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Abstract

Introduction: The finite element method (FEM) involves a series of
computational procedures to calculate the stress in each element,
which performs a model solution. Such a structural analysis allows
the determination of stress resulting from external force, pressure,
thermal change, and other factors. This method is extremely useful
for indicating mechanical aspects of biomaterials and human tissues
that can hardly be measured in vivo. The results obtained can then
be studied using visualization software within the FEM environment
to view a variety of parameters, and to fully identify implications of
the analysis. Objective: An overview to show application of FEM in
dentistry was undertaken. Literature review: This paper shows the
basic concept, advances, advantages, limitations and applications of
finite element method (FEM) in dentistry. Conclusion: It is extremely
important to verify what the purpose of the study is in order to
correctly apply FEM.
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Introduction

The oral cavity is a complex biomechanical
system. Due to this complexity and limited access,
most biomechanical research of the oral environment
such as restorative dentistry, endodontics,
orthodontics, prosthodontics and implantology
has been performed in vitro. Mechanical tests have
been used for determination of fracture resistance,
behavior and mechanical properties of tooth
structures and restorative materials, but these tests
hardly provide information about internal behavior
of the structures studied.

Deformation and stresses are generated when
loads are applied to a structure. This is usual, and
is how a structure performs its structural function.
But if stresses become excessive and exceed the
elastic limit, structural failure may result [40].
These stresses cannot be directly measured and it
is not easy to understand why and when a failure
process is initiated in complex structures, and how
we can optimize the strength and longevity of the
components of the stomatognathic system. So, the
application of engineering knowledge in dentistry
with the use of computational techniques has helped
to understand oral biomechanics aspects.

Finite Element Analysis (FEA) has been widely
used through numerical analysis that has been
successfully applied in many engineering and
bioengineering areas since the 1960s. The finite
element method (FEM) is a numerical procedure
for analyzing structures. Usually, the problem
addressed is too complicated to be satisfactorily
solved by classic analytical methods. The problem
may concern stress analysis, heat conduction, large
deformations, fracture propagation or any of several
other areas.

FEA is based obtaining a solution to a complex
physical problem by dividing the problem domain
into a collection of much smaller and simpler
domains in which the field variables can be
interpolated with the use of shape functions [20].
The structure is discretized into so called “elements”
connected through nodes. When choosing the
appropriate mathematical model, element type and
degree of discretization are important to obtain
accurate as well as time and cost effective solutions.
Other advantages of this method compared with
other research methodologies are the low operating
costs, reduced time to carry out the investigation
and information provision that cannot be obtained
by experimental studies [40].

FEM has been applied in many studies of
various areas of Dentistry. This can be attributed

to mechanical engineering principles that are
present in these specialties, favoring the use of
finite element modeling.

The aim of this article is to show the use of
FEM in the various areas of Dentistry.

Literature review

Prosthodontics

Different test parameters and standards are
used in the experimental studies, which might be
the cause of the controversy surrounding the issue of
fracture resistance of teeth restored with endodontic
posts. The biomechanical conditions that lead to
fracture are characterized by the stress state in a
tooth, which can be assessed by FEA.

FEM has been shown to be a useful tool when
investigating complex systems that are difficult to
standardize during in vitro and in vivo studies.
It has been used to evaluate the influence of the
type of material (metal, carbon, glass fiber and
zirconia ceramic) and the external configuration
of the dowel (smooth and serrated) on the stress
distribution of teeth restored with varying dowel
systems [45].

Some studies [6, 36, 45, 47] found that the
use of glass fiber dowel resulted in lower stresses
“inside the root” than did zirconia ceramic,
carbon fiber or metal dowel, but these studies
failed to mention if these stresses were found in
the dentin or within the dowel itself. Thus, there
may be no risk of root fracture in this area.
These studies showed the same conclusion, but
it is interesting to note that material properties,
loading conditions and simulated boundaries
had some differences between researchers. The
elastic constants used in the calculations were
obtained from the literature; however there were
variations between them. Moreover, different loading
conditions were considered and many researchers
considered glass fiber (GF) post to be transversally
isotropic. Accuracy of the model was checked using
convergence tests by Spazzin et al. [47]. The results
were presented in terms of von Mises criteria by
researchers.

