structure [17], and also on
the actual faithful realization of the geometric model of the implant, which can be extremely
laborious in the case of accurate modeling [11, 18].

As previously mentioned, 3D models are widely used. Given the nature of applied loads,
unbalance of loads, and of geometric structures involved as well as their complexity, 2D models
are unsatisfactory, 3D models being rather preferred [13, 19]. 2D models [20] cannot simulate
the behavior of real structures as realistic as 3D models, so, the latest research focuses on 3D
models [3]. The present paper continues the modern trends of recent years of using detailed
3D models that are much closer to reality both in geometric modeling accuracy loads appli-
cation and in boundary conditions.

This is the case of the present study, which consists of the calculation and analysis of the state
of stress and strain and displacement of the implant and its interaction with the mandibular
bone.

In implants cases, the most critical area is that in which there is maximum stress concentration
[9]. This is the neck of the implant and the surrounding area, namely the cervical edge
(marginal bone) [18]. Therefore, this area should be kept as intact as possible in order to
maintain a structural and functional bone-implant interface [21].

2.2. Numerical analysis program

Modeling and simulation of dental implants behavior are made using Solid Works program
regarding the geometric model development to simulate the implant and bone-tissue structure
and Cosmos program for numerical solving of the obtained scheme [22].

Cosmos program is one of the best professional programs of FEM analysis of the continuum
mechanics. This program was used in the version of its integration into the Solid Works product
—one of the most powerful media of structure modeling—thus ensuring an efficient and
accessible interface, both during data preprocessing and during the post-processing of
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obtained results using graphs, isocurves, isosurfaces to represent the values of the studied
entities fields, and so on.

Since implementing the geometry model of dental implant, crown, and bone tissue requires
special preprocessing resources, SolidWorks software was used. The geometric model made
with this program was exported and used for the Cosmos program calculations.

The present study analyzes the insertion of a dental implant in a section of the mandible,
focusing primarily on highlighting and predicting areas of stress concentration both in the
trabecular bone and in the cortical bone for different clinical situations and loads caused by
mastication. These areas are the most vulnerable areas, where potential failures, fractures, or
damage structure may occur.

2.3. The geometric model of the dental implant

2.3.1. General considerations

The first step of finite element modeling is to provide implant-crown-bone-tissue structure by
creating a geometric model. The next step is choosing materials for structural components [23,
24]. Their properties are available in SolidWorks materials library and studies based on
experimental determinations [19, 25].

In our case, the analysis model is static and materials are considered elastic. We indicate the
material constants for the different materials involved in the modeled structure, such as Young
elasticity module (E), Poisson coefficient (ν), the density, tensile strength, and yield strength.
The third step is the application of restrictions related to boundary conditions and then
applying the loads to simulate the mastication forces in the considered problem.

Both the geometric model and the complete finite elements model of the implant components
and of the bone tissue were performed with great accuracy, considering the construction and
functional details (radius of fillet, fillets, releases, and contact) for the results to be as close to
reality as possible. All of this can be seen in Figures 1–12.

2.3.2. Geometric model components

The case of a structure consisting of a 13.5-mm long implant, with a diameter of 3.8 mm with
two threaded zones (fine step and big step) placed in a section of the mandible with extension
of about 20 mm from the implant axis as shown in Figures 1(a) and 1(b), was considered [26].

The geometric model consists on one hand of the biological material, mandibular part, which
comprises the cancellous bone, cortical bone, and gingiva tissue, and on the other hand of the
implant, prosthetic blunt, and crown. The implant is usually made of titanium alloy and crown
of ceramic [27]. In the studied Denti implant case, the blunt is made of magnesium alloy
(Figure 1b).
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Figure 1. Geometric model: (a) overview and (b) section.

The geometric model of the bone tissue may also be considered in a simpler geometrical shape,
for example, in the form of a cylinder, which comprises a layer of trabecular bone lined both
in the upper and in the lower sides by a thinner layer of cortical bone, as shown in Figure 2(a).
The geometric model of the bone tissue could be simplified by considering a geometric shape
in the form of a cylinder, but which contains a layer of trabecular bone bounded only at the
top by a thinner layer of cortical bone, as shown in Figure 2(b), which represents bone
constituents who contact the implant.

Figure 2. Geometric model, bone tissue, simplified bone versions, with the implant and the crown inserted: (a) trabecu-
lar bone placed between two cortical bone disks (marked in red); (b) trabecular bone superior bounded by a disk of
cortical bone (marked in red).

