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In recent years, stress analysis of dental structures has been a topic of interest with an objective of
determining stresses in the dental structures and improvement of the mechanical strength of these
structures. The study of orthodontic biomechanics requires the understanding of nature of stress and
strain induced by orthodontic forces. FEM is an engineering method of calculating stresses and strains
in all materials including living tissues. The finite element analysis provides the orthodontist with
quantitative data that can extend the understanding of physiologic reactions that occur within the
dentoalveolar complex. Such a structural analysis allows the determination of stress resulting from
external force, pressure, thermal change, and other factors. The scope of the review covers various

steps of finite element analysis, its applications in context to orthodontics and general dentistry.
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INTRODUCTION

The finite element method (FEM) is a numerical procedure for
analyzing structures. Finite Element Analysis (FEA) has been
widely used through numerical analysis that has been applied
successfully in a large number of engineering and
bioengineering areas since the 1960s. Usually Many people get
confused between the terminologies FEM and FEA. In reality,
both are one and the same. FEM is more popular at universities
and FEA in industries. The most biomechanical research of the
oral environment such as in orthodontics, implantology,
restorative dentistry, endodontics, prosthodontics etc. have
been performed in vitro. Such numerical techniques may yield
an improved understanding of the reactions and interactions of
individual tissues (Geng et al., 2001; Kazuo Tanne et al.,
1987). The finite element analysis provides the orthodontist
with quantitative data that can extend the understanding of
physiologic reactions that occur within the dentoalveolar
complex and, also been proven to be a precise and applicable
tool for evaluating stress patterns in the implant system and the
surrounding bone (Holmgren et al., 1998).

History

In 1943, R. Courant developed this technique (Yettram
et al., 1972). He used Ritz method to minimize the various
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calculative procedures to gain an absolute solution to bio-
mechanical system. In 1956, Turner et al. describe this method
by developing a broader definition of this numeric analyses’. In
1976, Weinstein used this technique in implant dentistry to
evaluate various loads of occlusion on the implant and adjacent
bone. Since then, it is used in micro-computer as well as
analysis of large-scale structural system (Yijunliu, 2003).

Advantages of FEM

o FEM is a non-invasive technique.

It does not require extensive instrumentation.

e It can be applicable to linear and non-linear as well as
solid and fluid-structural interactions.

e The study can be repeated as many times as the
operator wants.

e Any problems can be split into a smaller number of
Problems.

e By using FEA, It’s very easy to simulate any biological
condition in intra, pre and post-operative stages to
achieve accurate and reliable results.

e Reproducibility does not affect the physical properties
involved.

e Static and dynamic analysis can be done.

e This technique is very less time consuming so that the
complicated studies which would take a very long
duration to finish can now be evaluated in a lesser time
frame.
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e Difference between 2D and 3D models (Poiate et al.,
2011) Table I

Table I. Difference between 2D and 3D techniques

2D 3D

Time and cost more effective method
Simpler, easier to build and less time
consuming compared to the 3D
model

Greater computational cost

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

They do not represent the complexity —Better visualization of internal areas

of the real problem

Shortcomings of FEM

* Inaccurate information, data, and interpretation will
yield completely misguiding results.

* The progress in the technique will be limited until better
defined physical properties for enamel, periodontal
ligament, dentin and cortical and cancellous bone are
available.

*  Modeling human structures is very difficult because of
their complex anatomy and lack of knowledge about
their complete mechanical behaviors. Certain
assumptions are bound to be accepted. Hence, results
will depend on the personnel involved in the process.

» The tooth is treated as it is pinned to the supporting
bone, which is considered to be rigid whereas the nodes
connecting the tooth to the bone are considered fixed.
This assumption will introduce some error.

Methodology in finite element analysis

The object to be analyzed is graphically simulated in a
computer in the form of a mesh, which defines the geometry of
the body being studied. This mesh is divided by a process
known as discretization, further, into a number of subunits
termed elements. These are connected to a finite number of
points known as nodes.

Basic steps involved in carrying out FEA are:

. Pre-processing.

Conversion of geometric model into finite element
model.

Assembly/Material Property data representation.

. Defining the boundary conditions.

Loading Configuration.

Processing.

. Post-processing.

w >
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A. Pre-processing:
Construction of the Geometric model

The purpose of the phase is to represent geometry in terms of
volume, areas, lines and points. Smooth or complicated objects
can be represented by geometrically simple pieces that are
(Elements) (Holmgren et al., 1998). This can be achieved by
3D — CT scanner. Usually done for modeling living tissues or
complex structures. For example maxilla, mandible or
craniofacial skeleton 3D — Laser scanner. Usually done for
modeling inanimate objects for example modeling of brackets.

B. Conversion of the Geometric model to Finite Element
Model

The process of the dividing problem into several small
elements which are connected with nodes is called
Discretization. All nodes and elements must be numbered so
that a setup of matrix connectivity is established. This affects
the computing time. The elements could be one, two or three-
dimensional and in different shapes. It is essential that the
elements are not overlapping and are connected only at the key
points, which are termed nodes. The joining of elements at the
nodes and eliminating duplicate nodes is termed as ‘Meshing’.
(Figure 1)

C. Material / Assembly Property data representation

Equations are developed for every element in the FEM mesh
and assembled into a set of global equations which model the
properties of the whole system. Poisons ratio and young’s
modulus are the properties which are minimally required.