It has been reported that a cervical ferrule
preparation creates a positive effect in terms of
reducing stress concentration in endodontically
treated teeth. Eraslan et al. [16] showed that the
use of a ferrule in endodontically treated teeth
restored with an all-ceramic post-and-core reduces
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the values of von Mises stresses on the tooth-
restoration complex. Stress levels were higher for
the rigid zirconium oxide ceramic post system than
for fiber posts, at the dentin wall and within the
post. Materials used in study were assumed as
homogenous and isotropic. The elastic properties
of the materials (Young’'s modulus [E] and Poisson’s
ratio [u]) were obtained from the literature. Results
were presented by considering von Mises criteria.

Studies [4, 6] have emphasized the effect of the
elastic modulus of the post material on stresses
transferred to tooth structures showing that
increasing the elastic modulus of the post causes
decreased dentin stress. However, Boschian et al.
[8] reported that post materials that have an elastic
modulus higher than dentin are capable of causing
dangerous and non-homogenous stresses in root
dentin. Therefore, it is commonly accepted that
a better performance is achieved if the stiffness
of the post material is similar to that of dentin.
Additionally, Silva et al. [45] concluded that the
post material seems to be a more relevant factor
on the stress distribution of endodontically treated
teeth restored with a post than the post’s external
configuration.

Cements, such as glass ionomer, resin-modified
glass ionomer, zinc-phosphate, and resin cement,
have been used to fix dowels and cores with
acceptable clinical results. Nevertheless, the
difference in elastic modulus among dentin,
intraradicular retainers, and cements could result
in stress concentration at the restoration interface
when the tooth is under function. Soares et al.
[46] and Suzuki et al. [49] investigated the stress
distribution in roots restored with different cements
demonstrating that resin cement presented fracture
resistance values that were significantly higher
than the other cements. Moreover, Soares et al.
[46] revealed that zinc—phosphate cement and
conventional glass ionomer cement (GIC) produced
higher stress concentration levels at the cement/
dentin interface.

These findings were confirmed by Al-Omiri et al.
[2], through a systematic review. They reported that
the treatment of endodontically treated teeth using
posts might be more successful if tooth structure
loss is limited, a ferrule is obtained, a post with
similar physical properties to natural dentin is used
and the appropriate adhesive techniques for post
luting and coronal restoration are used. Therefore,
when the advantages and disadvantages of different
luting systems and materials are considered,
adhesively luted resin/fiber posts with composite
cores appear to be the best luting technique currently

available in terms of tooth fracture resistance and
biomechanical behavior.

Restorative Dentistry

FEM has been used to analyze stresses generated
in teeth and restorations. It has proven to be a useful
tool for understanding tooth biomechanics and the
biomimetic approach in restorative dentistry.

There is doubt whether a high or a low modulus
of elasticity is preferable for composite restorations.
Asmussen et al. [5] studied Class I and Class II
resin composite restorations and the influence of
the modulus of elasticity on stresses generated
by occlusal loading. They concluded that resin
composite occlusal restorations should have a high
modulus of elasticity in order to reduce the risk
of marginal deterioration. Yamamoto et al. [50]
showed that materials with a higher modulus of
elasticity were suitable as cavity base materials for
posterior restorations. Asmussen et al. [5] obtained
elastic constants of materials by literature and the
restorations were loaded centrally with a force of
100 N in the axial while Yamamoto et al. [50]
determined elastic modulus and Poisson’s ratio by
nanoindentation and a total oclusal load of 600 N
was applied along the cusp.

Restorative procedures can make the tooth
crown more deformable. Magne et al. [30] evaluated
five models: natural tooth, MO and MOD cavities,
MO and MOD endodontic access preparations and
showed that the progressive loss of tooth structure
(MO to MOD to endodontic access) translates into
a progressive loss of cuspal stiffness. The natural
tooth and the tooth with the MOD ceramic inlay
presented the same behavior (100% recovery of
cuspal stiffness). Boundary conditions, load protocol
and configuration were chosen because they
reproduce existing experiments. Material properties
were based in literature. According to the authors
the potential use of the model was demonstrated
using nonlinear contact analysis to simulate
occlusal loading. Cuspal widening was measured
at different restorative steps and correlated with
existing experimental data for model validation
and optimization.