For structures shown in Figures 1(a,b) and 2(a,b), various calculations by applying appropriate
boundary conditions and some axial and lateral loads between 100 and 400 N have been carried
out, which are simulating the masticatory forces [28].

Calculations revealed no significant differences either in values obtained for stress, strains, and
displacements, or in their localization which is why it can be considered for subsequent
calculations the simpler geometry of the bone tissue as shown in Figure 2(a,b). As the time of
creating the geometric model and the running time is much lower in simplified geometry,
considering a simplified geometry model is useful for quick guidance calculations, which allow
running many cases, with variation of the different factors taken into account, for example,
different values, localizations, and positions of the loading forces (simulating masticatory
forces), types of material with different values of the material constants, and so on.
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For problems that require highly accurate calculations in areas of interest, it is preferable to
chose a geometry as close to reality as possible.

The analyzed structure components are implants, crown, and mandible portion. All these
components were created by a computer and were used in the finite element calculation [26,
29].

2.3.2.1. Implant

It is cone-shaped with two threaded zones (see Figure 3).

Figure 3. The geometric model of the implant.

The interior of the implant (see Figure 4) allows installation without a threaded zone of the
intermediate part (blunt) (see Figure 5) and at the top has a hexagonal bore for mounting with
an Allen key in the mandible. The thread of the inner part is used to assemble the implant with
the prosthetic blunt by a titanium screw M2 (see Figure 6).

Figure 4. Longitudinal section through the geometric model of the implant where implant system parts can be ob-
served.
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Figure 5. Geometric model of abutment.

Figure 6. Geometric model of screw.

2.3.2.2. Crown

This component is made from ceramic and has been modeled by a geometric shape as close to
the real one as possible (Figure 7).

Figure 7. Geometric model of crown in section.
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2.3.2.3. Bone tissue

This is the portion of the mandible around the implant at a distance from it which does not
influence the stress and strain of the studied ensemble.

Adoption of the mandible portion size was based on the Saint-Venant’s principle (the new
distribution of forces produces appreciable differences in stress in the area of application, but
remain with no effect or insignificant effect at large distances from the place of forces appli-
cation) and by preliminary numerical simulations which confirmed the correct choice of size
[30].

Modeling the mandible portion took into account the different structure of the bone portion
(cortical and trabecular) by assigning suitable material properties in respective areas (see
Figure 8) [17].

Figure 8. Geometric model of bone as a piece of mandible, in section: cancellous bone portion bordered by the upper
and lower thinner layers of cortical bone.

For example, in the case of simplified modeling of the bone tissue in a cylindrical shape, the
cortical bone is shown in Figure 9 and the trabecular bone is shown in Figure 10.

Figure 9. The geometric model of the cortical bone component in the simplified version in the form of a cylinder. The
implant thread with a small step can be seen.
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Figure 10. Geometric model of cancellous bone component in the form of a simplified cylinder version. The implant
thread with a large step can be seen.

For the same example, the whole geometric model, consisting of the trabecular bone side,
cortical bone, implant, and crown, is shown in Figure 11, and a complete section in Figure 12.

Figure 11. The geometric model of the assembly, the visible portion in the image is represented by compact bone (a),
trabecular bone (b), and crown (c).

Figure 12. The longitudinal section of the system, composed of bone portions represented by compact bone, trabecular
bone, the implant (d) fixed along the two portions of bone, the clamping screw (e), blunt (f), and crown.

All components were modeled respecting all elements and technical details (threads, taper-
ings, releases, etc.).

The assembly was designed to transmit the mastication force from the crown to blunt and then
to the upper part of the implant; mastication force transmission mechanism does not intervene
in any threaded part [31].
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2.4. The dental implant finite elements model

2.4.1. The finite elements

3D finite elements model used for the study of an implant in a mandible portion was built
using SolidWorks software and uses tetrahedral elements both in the implant and in the bone.
In the following, we represent one meshing option that easily allows viewing of the considered
details.

The FE model is made of several parts corresponding to implant components, as shown in
Figures 13 (FE model of the implant) and 14 (FE model of implant-crown assembly) [26].

Figure 13. FE model of implant and abutment.

Figure 14. FE model of implant-crown assembly.

Figures 15 and 16 represent a complete FE model of the implant and mandibular portion,
respectively, complete FE model for the implant and mandibular cylindrical portion.

