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Abstract:

The finite element method (FEM) involves a series of mathematical process that calculates the stress distribution in
each element. It allows the calculation of stress resulting from external force, pressure, thermal change as well as
other forces. This method is extremely useful for simulation of mechanical process of objects as well as human body
that that is complicated to be measured in vivo. The data thus obtained can be visualized with the help of software to
study a various boundary condition. This paper emphasizes on application of this method in the field of
orthodontics.
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Introduction:
The finite element method (FEM) is basically a numerical method which scrutinize stresses and deformations of the
structures having various geometries. It was originally introduced as a method for decoding mechanical problems,
which was later utilized as a general procedure for all physical problems '. It reveals the superimposed structures,
and provides the material properties of an object. It also enables location determination, magnitude and direction of
an applied force, that can’t be measured physically.
Forces with various range of magnitudes and directions can be virtually applied. In dentistry, finite element analysis
has been used to analyse a broad variety of subjects such as the structure of teeth, implants, biomaterials, and root
canals.
Basic steps in finite element method’
(1) Pre-processing:
Construction of the Geometric model

Construction of the Geometric model: Aim of this phase is to represent geometry in terms of points, lines, areas
and volume.
This can be achieved by:
3D — CT scanner: Used for modelling complex structures or living tissues.
3D — Laser scanner: For modelling inanimate objects.

(2) Conversion of Geometric model to Finite Element model
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Discretization is the process of dividing problem into several small elements, connected with nodes. All basic
elements must be numbered to maintain connectivity.
The elements could be in different shapes and dimensions. It must be taken care of that there should be no
overlapping elements. Elements should be connected only at the key points, which are termed nodes. The joining of
elements at the nodes and removal of duplicate nodes is termed as ‘Meshing’.
(3) Assembly / Material Property data representation:

Equations are developed for each element present in mesh and assembled into a set of equations that model the

properties of the entire system. Minimum material properties required are Poisson’s ratio and Young’s modulus.

Young’s modulus (Nm'z) Poisson’s ratio

Tooth 19.6 * 10° 0.3
Pdl 5%10° 0.45
Cancellous bone 0.5*10° 0.3
Cortical bone 13.7%10° 0.3

(4) 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.

(5) Loading configuration:
Application of force at various points of geometry and its configuration.
(6) 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.
(7) Post-Processing:
The output usually consists of nodal values of the field variables. Itis primarily in the form of color-coded maps.
The analysis is confirmed by interpreting these maps.
USES IN ORTHODONTICS
(I) ORTHOPAEDIC FORCES
30 mandibular landmarks were digitized to evaluate morphological changes of Mandible in pre-pubertal and
pubertal patients with Class II Division 1 malocclusions treated with Twin-block appliances®. For shape change, all
configurations were highly isotropic over the entire mandibular nodal mesh. Twin block appliance therapy may
involve developmental modulations at the condylar cartilage, remodelling of the ramus and corpus, and osteogenic
deposition in dentoalveolar regions. Localization of growth in the condylar neck with concomitant remodelling of

the coronoid process may reflect the correction of mandibular form achieved with Twin block.
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Effects of a fixed functional appliance (Forsus Fatigue Resistant Device) on the mandible were studied with
3-D finite element analysis®. Both the von Mises and principal stresses increased many more times in the teeth than
in the mandible at the resting stage. Increase in the von Mises stress were by 3 times in the cortical bone and by
more than 2 times in the condyle. Maximum principal stress increased by more than 2 times in the cortical bone and
by more than 3 times in the condyle.

Effects of the Class II activator and the Class II activator high-pull headgear (HG) combination on the
mandible were evaluated with 3D finite element stress analysis®. The mandibular body was subjected to higher
stresses than the condylar region. The maximum stress values were obtained in the muscle attachment regions. The
medial side and the top of the coronoid process were the most stressed regions.

Stress and deformation distribution patterns on the maxillary bone structure were studied using the finite
element method by simulation of different vertical and anteroposterior positions of the expansion screw on the hyrax
expander appliance®. 6 distinct finite element method models were created to simulate different positions of the
expansion screw. The stress was concentrated in the anterior region, close to the incisive foramen, scattering through
the palate posterolaterally. When the screw is closer to the occlusal plane and in a more anterior position, more
stress was located around the incisive foramen. More posterior positions resulted in stress generation around the
pterygoid pillars. At all simulations, the midpalatal suture showed a V-shaped expansion, with the vertex superior in
the coronal view and posterior in the axial view.

(2) CENTER OF RESISTANCE

Change in position of CR associated with alveolar bone loss was studied when 1N (5.5 mm apical to the incisal edge
which is location of bracket) force is applied’. 6 models of an upper central incisor with 1-8 mm of alveolar bone
loss were created. CR located approximately 5 mm apical to alveolar crest in no bone loss model, but the position of
CR decreased to 1.46 mm for 8 mm of alveolar bone loss. As CR moves apically with the alveolar bone loss, the
distance between CR and the alveolar crest decreases.

Position of CR for 4 and 6 maxillary anterior teeth respectively and the full maxillary dentition (200 g
force) was studied®. Location of CR for 4 teeth group, 6 teeth group, and the full dentition group were found out to
be at 13.5 mm apical and 12.0 mm posterior, 13.5 mm apical and 14.0 mm posterior, and 11.0 mm apical and 26.5
mm posterior to the incisal edge of the upper central incisors respectively.

A study of 3-D model of maxillary 4 incisors to evaluate CR during simultaneous intrusion (15g) and
retraction (120g) concludes following’. CR was located in the mid-sagittal plane at 6 mm apical and 4 mm posterior
to a line perpendicular to the occlusal plane from the labial alveolar crest of the central incisor.