D. Defining the Boundary Conditions

Suppose an element is constructed on the computer and a force
is applied to it, it will behave like a free-floating rigid body and
will undergo a rotatory or translatory motion or a combination
of the two without undergoing deformation. To study the
deformation, some degrees of freedom must be restricted
(movement of the node in each direction x, y, and z) for some
nodes. These such constraints are termed boundary conditions.

E. Loading configuration

Force application at various points of geometry and its
configuration.

F. Processing

Solve the system of linear algebraic equation. The stresses are
determined by the Hooke's law. Strains are procured from the
displacement functions within the element Combined with
Hooke's law.

G. Post-Processing

The output result from the Finite Element Analysis is primarily
in the numerical form. It usually consists of nodal values of the
field variables and its derivatives. For example in mechanical
problems, the output is element stresses and nodal
displacement. Graphic outputs and displays are usually more
informative. The curves and contours of the field variable can
be plotted and displayed. Also irregular shapes can be
displayed and superimposed on unreformed shapes. The output
is primarily in the form of color-coded maps. The quantitative
analysis is determined by interpreting these maps.

Applications of FEM

Mechanical / Aerospace/Civil/Automobile
Engineering.

Structure analysis (Static/dynamic, linear/no
Linear.

Thermal/fluid flows.

Geomechanics.

Electromagnetic.
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Orthopedic research
Biomechanics.

To investigate soft-tissue and skeletal responses to

Figure 1.
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Figure 5.
Application of the finite element method in Dentistry
Implantology

Genj et al. (2001) reviewed the current status of FEA
applications in implant dentistry and discussed findings from
FEA studies. to achieve more realistic models, advanced
digital imaging techniques can be used to generate 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. (Figure 2) In a finite element study on
immediately loaded implants, Ding ef al. (2009) showed that
the simulated masticatory force was better dissipated and the
stress and strain around the implant neck were decreased when
the implant diameter was increased. Several studies (Lozada et
al., 1994; Meijer et al., 1996; Meijer et al., 1992) using FEA
have found that a higher risk of bone resorption occurs in the
neck region of the implant. By using the FEM, the authors
could compare the deformation and elastic modulus of
different types of bone, which helps clinicians to understand
the process of bone remodeling, for further improvements of
their surgery techniques. Erslan et al. (2010) 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 the study were assumed as homogenous and isotropic.



46758

Dr. Ankita Jaiswal et al. New vistas in dentistry : Fem a complete review

The elastic properties of the materials ([E] and [p]) were
determined from the literature. Chun et al. (2002) 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. Dos Santos et al. (2011) 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.

Siegele and Soltesz (1989) did a 3D FEM study to evaluate
stress generation within the jawbone after insertion of implants
of various shapes. They concluded that different implant shapes
create different stress distributions in the jawbone. They also
stated that conical implant implies distinctly higher stresses
than cylindrical and screw-shaped implants. Himmlova et al.
(2004) undertake a 3D FEM study to evaluate stress values
produced at the implant-bone interface. They have taken
implants of various lengths and diameter. They found
Maximum stress areas at the neck of the implant. The
maximum decrease in stress was found with increasing the
diameter of implant up to 4.5 mm.

Orthodontics and Dentofacial Orthopaedics

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. Liang et al. (2009) generated 3-D finite element models
of the maxilla and maxillary incisors to evaluate the torque
control of maxillary incisors during retraction in lingual and
labial orthodontic technique. 3D force system including
intrusion, retraction and moment of the force was applied to
predetermined points to simulate retraction in both the
techniques. Distribution of strain and stress on PDL and
adjacent bone as well as resultant movements of incisors were
evaluated and compared. Results showed the same amount of
forces results in uncontrolled tipping in labial and lingual and
bodily movement techniques respectively. (Figure 3) Cattaneo
et al. (2009) 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 (2005) found that tension in the
alveolar bone was far more predominant than compression.
Sung et al. (2003) generated 3D finite element models of the
mandibular incisors and mandible to evaluate the anti-tip and
anti-rotation effect of the reverse curve of spee in lingual and
labial orthodontics. Retraction force of 150 gm was applied to a
canine in both the techniques. Every time amount of spee was
increased from 0 mm to 4 mm. Resultant strain and stress on
PDL were observed and compared. The comparison depicts,
reverse curve of spee works well with the labial technique in
comparison to lingual technique. Jones ef al. (2001) validated a
FEM model and discovered that the PDL is the main mediator
of orthodontic tooth movement, revealing that PDL
demonstrated an initial 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. Tanne ef al. (1995) done a study to investigate the
location of the center of resistance (CRe) in the nasomaxillary
complex by the finite element analysis. A three-dimensional
finite element model of the craniofacial complex was used. 9.8