Figure 15. Complete FE model of crown, implant, and mandible portion.
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Figure 16. Simplified FE model (cylindrical mandible portion, implant, crown).

Usually, when a problem is to be modeled, first, simple models are created, beginning with
the geometry for a quick development, calculation, and running, considering different
scenarios (e.g., loading size, localization of loading application, etc.). Further, more compli-
cated models are created, in order to bring it as close as possible to reality. The main difference
between the two models is the easy way to construct, to handle, to run for a much shorter time,
and so on, the simpler one. But the complete model offers more accurate information, especially
the localizations of critical zones, despite the difficulty of its construction and a longer running
time.

The features of present numerical studies obtained on the two models, full (portion of
mandible) and simplified (cylindrical), are presented in Table 1.

Information about the mesh Full model Simplified model

Element size 0.4 mm 0.4 mm

Tolerance 0.02 mm 0.02 mm

Number of elements 216904 165382

Number of nodes 318030 243874

Meshing time (hh; mm; ss): 00:07:44 00:01:18

Table 1. Mesh information.

The large number of finite elements relative to the size of the implant is explained by the
existence of fine threads in the structural elements. Meshing fineness appeared as a need for
a closer-to-reality modeling of constructive forms of great finesse, as threads, releases, and so
on.

2.4.2. Material models and their characteristics

In this paragraph, the material types and the characteristics of the material are presented for
each component, namely the bone tissue (composed of trabecular bone and cortical bone),
implant, and crown.
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No. Component name Material Weight Amount

1 Crown Ceramics 0.000223658 kg 9.72426 × 10−008 m3

2 Prosthetic blunt Magnesium alloy 8.17675 × 10−005 kg 4.08837 × 10−008 m3

3 Trabecular bone Trabecular bone 0.00162148 kg 1.08099 × 10−006 m3

4 Cortical bone Mandibular cortical bone 0.000677504 kg 3.38752 × 10−007 m3

5 Implant 3.8 × 11.5 Titanium alloy Al- 4VS Ti6 0.000436557 kg 9.85725 × 10−008 m3

6 Screw Titanium alloy Al- 4VS Ti6 0.000172112 kg 3.88621 × 10−008 m3

Table 2. Data on the used materials.

Ceramics (crown)

Constant name Value Units

Elastic module 2.2059 × 10+011 N/m2

Poisson coefficient 0.22

Shear modulus 9.0407 × 10+010 N/m2

Density 2300 kg/m3

Traction resistance 1.7234 × 10+008 N/m2

Yield strength 5.5149 × 10+008 N/m2

Thermal expansion coefficient 1.08 × 10−005 /Kelvin

Thermal conductivity 1.4949 W/(m.K)

Specific heat 877.96 J/(kg. K)

Table 3. Material constants used for ceramics.

Magnesium alloy (prosthetic abutment)

Constant name Value Units

Elastic module 4.2 × 10+010 N/m2

Poisson coefficient 0.33

Shear modulus 7.7 × 10+010 N/m2

Density 2000 kg/m3

Tensile strength 4.2 × 10+008 N/m2

Yield strength 1 × 10+008 N/m2

Thermal expansion coefficient 1.5 × 10−005 /Kelvin

Thermal conductivity 24 W/(m.K)

Specific heat 590 J/(kg. K)

Table 4. Material constants used for magnesium alloy.

These data are provided in [1, 32, 33] and by the technical presentation of implants used in the
calculation. They were used as input to perform the numerical calculations.
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For an easier presentation, data are summarized in tables as follows: type of material for each
component, mass, and volume are shown in Table 2, and in Tables 3–7 are represented
characteristics of material that is used, respectively, for crown, for intermediate piece of
implant, implant, trabecular bone, and cortical bone.

Titanium alloy (implant and the screw)

Constant name Value Units

Elastic module 1.048 × 10+011 N/m2

Poisson coefficient 0.31

Shear modulus 4.1024 × 10+010 N/m2

Density 4428.8 kg/m3

Tensile strength 8.2737 × 10+008 N/m2

Yield strength 1.05 × 10+009 N/m2

Thermal expansion coefficient 9 × 10−006 /Kelvin

Thermal conductivity 6.7 W/(m.K)

Specific heat 586.04 J/(kg.K)

Hardening factor
(0.0–1.0; 0.0=isotropic; 1.0=kinematic)

0.85

Table 5. Material constants used for titanium alloy.

