
Definition : -

Finite element modeling is an engineering method 

of calculating stresses and strains in all materials, 
1including living tissue.

Introduction : -

Biomechanics is fundamental to any dental practice, 

including dental restorations, movement of 

misaligned teeth, implant design, dental trauma, 

surgical removal of impacted teeth, and craniofacial 

growth modification. Following functional load, 

stresses and strains are created inside the biological 

structures. Stress at any point in the construction is 

critical and governs failure of the prostheses, 

remodel ing of  bone,  and type of  tooth 

movement.However,in vivo methods that directly 

measure internal stresses without altering the 

tissues do not currently exist. The advances in 

computer modeling techniques provide another 

option to realistically estimate stress distribution.

The finite element method (FEM) was introduced in 

the late sixties in the aerospace industry and it was 

applied in dentistry in the early seventies.Finite 

element method has been used successfully to 

predict the response of systems across a whole 

range of industries including aerospace and 

automotive, biomedical, chemical processes, 

geotechnical engineering and many others.

This method uses computers to solve large number 

of equations to calculate stress on the basis of 

physical properties and the structures being 

analyzed.This technique can be used to analyze 

small or even large-scale deflection under applied 

or loading displacement.This method provides the 

orthodontist with the quantitative data that can 

extend the understanding of the physiologic 

reactions that occur. The finite element method is a 

numerical method of analysis that allows the study 
2of stress distribution in biological system .This 

method offers accurate modeling of tooth and its 

surrounding structures with its complicated 

geometry. However it is extremely expensive and 

can be used only with the help of an expert engineer 

who has mastered this technique.Still this 

methodology of stress analysis has become 
3,4extremely popular in dentistry  as various 

properties of dental tissues and materials can be 

just fed into it and with the ease and accuracy the 

analysis is done is just remarkable.
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Abstract : 
In the last decade the application of a well proven predictive technique the FiniteElement Method, originally 
used in structural analysis has revolutionized dental biomedicalresearch. The finite element method is a highly 
precise technique used to analyzestructural stress. It has been used in civil and aerospace engineering for 
years.This method uses computers to solve large number of equations to calculate stress onthe basis of 
physical properties and the structures being analyzed. Finite Elementanalysis has also been applied to the 
description of physical form changes in biologicstructures particularly in Dentistry. Finite element method 
which is an engineering method of calculating stresses andstrains in all materials including living tissues has 
made it possible to adequatelymodel the tooth and periodontal structure for scientific checking and validating 
theclinical assumptions.
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Era of  2D Modeling (1970-1990) : 

Since Farah's early work in restorative 

dentistry in 1973, the popularity of FEA has grown. 

Early dental models were two dimensional (2D) and 

often limited by the high number of calculations 
5,6,7,8

necessary to provide useful analysis . During 

1980-1990, the plane-stress and plane-strain 

assumptions were typically used to construct 2D 

tooth models that did not contain the hoop 

structures of dentin because typically either pulp or 

restorative material occupied the central axis of the 
9tooth . Additional constraints (e.g., side plate and 

axisymmetric) were occasionally used to patch 

these physical deficiencies (hoop structures) to 

prevent the separation of dentin associated with the 
102D models . As such a reasonable biomechanical 

prediction was derived to aid designs of the 
11

endodontic post . Axisymmetric models were also 

used to estimate stress distribution of the dental 
12

implants with various thread designs . Validation of 

the FE models was important in this era because 

assumptions and constraints were added to 

overcome geometric discontinuity in the models, 

leading to potential mathematical errors.

Era of 3D modeling (1990-2000) : 

As advancements have been made in 

imaging technologies, 3D FEA was introduced 

todentistry. Computer tomography (CT) data 

provide stacks of sectional geometries of 

humanjaws that  could be digit ized and 

reconstructed into the 3D models. Manual and 

semiautomaticmeshing was gradually evolved 

during this time. The 3D jaw models and 

toothmodels with coarse meshes were analyzed to 
1 3 , 1 4 , 1 5study chewing forces  and designs of 

16restorations . In general,the element size was 

relatively large due to the immature meshing 

techniques at that time,which made models time 

consuming to build. Validation was required to 

check accuracy ofthe stress-strain estimates 

associated with the coarse-meshed models. In 

addition to the detail of 3D reconstruction, specific 

solvers (e.g., poroelasticity, homogenization 

theory,dynamic response) were adapted from the 

engineering field to study dental problems 

thatinvolved heterogeneous microstructures and 

time-dependent properties of tissues. Interfacial 

micromechanics and bone adaptation around 

implants were found to be highly non-uniform, 

which may dictate osseointegration patterns of 
17,18

dental implant . The Monte Carlo model 

(probability prediction), with incorporation ofthe 

finite element method for handling irregular tooth 
19 surface, was developed by Wang and Ko to 

stimulate opticalscattering of the incipient caries 

(e.g., white spot lesion). The simulated image of the 

lesion surface was consistent with the true image 

captured in clinic(Figure 1). Linear fit of the image 

brightness between the FE and clinical images was 

85% matched, indicating the feasibility of using 

numerical model to interpret clinical white spot 

lesions. The similar probability method was 

recently used to predict healing bone adaptation in 
20tibia . Recognition of the importance of 3D models 

and specific solutions were the major contributions 

in this era
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Fig. 1.A. Finite element mesh of in vivo carious tooth 
used for Monte Carlo simulation; B. Image rendered 
from Monte Carlo 3D simulation, C. True image of 
carious tooth obtained from a patient's premolar 
using an intra-oral camera.

