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Abstract: Purpose: The aim of this article is to acquaint the readers with the aims and goals of the finite element method
and how to use it in dentistry and especially in orthodontics.

Methods: The finite element method (FEM) has shown to be a beneficial research tool that has assisted scientists in
various analyses such as stress-strain, heat transfer, dynamic, collision, and deformation analyses. The FEM is
responsible for predicting the behavior of objects under different working conditions. It is a computational procedure to
measure the stress in an element, which performs a model solution to solve a problem; the FEM subdivides a large
system into smaller, simpler parts called finite elements. This is achieved by a particular space discretization in the
space dimensions, which is implemented by the construction of a mesh of the object. The technique of FEA lies in the
development of a suitable mesh arrangement.

Conclusions: The FEM can be effective in understanding the behavior of teeth, both jaws, craniofacial structure, and
other hard tissue structures of humans under various working conditions, as the technique allows for evaluating tooth
movement and the stress distribution within the surrounding alveolar bone, the periodontal ligament (PDL). This
technique is exceptionally valuable for evaluating mechanical aspects of biomaterials and human tissues that can hardly
be measured in vivo. This review article presents the FEM, its methodology, and its application in the orthodontic

domain.
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INTRODUCTION

Experimental, analytical, and numerical methods
are well-known techniques used to solve problems [1].
Each method has some advantages and
disadvantages making them practical or impractical in
different problems. For instance, although experimental
technique can lead to trustable outcomes, it has some
drawbacks such as being time consuming, can be
influenced from human error, being high-cost
technique, all variables cannot be controlled, and its
result can be applied to only one situation [2].
Furthermore, employing analytical methods would be
really challenging and, in some cases, inapplicable for
complex problems (like alveolar structures). Therefore,
the numerical method can be a good choice in terms of
time, cost, eliminating human error, managing the
variables, repeating the analyses, and solving complex
problems. The Finite Element Method (FEM) is
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regarded as a numerical method that can be employed
to model physical or physiological phenomena.
Computers using the FEM, simulate different physical
and geometrical characteristics of any structures. This
method can assist in the prediction of behavior of any
object under differing situations, and can help with the
design and manufacturing process [3].

Finite element analysis (FEA) evaluates physical
phenomena using a numerical technique, the FEM. It is
a powerful computerized method that can analyze the
behavior of complex geometry with heterogeneous
material properties. FEA is employed in orthodontics by
evaluating the interactions between the teeth and the
surrounding tissues. The method allows orthodontists
to understand better the physiological reactions that
are likely to occur within the dentoalveolar complex,
resulting from thermal stress created by hot and cold
drinks [4].

FEA was first developed by R. Courant [5] in 1943
using the Ritz method in numerical analysis. A few
years later, in 1956, Turner MJ et al. [6] published a
paper focusing on the "stiffness and deflection of
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complex structures. FEA was introduced in dentistry in
1976 and Application of this technique in
microcomputers, pre and post processors and for
analysis of large structural system was in 1980’s and
1990’s [7]. The FE method was employed in
orthodontic domain from 1973 and since then it has
been used in many stress-strain analysis of alveolar
structures [8]. Moreover, this method has been
employed in validation of theories in dental
biomechanical research such as theories describing
alveolar tissue reactions associated with tooth
movement [9, 10].

The aim of this paper is to give a general overview
of FEA, and to describe its application for situations
that cannot be reproduced in humans because of
ethical considerations, or the difficulty of conducting
research projects. This paper also illustrates the
advantages and disadvantages of FEA.

METHODOLOGY IN FINITE ELEMENT ANALYSIS

FEM divides a complex structure (like individual
teeth or the entire mandible) into a system of smaller
elements or points (nodes) using the ‘mesh generation
technique’. Mesh generation is subdivision of a
geometric space into small, simple shapes such as
triangles or quadrilaterals, in two dimensional cases

and pyramids, prisms, hexahedra, or tetrahedra in
structures where the thickness of objects cannot be
ignored, (see Figure 1).