Trabecular bone (mandible portion)

Constant name Value Units

Elastic module 1.8 × 10+008 N/m2

Poisson coefficient 0.3

Density 1500 kg/m3

Tensile strength 2 × 10+007 N/m2

Yield strength 1.8 × 10+007 N/m2

Table 6. Material constants used for trabecular bone.

Cortical bone (mandible portion)

Constant name Value Units

Elastic module 1.8 × 10+010 N/m2

Poisson Coefficient 0.25

Density 2000 kg/m3

Tensile strength 1.5 × 10+008 N/m2

Yield strength 1.3 × 10+008 N/m2

Table 7. Material constants used for cortical bone (mandible portion).
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2.4.3. Contact modeling

In this analysis, we considered a model as close to real conditions as possible. In this regard,
we paid special attention to the modeling of contact.

Contact zones are the threaded portions of the implant, mandibular segment, and screw.
Contact phenomenon in these areas is modeled by special finite elements—contact elements,
according to the actual behavior [33].

The contact model was used between adjacent surfaces of the threaded zones without allowing
them for interpenetrating. In this way, up to seven pairs of contact surfaces were defined.

This contact modeling corresponds to a complete osseointegration, which corresponds to a
period of implant analysis of more than 6 months after its insertion.

2.5. Boundary conditions

In general, structural analysis, boundary conditions are set in displacements and/or forces in
those regions where these entities of the structure are considered to be known [6, 8].

These regions are considered restricted to remain fixed (if they have null displacements
and/or rotations) during the numerical simulation or they may have non-zero values for
specified displacements and/or rotations.

Non-zero displacement restrictions should be placed on boundaries of model for maintaining
the balance of the solution.

Also, restrictions should be placed in nodes that are away from the region of interest, in our
case, in the vicinity of the implant. This is in order to prevent overlapping of the stress or strain
field associated with the reaction forces to the bone-implant interface.

The models created with FEM presented in this study (Figure 17, complete model; Figure 18,
cylindrical section of a simplified model), the lateral faces of bone tissue and the lower ones,
were considered without moving, namely fixed (displacements, nodes are blocked on those
faces in all directions).

Figure 17. Boundary conditions for FE model (green arrows).
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Figure 18. Boundary conditions for the simplified FE model (green arrows).

2.6. Load application

Loosing marginal bone in the peri-implantation region may be a result of excessive occlusal
forces [34]. To determine and understand this correlation, intensive research, including
engineering principles, biomechanical relationships of living tissues, and mechanical proper-
ties of bone around the implant, is necessary.

In this context, the loads setting in an FE model is an important part of the study. Each
component of the model is contributing to the final analysis after loading. In other words, from
beginning to end, all FE analysis steps contribute to the ability to extrapolate masticatory forces
in the area around the implant and prosthesis.

Masticatory forces can be forces of compression, traction, bending, and shear. Compressive
forces try to push materials into each other, the traction forces pull them apart, separate entities
and shear forces cause slides. Most detrimental forces that can increase stress around the bone-
implant interface and prosthesis are traction and shear. These forces tend to damage the
integrity of the material and cause stress concentration [2, 34].

In general, the prosthesis-implant ensemble adapts to compressive forces. Under effective
mastication, repetitive model of cyclical forces transmitted via dental implant causes load of
the peri-implant bone. This generates a stress around the ridge and prosthesis. However,
random cyclic forces of mastication are not easily simulated. Therefore, most FE studies use
axial and/or non-axial forces [35].

Non-axial loadings generate a distinctive stress particularly in the cortical bone ridge. So, for
a realistic simulation it is necessary to use a combination of vertical and/or oblique (axial and
non-axial) forces. As mentioned, oblique loads are more destructive for the peri-implant bone
region and clinically disruptive for the prosthesis.

Masticatory force size can be variable depending on age, sex, and para-functional habits, and
can vary from anterior to posterior [36]. Loadings simulating mastication forces generate stress
concentrations that must be evaluated.

The loadings applied in the present study were provided by own experimental determinations
(maximum values of masticatory forces women/men) and by information analysis from other
studies [37–39]. In this study, we used both axial and non-axial loads. More precisely, more
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sets of static loads were considered, namely axial loads, non-axial (Figure 19); axial and non-
axial (Figure 20), applied to the crown.

Figure 19. Non-axial load application (arrows indicate the application direction).

Figure 20. Axial and non-axial load application (arrows indicate the application direction).