Era of 3D modeling with CAD (2000-2010) :

As advancements have been made in computer and 
software capability, more complex 3D structures 
(e.g., occlusal surfaces, pulp, dentin, enamel) have 
been simulated in greater detail. Many recent FE 
studies have demonstrated accurate 3D anatomic 
structures of a sectioned jaw-teeth complex using 
µCT images. Increased mathematical functions in 
3D computer-aid-design (CAD) have allowed 
accurate rendition of dental anatomy andprosthetic 
components such as implant configuration and 
veneer crowns (Figure 2). Fine meshing and high 
CPU computing power appeared to allow 
calculation of mechanical fields (e.g., stress, strain, 
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energy) accounting for anatomic details and 
hierarchy interfaces between different tissues (e.g., 
dentin, PDL, enamel) that were offered by the CAD 
program. It was also recognized that inclusion of 
complete dentition is necessary to accurately 
predict stress-strain fields for functional treatment 

21 .and jaw function .  Simplified models containing 
only a single tooth overlooked the effect of tooth-
tooth contacts that is important in specified 
biomechanical problems such as orthodontic tooth 
movement and traumatic tooth injury. CAD software 
such as SolidWorks© (Waltham, MA, USA), Pro 
Engineering© (Needham, MA), and Geomagic 
(Triangle Park, NC, USA) have been adapted to 
construct dentofacial  compartments and 
prostheses. These CAD programs output solid 
models that are then converted to FE programs (e.g., 
Abaqus, Ansys, Marc, Mimics) for meshing and 
solving. The automeshing capability of FE programs 
significantly improved during this era.

Methodology of FEM (Finite Element Modeling) : 

The most advanced and reliable study that 

revolutionized the dental and biomechanical 

research is the Finite Element Analysis/ Finite 

Element method (FEA/FEM). This is a numerical 

form of analysis that allows stresses and 

displacements to be identified.

The object to be studied is graphically simulated in a 

computer in the form of a mesh, which defines 

thegeometry of the body being studied. This mesh is 

divided by a process called discretization, into a 

number of sub units termed elements. These are 

connected at a finite number of points called 

nodes.The results of FEM will be based upon the 

nature of the modeling systems and for that reason, 

the procedure for modeling is most important.

Basic steps involved in carrying out FEA are : -

1. Pre-processing.

A. Construction of Geometric Model

B. Conversion of geometric model into finite 

element model.

C. Assembly/Material Property data 

representation.

D. Defining the boundary conditions.

E. Loading Configuration.

2. Processing.

3. Post-processing.

1. Pre-processing : -

A. Construction of Geometric Model : -

The purpose of the geometric modeling phase 

is to represent geometry in terms of points, 

lines, areas and volume. Complicated or 

smooth objects can be represented by 
22geometrically simple pieces (Elements).

This can be achieved by:

3D – CT scanner: Usually done for modeling 

complex structures or living tissues.Ex: 

craniofacial skeleton, maxilla or mandible 

3D – Laser scanner: Usually done for modeling 

inanimate Ex: modeling of brackets.

B. Conversion of Geometric model to Finite 

Element Model: -

Discretization is the process of dividing 

problem into several small elements, 

connected with nodes.All elements and nodes 

must be numbered so that a setup of matrix 

connectivity is established. This greatly 

affects the computing time. 

The elements could be one, two or three-

dimensional and in various shapes.It is 

essential that the elements are not 

overlapping but 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'.The 

Fig. 2. Fine finite element mesh generated for 
ceramics veneer simulation.
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finite element model generation can be 

achieved with the help of ANSYS software.

C. Assembly / Material Property data 

representation :

Equations are developed for each element in 

the FEM mesh and assembled into a set of 

global equations that model the properties of 

the entire system. Minimum material 

properties required are poisons ratio and 

young's modulus.

D. Defining the Boundary Conditions: 

Boundary conditions means that suppose an 

element is constructed on the computer and a 

force is applied to it, it will act like a free-

floating rigid body and will undergo a 

translatory or rotatory motion or a 

combination of the two without experiencing 

deformation. To study its deformation, some 

degrees of freedom must be restricted 

(movement of the node in each direction x, y, 

and z) for some of the nodes. Such constraints 

are termed boundary conditions.

E. Loading configuration: 

Application of force at various points of 

geometry and its configuration.

2. Processing : 

Solve the system of linear algebraic equation. 

The stresses are determined from the strains 

by Hooke's law.Strains are derived from the 

displacement functions within the element 

Combined with Hooke's law.

Hooke's Law :-A law stating that the stress 

applied to a material is proportional to the 

strain on that material.