N of force was applied in inferior and anterior direction at
predetermined points which were perpendicular and parllel to
the occlusal plane. After force application, 3D displacement of
various anatomic points on maxillary dentition as well as
nasomaxillary complex was observed. When the load was
applied passing from the superior ridge of the pterygomaxillary
fissure, the resultant movement was deduced to be a
translation. This suggested that CRe of the nasomaxillary
complex is situated on the posterosuperior ridge of the
pterygomaxillary fissure, registered on the median sagittal
plane. Qian et al. (2009) conducted a study by means of a
combined numerical and experimental approach, to investigate
the full-field distributions of displacement, strain and stress,
and their generation with loading in the fresh periodontium
under force applied externally. They concluded that the non-
linear and time-dependent viscoelasticity of the PDL enables
the acquisition of a full picture of detailed, realistic strain/stress
fields, and deformation patterns of the entire fresh
periodontium.

Clarice et al. (2009) done a study to evaluate level of stress in
multi and single tooth system using 3D FEM technique. Two
different models were made which consisted single mandibular
incisor, mandibular canine and premolars respectively. Loads
were applied on both models to simulate tipping orthodontic
movement. Stress distribution observed stated that there was an
elevated distortion strain at the crest of the alveolar ridge, while
the compressive and tensile stresses coincide at apex of tooth
resulting in root resorption. Multi-tooth system consisted
increased stress levels in comparison to single tooth system.
(Figure 4) Rudolph et al. (2001) undertook a study to evaluate
stress generation at root apex during orthodontic tooth
movements. A 3 D finite element model of a maxillary central
incisor, periodontal ligament (PDL) and alveolar bone was
constructed on the basis of anatomic morphology. The material
properties of enamel, PDL, dentin and bone were compared for
various possible tooth movements. Results showed that higher
stresses were found concentrated at apex during intrusive,
extrusive, and rotational movements.

Operative Dentistry and Endodontics

FEM has been used to analyze stresses generated in teeth as
well as restorations. It has proven to be a useful tool for
understanding tooth biomechanics and the biometric approach
in restorative dentistry. Asmussen et al. (2008) studied Class 1
and Class II resin composite restorations and the influence of
the modulus of elasticity of stresses generated by occlusal
loading. They concluded that in order to reduce the risk of
marginal deterioration, resin composite occlusal restorations
should have a high modulus of elasticity. They also stated that
the elastic constants of materials and the restorations were
loaded centrally with a force of 100 N in the axial while
Yamamoto et al. (2007) determined elastic modulus and
Poisson’s ratio by nano indentation and a total occlusal load of
600 N were applied along the cusp. (Figure 5) Ichim et al.
(2007) did a 3D FEM study to investigate co-relation of cavity
shape, depth and occlusal forces with the durability of GIC
restoration. They also concluded that shape and depth have no
significant effect on restoration. They advised to re-adjust the
interocclusal contacts for better retention of restoration. They
also suggested occlusal re-adjustment of tooth contacts.
Another study (Ichim et al., 2007) by the same authors using
the nonlinear technique for crack propagation showed the
mechanical failure of biomaterials in clinical loading
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conditions. Advanced studies by same authors on the elastic
modulus of materials stated that more flexible materials with
elastic modulus of 1 GPa should be used for cervical
restorations for the better results (Ichim et al., 2007).

Magne et al. (1992) evaluated five models: natural tooth, MO
and MOD cavities, MO and MOD endodontic access
preparations and showed that the progressive tooth structure
loss (MO to MOD to endodontic access) results into loss of
cuspal stiffness. At different restorative steps, the cuspal
widening was measured and correlated with existing
experimental data for model validation and optimization.
Campos et al. (2011) and Belli et al. (2005) investigated the
use of ceramics and polymers in indirect restorations. They
stated ceramic to be a preferable material for restoring because
its structure keeps the stress inside and, therefore, transfers less
stress through the tooth structure. Geometry, mechanical
properties, and thickness of the restorative material can directly
influence the load distribution in a tooth/restoration complex
and consequently the results. Xavier et al. (2013) considered 3-
D models as more reliable than the 2D models for analyzing
the shear and micro shear bond strength tests. Subramaniam et
al. (2007)did a 3D FEM study to analyze bending and torsional
stresses in simulated models of nickel-titanium rotary
instruments by Protaper and Profile. They stated that when
loads are equal, the Protaper model showed a uniform
distribution of stress and less elasticity when compared with
Profile model. Few shortcomings of their study were that they
ignored the variations in the taper of the Protaper and Profile
instruments and also nonlinear mechanical behavior of the Ni-
Ti material was not considered. Hong et a/. (2003) undertook a
3D FEM study to find out a better method of condensation in
the root canal to prevent vertical root fracture. They found that
high stress was generate in vertical condensation technique on
root canal walls than lateral condensation. But over forced
lateral condensation with improper technique can be a reason
for vertical root fracture (2016).

Conclusion

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 steps save time and
money for conducting the live experiment or clinical trial.
Although FEA is an accurate tool in assessing stress
distribution, it is effective only for a given situation or set of
values. 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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