3. Results of FEM analysis of some clinical situations of implant
prosthodontics rehabilitations

3.1. Analysis of states of stress, strain, and displacement in the implant and in the bone
tissue

Under the action of mastication forces, stress concentration increases in the prosthesis and
bone. The stress is a representation of internal forces which are acting within a deformable
body; it is a measure of the average force per unit of surface within the internal body where
forces act. These internal forces occur in response to the application of external loadings on
the considered body. Internal resistance after applying external loads cannot be measured.
Therefore, a simple method is to measure the forces applied to the cross section.

The FEM analysis of dental implants usually calculated von Mises stress (equivalent stress), a
scalar quantity (number) characterizing stress size. This is very important in formulating the
criteria of damage, plasticity, strength, and so on. This analysis is used to assess the effect of
load forces on the region in the vicinity of dental implant or crown [34].

There is the convention that specifies that positive values of stress mean traction stress, while
negative values of stress mean compressive stress.
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FEM numerical calculation results are shown as diagrams in which different colors signify
areas of physical quantities considered of equal value, the minimum value areas to areas with
maximum values. In Figures 21–23, the red-colored areas represent critical areas and blue-
colored areas represent areas with the least loading.

Figure 21. von Mises stress field in the longitudinal plane section for axial force.

Figure 22. Displacement field in the longitudinal plane section for axial force.

Figure 23. Equivalent strain field in the longitudinal plane section for axial force.
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In our analysis, loads that simulate axial and non-axial type masticatory forces were consid-
ered, with a range between 20 and 140 N.

In Figures 21–23, the most favorable areas are those with minimum values of stress, strain, and
displacement, while areas with the greatest damage, high risk are characterized by higher
values.

We will present the most important results regarding the distribution of the following entities
of the study: von Mises stress field, displacement field, strain field, the safety factor (SF) for
axial loadings, non-axial loadings, and axial and non-axial loading simultaneously applied.

3.1.1. Axial loadings

When axial loadings are applied, the results concerning the stress field distribution for the
entire structure are shown in Figure 21, the displacement field in Figure 22, and the strain field
in Figure 23.

For example, Figure 21 confirms the correctness of dimensions adopted for mandibular bone
by the fact that stress in marginal areas of it is practically null.

Figures 21–23 show fields symmetry due to the application of axial loads and they were
obtained for a load value of 100 N.

We note that the case of axial loads is an ideal case, in reality this case is combined with non-
axial loads.

3.1.2. Non-axial loadings

For non-axial loadings, we present the results for the von Mises stress field (Figure 24),
displacement field (Figure 25), and strain field (Figure 26).

Figure 24. Von Mises stress field in longitudinal plane section for non-axial loadings.
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Figure 25. Displacement field in longitudinal plane section.

Figure 26. Strain field in longitudinal plane section for non-axial loadings for non-axial loadings.

Figures 24–26 confirm instead the asymmetry for stress, strain, and displacement fields due
to the application of non-axial forces. Results from the figures presented here are obtained for
a non-axial load of 120 N and represent the distribution of von Mises field stress, displacements,
and strains of the entire bone-implant-crown system.

The distribution of these quantities—stress, displacements, and strains—is more suggestive if
we consider their distribution separately only for bone tissue or for implant.

Figure 27. Von Mises stress in the bone tissue.
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Thus, we present the results for the bone tissue: the von Mises stress distribution in Figure 27,
displacements distribution in Figure 28; for implant: the von Mises stress distribution in
Figure 29 and von Mises stress distribution of the implant in the longitudinal section in
Figure 30.

Figure 28. Displacements in the bone tissue.

Figure 29. Von Mises stress in the implant.

Figure 30. Von Mises stress in the longitudinal plane section of the implant.

From the results shown in Figures 27 and 28, it is observed that to obtain large displacements
and stresses, which may become critical in the upper cortical bone of the implant neck, it is
necessary to apply non-axial forces in the opposite direction.
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3.1.3. Axial and non-axial loadings applied simultaneously

A more realistic simulation of masticatory forces can be achieved by the simultaneous
applications of axial (120 N) and non-axial loadings (20 N) (Figure 31). This case of application
of forces is closer to the actual situation [26].

Figure 31. The simultaneous application of axial and non-axial forces.

In this case, for instance, the displacement distribution for the whole bone-implant-crown
system is presented in Figure 32, while Figure 33 shows the distribution of displacements only
in the bone tissue.