Campos et al. [9] and Belli et al. [7] investigated
the use of ceramics and polymers in indirect
restorations. They determined that ceramic seems
to be a preferable material for restoring because
its structure keeps the stress inside and, therefore,
transfers less stress through the tooth structure.
Mechanical properties, geometry, and thickness of
the restorative material can directly influence the



372 - RSBO. 2013 Oct-Dec;10(4):369-77

Piccioni et al. - Application of the finite element method in Dentistry

load distribution in a tooth/restoration complex
and consequently the results.

Several studies [25, 26, 41, 42] have suggested
that the complex interaction caused by a non-
functional distribution of occlusal loads, combined
with poorly developed enamel and the demineralizing
and weakening effects of erosive acids, may operate
to produce non-carious cervical tooth loss. Ichim
et al. [26] showed that the restorative materials
(GIC and composite) currently used in non-carious
cervical lesions are largely unsuitable in terms of
resistance to fracture, suggesting that the elastic
modulus of such a material should be in the range
of 1 GPa. Whereas the location of the lesion and
occlusal loading direction will affect the stress
conditions, thus there will be many possibilities of
model’s type and it seems difficult to compare them.
So, the ideal is to combine clinical observations
and finite element modeling will be essential to
determine the stress factor in the initiation and
development of NCCL.

Restorations mean a change in the biomechanical
balance of natural teeth. Problems may occur
when the restorations are submitted to stressing
conditions. Stress can interfere with the adhesive
interface, enamel, or dentin substrate. Therefore,
the elastic properties of the resin-dentin interface
might have an important function for stable dentin
bonding and in the prevention of gap formation.
Some studies [3, 7, 35, 52] evaluated the relation
between the hybrid layer and stress distribution,
showing that the hybrid layer has a stress-
absorbing property and an increase in thickness
of the adhesive layer increased the absolute values
of stress concentration. The material properties
(Young’'s module (E) and Poisson coefficient (n))
were established from literature. All materials were
considered homogenous, isotropic and linearly
elastic using 2-dimensional FEA by Anchieta et al.
[3]. Already, Belli et al. [7] presented the results
in terms of the von Mises stress values. Xavier
et al. [52] considered 3-D models as more reliable
than the 2D models for analyzing the shear and
microshear bond strength tests.

Implantology

FEA has been extensively used to predict
the biomechanical performance of various dental
implant designs, as well as the effect of clinical
factors on the success of implantation.

Genj et al. [21] reviewed the current status of
FEA applications in implant dentistry and discussed
findings from FEA studies. Those authors concluded
that, to achieve more realistic models, advanced

digital imaging techniques can be used to model
bone geometry in greater detail; the anisotropic
and non-homogenous nature of the material needs
to be considered; and boundary conditions must
be refined. In addition, stress distribution in the
implant-prosthesis connection has been examined
by FEA studies because of the incidence of clinical
problems, such as gold and abutment screw failures
and implant fracture. Design changes to avoid or
reduce these prosthetic failures by improving the
stress distribution of implant components were
suggested.

In a finite element study on immediately loaded
implants, Ding et al. [14] showed that the simulated
masticatory force was better dissipated and the
stress and strain around the implant neck was
decreased when the implant diameter was increased.
Several studies [1, 13, 29, 31, 32, 43] using FEA
have found that a higher risk of bone resorption
occurs in the neck region of an implant. By using
the FEM, the authors could compare the elastic
modulus and deformation of different types of bone,
which helps clinicians to understand the process
of bone remodeling, for further improvements of
their surgery techniques.

The biomechanical behavior of the implant
threads plays an important role on the stresses at
the implant-bone interface. Eraslan et al. [17] found
that different implant thread forms did not affect
the von Mises stress distributions in supporting
bone structure, but produced different compressive
stress intensities in the bone. Materials used in
study were assumed as homogenous and isotropic.
The elastic properties of the materials ([E] and [u])
were determined from the literature. Chun et al.
[12] found that the square thread shape filleted
with a small radius was more effective on stress
distribution than other dental implants used in
the analyses.