After defining the problem (like predicting
physiological reactions that are likely to occur in teeth
and the mandible, under orthodontics treatment) using
FEM, the calculations needed to obtain results are first
performed on the nodes. In order to obtain stress
distribution on the wire in orthodontic treatment for
example, on each node within the elements, the stress
value can be calculated using Hooke’s law (F=KX).
Knowing the stiffness for each element, the stress
value can be obtained by multiplying displacement of
element determined by software and the stiffness of
element. The model is created based on the structure's
shape in reality or some images like CT scan [11].

FEA as a computerized analysis allows the
estimation of the biomechanical response. When
defined forces and/or deformations are applied to the
system, the biomechanical reaction of system would be
obtained (e.g., tooth movement as a result of applying
force on the wire in orthodontic treatment). This method
enables dental professionals to simulate and analyze
dental structures. It allows them to benefit from a more
reputable and harmless technique that replaces many
unsafe and multifaceted procedures [12].

Figure 1: Meshed dental model on mandible.
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BASIC STEPS INVOLVED IN CARRYING OUT FEA

There are some steps used in any FEA which are:

* Pre-Processing

a) Conversion of the structure into a finite element
model

b) Assembly of the model and defining material
property (such as density, elastic modulus,
poisson ratio, yield stress, fracture toughness,
specific heat)

c) Defining the boundary conditions (constrains
which are applied on the real problem)

d) Applying the loads

e) Meshing the model (in which the geometry is
divided into non-overlapping, small which are
connected to the nodes)

* Processing

In this step, the computer software uses FEM to
calculate the results, considering the defined situations.

* Post-Processing

After solving the problem, the obtained results
would be viewed and compared with a real case. Since
in some cases the difference between real case and
FEM model cannot be ignored, therefore the model
should be improved in terms of mesh, or defined
boundary conditions, or material properties to produce
results more similar to the real situation. A simulation
will be developed to improve the accuracy of the
results, making them more reliable.

The following sections will explain each step in
more detail [13].

This process can be performed using Commercial
FEM Software Packages like ABAQUS, ANSYS,
NASTRAN, COMSOL.

Preprocessing

a) Conversion of Geometric model to Finite
Element Model

The geometry, material properties, loading
conditions, and boundary conditions applied on the
simulated model should be copied from the boundary
condition and loads in reality to obtain more meaningful
and realistic results. For this purpose, to have a more

accurately simulated model in terms of geometry of the
model, the geometry of the structure can be achieved
using different methods such as:

. Laser Scan: Usually used for modeling inanimate
objects, e.g., brackets.

. Computerized tomography (CT) scan: Usually
used for complex structures or living tissues,
e.g., craniofacial skeleton, mandible, and
maxilla.

Regarding the images or scans of the natural
structure, the model can be generated using points,
lines, areas, and volumes [14].

b) Assembly /
Representation

Material  Property  Data

Each component can be modeled separately and
assembled to create the entire structure, e.g., each
tooth can be created separately and then will be put in
its location in jaw to create the entire structure (see
Figures 1 and 2). Subsequently, the material properties
will be assigned to the system, bearing in mind that the
minimum requirement for each material is Young’'s
modulus and Poisson’s ratio. In this section, for each of
the components, the software allows us to assign its
special material properties and these material
properties are obtained from experimental work. Table
1 presents the Young’s modulus and Poisson’s ratio for
some biomaterials [15].