3. Post-Processing : 

The output from the Finite Element Analysis is 

primarily in the numerical form.It usually 

consists of nodal values of the field variables 

and its derivatives.

Ex.: In solid mechanical problems, the output 

is nodal displacement and element stresses.

Graphic outputs and displays are usually more 

informative.The curves and contours of the 

field variable can be plotted and displayed. 

Also deformed 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.

Biomedical engineering – CAD/CAM : 

Biomedical engineering is the application of 

engineering principles and design concepts to 

medicine and biology. This field seeks to close the 

gap betweenengineering and medicine. FEM begins 

w i t h  f i n i t e  e l e m e n t  m o d e l e r  ( m e s h e r /  

preprocessor). The cost effectiveness of FEA is 

heavily dependent on the pre-processor since the 

vast majority of human time involved in finite 

element analysis. In order to effectively incorporate 

analysis into the design cycle, one must be able to 

quickly create the required models. The modeler 

creates the physical data necessary for analysis by 
23creating mesh of elements utilizing 3D CAD model .

Application of FEM indentistry : 

ïIt is useful in dental implants; jaw bone 

surrounding the implant and biomechanical 
24,25

implant and jawbone interactions .

ïIn prosthodontics, FEM isuseful for dental 

prosthetic designing. Designs for fiber 

framework for FPD have been extensively 

investigated using FE method and FE 

analysis.FEM is also used to find out Stress 

distributions in adhesively cemented ceramic 

a n d  re s i n - c o m p o s i te  c la s s  I I  i n lay  
26

restorations .

ïIn Periodontics, this application is usedto 

evaluate  the stress  distr ibution in  

periodontium based on the length, diameter, 

and geometry of dental implants.FEM can also 

be applied for prediction of face soft tissue 
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d e fo r m a t i o n s  re s u l t i n g  f ro m  b o n e  
27

repositioning in maxillofacial surgery .

? Finite element analysis has been applied to 

the description of form changes in biological 

structures (morphometrics), particularly in 
28the area of growth and development .

? Finite element analysis as well as other 

related morphometric techniques such as the 

macro-element and the boundary integral 

equation method (BIE) is useful for the 

assessment of complex shape changes.

? Analysis of stresses produced in the 

periodontal ligament when subjected to 
29orthodontic forces .

? Finite element method is also useful for 

s t r u c t u re s  w i t h  i n h e re n t  m a t e r i a l  

homogeneity and potentially complicated 
30,31

shapes such as dental implants .

? The type of predictive computer model 

described may be used to study the 

biomechanics  of  orthodontic  tooth  
32,33,34

movement , whilst accurately assessing 

the effect of new appliance systems and 

materials without the need to go to animal or 

other less representative models. 

? The mechanical behavior of the orthodontic 

wires and different design of brackets and its 

contact problem can be well modeled and 

simulated by the finite element method. This 

method is an important tool in the 

d e v e l o p m e n t  a n d  i m p r o ve m e n t  o f  
35orthodontic bracket and wires design .

Advantages of Finite Element Model : -

? It is a non-invasive technique

? The object of interest can be studied in 3- 

dimension.

? Actual stress experienced at any point can be 

measured

? It provides a solid, workable foundation for 

modeling a system.

? The FEM model can be magnified infinitely 

both in terms of the actual volumetric 

construction itself and the mathematical 

variability of its material parameters.

? The finite element model is the most suitable 

means of analysis because of its ability to 

handle various shapes and materials of non 

homogenous nature.

ïFEM provides the orthodontist with 

quantitative data that increases the 

understanding of the physiologic reactions 

that occur after force application and may 

yield an improved understanding of the 

reactions and interactions of individual 

tissues.

Limitations of Finite Element Model : -

ïit's inability to simulate accurately the 

biological dynamics of the tooth and its 

supporting structure. 

ïThe results of the finite element method 

analysis must be interpreted with great care. 

ïThe accuracy of the analysis is dependent on 

the modeling structures as closely as possible 

to the actual.

ïHowever, a certain amount of approximation 

manifested chiefly in terms of type and 

number of arrangement of elements is 

inevitable in complex designs. 

ïApart from this, one must be aware of the 

assumption used in the formulation, material 

characterization, nature of boundary 

conditions and the representations of loads.

ïThe tooth is treated as pinned to the 

supporting bone, which is considered to be 

rigid, and the nodes connecting the tooth to 

the bone are considered fixed. 

ïThis assumption will introduce some error 

however maximum stresses are generally 

located in the cusp area of the tooth.

Conclusion : -

ïFinite element method (FEM) has become 

common place in recent years. Numerical 

solutions to even very complicated stress 

problems can now be obtained routinely 
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using FEM. Finite element method has proved 

to be the most adaptable, accurate, easy and 

less time consuming process as compared to 

the other experimental analysis.

ïInspite on certain limitations out of which the 

most important is the cost factor and 

requirement of an expert to operate the 

analysis, this technique has taken the field of 

dentistry to great heights and provided 

results which couldn't have been possible 

with any other technique. 
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