Figure 32. Displacements in the case of application of axial and non-axial loads in the whole system.

Figure 33. Displacements in the case of application of axial and non-axial loads in bone tissue.
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The comparison of these results with those obtained in the previous paragraph is very useful,
as they allow an analysis concerning the localizations on which the forces are acting on. It
appears that, for example, the maximum von Mises stress if only non-axial loads in Section
3.1.2 is 5.197 × 108 Pa, unlike the calculations in this paragraph, the maximum value of von
Mises stress is 1.288 × 108 Pa. This fact is due to modeling of the masticatory forces which are
applied over a larger area, case in which there is lower concentration (case of Section 3.1.3). If
the application forces surface is smaller, then the maximum stress concentration is higher (case
of Section 3.1.2).

The stress is directly proportional to the force and inversely proportional to the surface area
on which the force is applied. It is important to determine the surface area on which the loads
are applied, as that fact influences considerably the calculation of maximum stress magnitude.
For example, the area of the occlusal surface on which the rehabilitation is carried out is less
than 4 mm, so that the amount of stress in much rehabilitation is in the range of MPa [40].

3.2. Safety factor determination

The CosmosWorks program has a section destined for determining the distribution of the
factor of safety (FOS) or safety factor as a ratio between allowable stress limit values and actual
stress values obtained by FEM calculation [22]. If SF < 1, the stress level is higher than the
material limit and the structure is likely to fail [22].

Images are suggestive and may indicate the need for constructive appropriate solutions to
eliminate dangerous areas that have a low safety factor.

Figures 34 and 35 present safety factor distributions for implant determined by the von Mises
method and Tresca, respectively, in the case of axial loading, and in Figures 36 and 37, the
safety factor distributions for implant, determined by the von Mises and Tresca method in the
case of non-axial loads, respectively.

Figure 34. Safety factor distributions in the longitudinal section, von Mises criterion, axial load.
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Figure 35. Safety factor distributions in the longitudinal section, Tresca criterion, axial load.

Figure 36. SF distribution in longitudinal section, the von Mises criterion, non-axial loads.

Figure 37. SF distribution in longitudinal section, the criterion Tresca, non-axial loads.
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From these figures, the obtained results show that the most strained zone is the contact area
of the crown and fine thread parts from the cortical bone area (red-colored areas in Figures 34
and 35). Between the two alternative calculations, there are small differences, both in terms of
factor value and in terms of its distribution.

A suggestive description of the SF distribution can be achieved by considering the bone tissue
only (Figure 38).

Figure 38. SF distribution in the bone tissue, Tresca criteria for non-axial loads.

From the obtained results of Figures 36, 37 and 38, asymmetry is observed due to the non-axial
forces application, and also an area with very low safety factor in cervical bone area adjacent
to the implant neck, on opposite application of oblique force.

4. Discussions

3D FEM analysis is very efficient for assessing the biomechanical behavior of a structure made
of bone, implant, and crown under various loading conditions. In the past four decades,
numerous studies have shown that FEM applied in dentistry is a very successful method used
to investigate critical issues related to stress distribution [41]. Using detailed 3D models may
be extremely useful in understanding the critical issues related to choosing the rehabilitation
and application of procedures.

Results of a FEM analysis cannot be implemented directly in clinical situations, but it can
design a model so as to simulate a real situation as well as possible [42]. Some limitations of
the study using FEM are, however, the adoption of simplifications and assumptions.

FEM analysis should be interpreted with care. In most cases, the numerical studies of oral
implantology use isotropic material, and not orthotropic, or anisotropic, as would be plausible
[43].

On the other hand, the model by FEM is a static situation at a moment of loading application
and not an actual clinical situation. In reality, structure loading is rather dynamic and cyclical.
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Materials used in various branches of dentistry are supposed isotropic, homogeneous, and
elastic, and so remain after loadings, which do not reflect the real situation [43, 44]. For
example, periodontal ligament has non-linear mechanical properties and bone tissue is
heterogeneous. The numerical results obtained should be more precise and rigorous if the
material would be considered anisotropic and inhomogeneous, but they would lead to
complex mathematical calculations on one hand, but more difficult, it would require more
complicated laboratory experiments to determine material constants, especially for materials
of living tissue type [45].

The results obtained by FEM use von Mises plasticity criterion, which is used in engineering
rather for ductile material, for which the compression stress is equal to the traction stress as
steel and aluminum. By contrast, brittle materials such as ceramics, cements, or composites
resins had a compressive strength value significantly greater than the tensile strength [7].