Early loading of dental implants after placement
is believed to be a major cause for premature implant
failure. Dos Santos et al. [15] showed that the
simulations with non-submerged implants showed
higher values of stress concentration than those that
were submerged. It was also demonstrated that soft
liner materials presented better results than when
the denture base was not relined. The height of
the healing caps seems to have a direct influence
on the stress distribution in the peri-implant bone
during the healing period. Considering the values
obtained in that study, the use of soft liners with
submerged implants seems to be the most suitable
method to be used during the osseointegration
period. The data were evaluated using Maximum
Principal Stress.
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Orthodontics

FEM has proved to be a valid and reliable
technique for evaluating the deformation and loading
characteristics of complex structures following
the application of orthodontic forces. Cattaneo et
al. [10] indicated that, following the application
of an orthodontics loading regime, the concept of
resorption is caused by compression, and formation
is caused by tension. Furthermore, the same authors
[11] found that tension in the alveolar bone was far
more predominant than compression.

Studies [33, 34, 38, 39] developed finite element
models to understand the interaction between the
periodontal ligament (PDL) and tooth mobility. Jones
et al. [27] validated a FEM model and discovered
that the PDL is the main mediator of orthodontic
tooth movement, revealing that PDL demonstrated
an inicial elastic response followed by a visco-elastic
phase when subjected to a continuous load and the
materials properties of periodontal ligament were
difficult to quantify. Qian et al. [39] conducted a
study by means of a combined experimental and
numerical approach, to investigate the full-field
distributions of displacement, stress and strain,

Table I - Comparison between 2D and 3D FE models

and their evolution with loading in the entire fresh
periodontium under an externally applied force. They
concluded that the non-linear and time-dependent
viscoelasticity of the PDL enables the acquisition
of a full picture of detailed, realistic stress/strain
fields, and deformation patterns of the entire fresh
periodontium.

Discussion

FEM usually consists of 3 principle steps:
Pre-processing, processing and post-processing.
The objective of Pre-processing is the constructing
of the “model” that consists of the geometrical
representation, the definition of the material
properties and boundary conditions.

FEA can be performed using two-dimensional
(2D) or three-dimensional (3D) models. The choice
between these two depends mainly on the required
accuracy and the applicability of general findings
associated to final time and costs involved [37].
There are advantages and limitations of both

approaches (table I).

2D

3D

Time and cost more effective method

Simpler, easier to build and less time
consuming compared to the 3D model

They do not represent the complexity of the real
problem

Better visualization of internal areas

Require a mesh refinement, more complex
analysis and full assessments which yield
accurate results

Greater computational cost

FEA models can follow different protocols,
depending on the aim of the study. Models used to
analyze laboratory test parameters usually have the
simplest geometries and can be generated directly
into the FEA software. Modeling of 2D and 3D
biological structures may have to be performed with
Computer Aided Design (CAD) or Bio-CAD software.
Ideally, the teeth must be represented in 3-D.

FEM is performed with material properties that
can be isotropic (same properties) or anisotropic
(different properties along 3 axes: X, y, and z) [20].
One of the difficulties associated with finite element
models is to allocate appropriate physical properties
to the different constituent parts of the tooth and
restorative materials. The properties allocated to
the materials under investigation are critical to the
validity of FEAs, since each element is assigned
specific values that affect the results.

Different researchers have used different
physical characteristics of dental tissues, such
as enamel and dentin. Wakabayashi et al. [51]
considered enamel to be an isotropic material
in which properties are similar in all directions,
but when enamel is considered to be anisotropic,
the tooth seems to be better able to cope with
loading. Not only are the resultant stresses of lower
magnitude, but they are also preferably transferred
into dentin, which tolerates tensile stress better than
the enamel [48]. Already, some heterogeneity and
anisotropy was demonstrated for dentin. However,
the stiffness response seems to be only mildly
anisotropic [22]. Therefore, dentin properties are
usually assumed to be isotropic.

The knowledge of the properties of the material
as Elastic modulus, Poisson's ratio (strain in the
lateral direction to that in the axial direction when
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an object is subjected to tensile loading), and
shear modulus is required in FEM. The analysis
is performed as linear static analysis or non-linear
analysis depending on the allocation of appropriate
physical characteristics to the different parts of the
structure [20].

Most of the previously discussed studies
employed linear static models. Linear analyses
are valid if the structure exhibits a linear stress—
strain relationship up to a stress level known as
the proportional limit, and all the volumes are
bonded as one unit. However, the validity of a
linear static analysis may be questionable when
the study objectives are to explore more realistic
situations that are usually encountered in the
intraoral environment. Realistic testing situations
will give rise to nonlinearities, which can be grouped
into the following principal categories: (1) material
nonlinearities that cause the stiffness of a structure
to change with different load levels; (2) changing
interrelation of objects that is commonly seen in
tooth-to-tooth and material-to-tissue contacts; and
(3) geometric nonlinearities that are characterized
by large deformations and/or rotations, and are
occasionally seen in dental materials such as
“dental wires”.