Table 1: Material Properties

Material Young’s modulus (MPa) Poisson’s ratio
Tooth 20000 0.3
PDL 0.05 0.3
Alveolar bone 2000 0.3
Composite 14200 0.3
Bracket 200000 0.3
Arch wire 200000 0.3

c) Defining the Boundary Conditions

The next step is applying boundary conditions at the
boundary of the simulated model to achieve more
reliable results. These conditions are applied to the
model considering the real case's situation. No
translation or rotation (in each direction x, y, and z)
should be experienced in this case. These boundary
condition can be applied to the nodes, lines, surfaces,
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and bodies of the simulated model based on
constraints imposed on the real case of study [12].

d) Loading Configuration

In FEA, loads, forces, deformations can be applied
on nodes, action lines, areas, or bodies in any
direction. The loads can be of different types such as
mechanical, thermal, or electrical. For instance, in
dentistry, the stress distribution in a tooth, after collision
of a hard object with that tooth, can be simulated by
imposing a load of a predescribed value in the intended
direction.

e) Meshing the Model

The process in which the geometry is divided into
small elements is called discretization. These elements
should not be overlapped and are only connected to
the nodes. This system of nodes and elements makes
a grid that is called mesh. As shown in Figure 1 and
mentioned above, the mesh can be triangles or
quadrilaterals in 2D structures, and pyramids, prisms,
hexahedra, or tetrahedra in 3D structures. Gathering
these elements (meshes) together will create the entire

12.50

Figure 2: Meshed dental model on maxilla.

structure that will be analyzed using FEM, and there
should not be any gaps or overlaps.

In order to analyze a structure, such as performing
a thermal stress analysis of teeth when a hot drink is
contacting the teeth, the thermal stress should be
calculated in whole model. For this purpose, the
numerical equations are solved for each node and
element in the mesh and are later assembled to
generate the global equation that presents the
properties of the whole structure [11]. Meshed dental
models on the mandible and the maxilla can be seen in
Figures 1 and 2 respectively.

Processing

A set of global equations, regarding the load and
boundary conditions for the whole system is produced,
and the desired output like stress and strain are
obtained employing FEA. In this step, material
properties, load and boundary conditions, and
acceptable mesh size considering the size of the
system can influence the results significantly (7).
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Figure 3: Initial tooth movement patterns utilizing the high stiffness arch wire.

Post-Processing

After calculating the intended outputs on each node
and element by FE analysis, they can be presented as
graphical output (like deformation of teeth resulting
from some forces, as is illustrated in Figure 3). The
data obtained from FEM can be represented as the
user wants. For example, if user wants the deformation
distribution for teeth, deformation can be selected from
menu bar of software.

DISCUSSION

As mentioned above, FEM is a powerful technique
that can help scientists to solve complex problems by
dividing the continuous system domain into elements
and altering the problem from an infinite domain to
small finite elements that are smaller and easier to
solve. The required variables are calculated in nodal
points of each element utilizing interpolation and then
by having values in every single node, the variable for
whole structure would be obtained. In other words, the
intended outputs are later obtained by assembling the
nodal results and generating the entire system matrix
function. [16] Even though FEA is a widespread
technique with many advantages, some disadvantages
are also present.

Advantages of Finite Element Method

. Simulation of irregular geometry with high
complexity and using images obtained by scans
of geometry helps in accuracy.

. Easy to handle almost all kinds of boundary
conditions and loads.

. Assigning different types of materials properties
(including anisotropic and nonhomogeneous) to
each component of the system

. Appliable for both linear and nonlinear and static
and dynamic problems

. Easy to use and non-invasive.

. Infinitely repeatable to assess the impact of
changing conditions on the results.

. Visualize the results and help scientists
understand the critical points and see the
intended output. For example, presenting the
maximum stress point helps scientists with
possible failure points.

. Help reduce laboratory testing, which can be
significant time and cost effective. [10]

Disadvantages of Finite Element Method

. A large quantity of data is required, which should
be very precise. Otherwise, the results would not
be reliable.

. Some assumptions can lead to errors in the

results. However, they must be made (e.g.,
assuming rigid teeth in surrounding tissue which
is not realistic.)
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. In some cases, modeling biological structures is
difficult considering the complexity of the
anatomy. Hence, some idealization in terms of
shape and mechanical properties is required,
affecting the accuracy of the results [11].

Applications of FEM

There is a wide range of applications for FEM in
different areas: Automobile, Aerospace, Civil
Engineering, Geo Mechanics, Orthopedic research,
Biomathematics and Biomechanics. One of the
applications of FEM, which can significantly impact
human life, is the application of this method in
biomedical engineering, which can help reduce the
required cost and time and increase the quality of life
[17].