The structure response is different under the action of asymmetric loads. When the structure
is loaded compressively, no significant displacements occur due to higher compressive
strength. The situation is different when loading is asymmetrical and when traction stress
occurs. When a further lateral load is applied, traction stress is generated in areas with higher
values than when vertical loads are applied in the same areas [43].

An increase in load does not cause a change in the stress distribution, only an increase in values.
A loading that a structure is subjected can cause micro-cracks in certain parts of the structure,
but not an immediate rupture [36].

Most dental breaks of used materials are caused by traction stress. A prevention of this
phenomenon can be avoided by adjusting the occlusal surfaces. Masticatory forces vary
between 11 and 150 N, while the maximum value of force is 200 N anterior, 350 N posterior,
and 1000 N in bruxism [46, 47].

New developments in computer technology and modeling techniques make FEM a reliable
and accurate approach in dealing with biomechanical applications.

In clinical practice, it may be considered that as these applications are being made by computer,
assumptions and critical limitations can clearly affect the application of these results on a real
scenario. Another aspect of the analysis by FEM is overemphasis results, due to the simplifi-
cation applied to simulation models.

Although usually an advanced computing technology is used to obtain numerical results, there
are many factors that affect clinical features such as macro- and micro-design, material
properties, loading conditions, and boundary conditions.

Consequently, correlating the obtained FEM results with preclinical and clinical studies of long
duration can help to validate results obtained by numerical simulations.

Note that several versions of meshing were created, to a fineness of it that does not lead to
errors in the solution 3.5% higher than similar studies conducted by other authors [3].

Loading simulations must be as realistic as possible, containing simultaneous axial forces and
non-axial [26, 29].
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Results from our FEM analysis are consistent with data from the literature for similar models
[48, 49]. Regarding optimizing dental implants, the following can be mentioned [50, 51]:

– Placing the implant should be done with caution so this would be as much as possible in the
cortical bone area, as strain and stress values in the trabecular bone zone is very small, they
may cause atrophy in the surrounding area.

– The neck of the implant should be long enough so that it departs from the soft tissue and any
implant adherence has no effect on the mucous membrane. Any inflammation of the soft tissue
and/or marginal bone resorption can jeopardize the stability of the implant.

– The neck of the implants should be quite robust, since the maximum stress concentrations
occur in the neck of the implant. If the implant is not quite strong in this region, it can affect
the integrity of the implant.

– There is a high risk of overload in the mesial and distal areas. This should be considered in
patients where there is a narrow ridge of bone.

– Since loading does not necessarily mean it has overcome bone resistance, continuous loading
more likely causes fatigue damage (micro-cracks in bone, marginal bone resorption). From a
mechanical point of view, the presence of bone defects seems disadvantageous due to lack of
bone support. Instead, the peri-implant bone stresses and strains are not only depending on
the in vivo loading but also determined by bone quality (mechanical properties of bone) and
amount (thickness of the cortical bone, density of the trabecular bone), periodontal state, oral
hygiene, and other factors that may play an important role in marginal bone remodeling.

5. Conclusions

The present study constitutes a FEM calculation of stress, displacement, and strain in implant
and surrounding bone, which is used to assess risk factors from a biomechanical point.

FEM studies have certain advantages over clinical studies, preclinical, and in vitro. First,
patients are in no way affected by the application of new materials and new treatment that
have not been previously tested. In the biomedical field, FEM is an important tool because it
avoids the need for a traditional specimen, instead using a mathematical model that eliminates
the need for a large number of teeth. FEM analysis helps in preparing the design, indicates the
right materials, or a combination therefore to be used in various load conditions to reduce
material consumption and/or failure of the clinical practice.

FEM analyses are useful for clinicians, although they require additional time to work, but they
are a useful tool in predicting the implant choosing: type, shape, size. We believe that in the
future, it will develop further, being available and accessible to a large number of doctors.

FEM simulations can be extended in numerous directions, such as parametric studies for the
key factors involved in the analysis of the success/failure of the dental implant treatments; the
analysis of the implant prostheses: bridges on the implants, connected crowns, and individual
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crowns on the implants, in order to formulate exclusion criteria regarding the success of one
of the therapeutic alternatives; comparative analysis of the various models of implants in terms
of their stability and highlighting the factors involved in it.
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