Nonlinear analysis has become an increasingly
powerful approach to predict the stress and strain
within structures in a realistic situation that
cannot be solved by using the linear static model.
The application of the nonlinear FEM in dentistry
seems to be interesting, for example in: nonlinear
simulation of periodontal ligament properties,
plastic and viscoelastic behaviors in materials,
tooth-to-tooth contact analyses, contact analyses
in implant structures and interfacial stress in
restorations. However, there are difficulties, for
example: the dynamic behavior of the PDL is an
aspect to be considered, and simulation using
nonlinear analysis would be more realistic [39]. But,
due to its complex structure; the exact mechanical
properties of PDL must still be considered poorly
understood. Thus, the incorrect use or questionable
nonlinear mechanical properties in FEA may
be more obscuring than a well defined and
understood simplification. Some simplifications and
assumptions are common in FEA. These practices
are allowed, but their impact on the conclusions
should be carefully taken into account [40].

In FEA the whole domain is divided into
smaller elements. The collection and distribution
of these elements is called a mesh. Elements are
interconnected by nodes, which are thus the only
points though which elements interact with each

other. There are many different types of elements.
One of the differences can be their basic shape,
such as triangular, tetrahedral, hexahedral etc. [20].
The basic concept is to use hex (linear) elements
in critical areas (high stress locations) and tetra
meshing (parabolic) in general areas (areas away
from critical areas). The creation of mesh can be
automatic or manual mesh generation. Usually,
first auto-meshing is made, but after the manual
controls are realized. A more accurate solution
is obtained when a mesh is made finer, but the
element count increases and the computation time
also increase. One method to perform a converge
study which consists in the creation and analysis
of multiple mesh distributions with increasing
number of elements or refinements [20].

The boundary conditions define the external
influences on a modeled structure, usually loading
and constraints. Restrictions can be summarized
as the imposition of displacements and rotations
on a finite element model, which can be either null
or have fixed values or rates. These restrictions
concern three rotations (around X, Y, Z-axes) and
three translations (in X, Y, Z-directions). Boundary
conditions are usually applied to nodes, where in a
3D model each free node has 6 degrees of freedom
(3 translations and 3 rotations) [20]. The application
of loads in a FEA model must also represent the
external loading situations to which the modeled
structure is subjected. These loads can be tensile,
compressive, shear, etc. It is important to note that
a point of load application may result in high stress
concentrations around the loaded nodes, creating
unrealistic stress concentrations.

Nevertheless, there is difficulty due to the
elaborate models used in dentistry, depending on
the different shapes on the tooth to be analyzed and
the difficulty involved in obtaining the mechanical
properties of the tooth’s constituent materials.
Furthermore, little is known about the interfaces
between these materials and their degree of influence
on the mechanical behavior of the tooth as a whole.
The properties and boundary conditions in the
dentistry are dealing with complex and often little
understood, therefore requiring assumptions and
simplifications in the modeling of the stress-strain
responses. The complexity of a FEA can differ
depending on the modeled structure and research
question. Furthermore, large anatomical variability
precludes conclusions based on unique solutions.

Processing is the step in which the computer
software does the work of calculation and Post-
processing consists viewing the results, verifications,
and conclusions. In FEA, the stress distribution
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analysis can be recorded by von Mises criteria or
maximum principal stress. The stress analysis of
von Mises does not have appropriate failure criterion
for brittle materials. Therefore, maximum principal
stress can be adopted to analyze the results.

Conclusion

It is well established that numerical analysis
methods are of paramount importance, not only
in aerospace, civil engineering and the automotive
industry, but also in health care. FEM has proven
itself an extremely powerful tool in addressing many
biomedical problems that are challenging for more
conventional methods because of structural and
material complexity. The modeling and simulation
step saves time and money for conducting the live
experiment or clinical trial. But, the most powerful
application of FEA is when it is conducted in
combination with laboratory studies. FEA still

needs laboratory validation to prove its results.
Therefore, this tool has been successfully
employed in various areas of dentistry, but it is
extremely important to verify what the purpose of
the study is in order to correctly apply FEM. More
studies are required to use appropriate models.
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