FEM in Biomedical Engineering

The first use of FEM in the biomedical field goes
back to 1972 when FEM was employed to perform
stress analysis in the orthopedic domain [18]. This
method provides reliable results and is beneficial in
terms of timesaving and cost-effectiveness. FEM's
popularity has grown sharply in all biomedical areas.
Besides, three domains of biomechanics in which
application of FEM is expected include (i) skeleton
stress or failure analysis, (ii) orthopedic devices'
design, and (iii) tissue engineering. This method can be
used for internal structures subjected to different loads
and stresses under different boundary conditions. FEM
is a perfect method to simulate orthodontic issues,
especially the teeth and their periodontium. This is
because of FEM's ability to model complex shapes
such as teeth and mandible shapes and assign
different materials to each component [18].

a) Application in Orthodontics

In the simulation of the orthodontic domain using
FEM, applying various load systems at any node or
area in any direction is possible, making this method
more comprehensive and popular.

This mathematical method helps us evaluate the
human mandible in different situations under
physiological conditions. It also responds to the
Jawbone under forces employing 3D simulation. This is
helpful in the design and selecting the most efficient
location of miniplate osteosynthesis [19]. Furthermore,
by employing FEM, many studies like tooth movement
governed by changing stress and strain distribution in

periodontium tissue, the stress distribution within
surrounding alveolar bone and the periodontal ligament
(PDL), orthodontic implants have been carried out:

Mestrovic et al. [20] reported that the more
gingivally the applied force is, the bigger the movement
of the tipping tooth would be. This was examined after
studying the tooth movement from orthodontic forces.

Gallas et al. [21]. Simulated 3D bone and implant
using FEM and found out the concentration of stress
usually would be around the cervical region.

Moreover, Ghosh et al. performed stress analysis
for six ceramic brackets using FEM. They discovered
that the concentration of stress would be at edges,
corners, and places there is a sharp change in the
shape of the bracket.

Knox et al. [22]. studied the changes in stress
distribution in the bracket-cement-tooth system by
modifying the physical and geometrical features of
cement. They presented that cement lute thickness and
shape of the cement lute periphery can influence the
stress distribution in the bracket-cement-tooth system.
Moreover, Williams and Edmundson [23] utilized FEM
in their analysis. They reported that the instantaneous
center of rotation (ICR) of a maxillary central incisor
does not depend on the periodontal ligament's elastic
properties. At the same time, its position is related to
the loading point. Furthermore, using the computer-
aided design (CAD)/ Computer-aided manufacturing
(CAM) template helps orthodontists to place mini-
screws safely [24].

FEM can also be used in the prosthodontics domain
and help design fiber framework for fixed partial
dentures. In addition, it can be employed in
Periodontics where the stress distribution in
periodontium is evaluated according to the geometry
and dimensions of dental implants [25].

CONCLUSION

In conclusion, FEM is employed in numerous fields
as a powerful cost and time-effective technique. One
area that has gained significant benefit from FEM is the
orthodontic domain. In general, FEM divides a complex
structure into a system of smaller elements (finite
element model), subsequently, after assigning material
properties and defining the boundary conditions for the
model, the loads would be applied on the simulated
model. In the next steps, meshed model (structure



An Overview of Basic Concepts of Finite Element

The Journal of Dentists, 2023 Vol. 11 29

which is subdivided into small and simple shape
elements) would be analyzed by calculating intended
variable in each element, consequently, the outcomes
would be visualized in software using FEM. Even
though biological structures are very complex to be
simulated because of their irregular shape and
complicated material properties like viscoelastic
properties, FEM can effectively calculate stresses and
strains resulting from forces, design of implants and
brackets, and determining periodontal stress and tooth
movement. FEM therefore has an important role in
applying new ideas and evaluating their efficiency in
orthodontic domain.
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