Model of 14 mandibular teeth were examined to determine the location of CR. CR was located for 4 and 6
mandibular anterior teeth, and complete mandibular dentition. 200 g retraction and intrusion forces were applied 0
mm, 5 mm, 10 mm, 15 mm and 20 mm in vertical direction from mandibular central incisors to the lingual and
apical directions respectively'®. The position of the CR for the 4 mandibular anterior teeth in vertical and
anteroposterior direction was 13.0 mm apical and 6.0 mm posterior to the incisal edge of the mandibular central

incisors respectively. The location of the CR for the 6 mandibular anterior teeth in vertical and anteroposterior
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direction was 13.5 mm apical and 8.5 mm posterior to the incisal edge of the mandibular central incisors
respectively. For the whole mandibular dentition CR was located 13.5 mm apically and 25.0 mm posterior to the

incisal edge of the mandibular central incisors for vertical and anteroposterior directions respectively.
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Figure 1: Various center of resistance for mandibular dentition

(3) LOOP BIOMECHANICS
The study on effect of different loop positions on the mechanical properties of the Opus loop and other
L-shaped loops with a 12-mm inter-bracket distance and 10 mm of loop height and width reveals following
results''. No change in moment was observed when T-loop was placed <1/3rd of the distance. M/F ratio
obtained by wupright L loops were greater than the angulated L loops (L90>L70; LC90>LC70;
Opus90>0pus70). The Opus90 could obtain M/F ratio higher than the Opus70. The highest M/F ratio for a
coiled L-loop was found when located at centre of inter-bracket distance. Upright L-loops achieved maximum
M/F ratios when loops were positioned around the centre, whereas for backward tipped L and T-loops acquired

maximum ratios when they were placed close to the canine brackets.
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Figure 2: Comparisions of Opus loop and other L-shaped loops

Forces, moments and M/F ratios of the opus, L, T and vertical helical closing loop (VHC loop) were
compared and examined with FE method'?. Loops were made up of 0.016 x 0.022-inch rectangular stainless-steel
wire. The highest horizontal and vertical forces were produced by the L—loop (with and without preactivation bends)
and the lowest forces were produced by the VHC loop. Loops with preactivation bends generate distinct changes in
the M/F ratio whereas loops without bends produce low but constant, M/F ratios. Of the loops without preactivation
bends the opus and T-loop had the highest M/F ratios (7.20 — 7.67 mm at the anterior ends).

Biomechanical properties of snail loop and compared it with teardrop and opus loops were evaluated. 13
finite element models were constructed". Opus loop produced highest inherent M/F ratio and least load deflection
rate. Addition of 20°gable bends in snail loop made of 0.017 x 0.025” S.S or 0.019 x 0.025” TMA wire generate
M/F ratio required to obtain bodily movement with acceptable F/D rate.

The effects of variable vertical loop height and design on its force characteristics at various amounts of
activation were examined'. Double vertical open loop (DVOL) and double vertical helical open loop (DVHOL)
with each one in two heights (6 mm, 7 mm respectively) were 3-D modelled. The minimum force was produced by
DVHOL (7mm) at 0.1 mm activation (1.06E-01 N). The maximum force (2.2199 N) was delivered by DVOL
(6bmm) at 1 mm activation. For each activation force levels are in following order: DVOL 6 mm > DVOL 7 mm >
DVHOL 6 mm > DVHOL 7 mm. Addition of a helix in DVOL and increasing the height can reduce force levels.

Comparative study of biomechanical features of closed helical loop (2 x7 mm) and T-loop (6 X2 x7 mm)
during retraction in lingual orthodontics concludes that the T-loop has increased M/F ratio (low force) as compared
to closed helical loop on 1 mm activation'. T-loop can be preferred over closed helical loop, when torque has to be

preserved in the anterior segment during retraction in lingual orthodontics.
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Figure 3: Comparison of closed helical loop and T-loop in lingual orthodontics

Moments & M/F ratios produced by different gabling in the three retraction loops (Tear drop loop, T-loop,
Open vertical loop) and movement of the anterior and posterior teeth of the maxillary arch (1 mm activation) were
studied"®. With an increase in angulation of gable bend intrusive, extrusive and horizontal movements increases. All
values of T-loop are more than Teardrop loop and less than Open vertical loop. Teardrop loop with 10-20 (o-p)
bends is preferable for Group A anchorage.

The effects of elastic modulus, cross-sectional dimensions, loop dimensions, and activation force on the M/F
ratio of vertical, L- and T-loops were analysed'’. M/F ratio of the loop is increased as the loop height increases
(more effective in T loop). In vertical loops, increasing the ring radius is more beneficial than increasing the loop
height. TMA wire generates a higher M/F ratio due to its lower elastic modulus as compared to SS wire. Small wire
cross-sectional area and high force can produce a high M/F ratio.

(4) TEMPORARY ANCHORAGE DEVICE

FEM study was conducted in order to investigate the effect of thread design of a mini-implant on primary stability,
strain pattern and magnitude in the surrounding bone structure during orthodontic loading (400 g)'®. Mini-implants
with deeper thread showed more bone strain than mini-implants with less depth. No difference was found between
the mini- implant with sharp and blunt edges.

A study was conducted to predict the amount of maxillary molars distalization in nongrowing patients with
the skeletal anchorage system (SAS) and the relationship between the amount of distalization and age'. The average
distalization was 3.78 mm at the crown level and 3.20 mm at the root level. The distalization at the crown level was
significantly correlated with the average value of treatment goals (3.60 mm). Molars were predictably distalized
without regard to patient age and extraction of the 2nd/3rd molars.

The mechanics of tooth movement patterns for total distalization of the mandibular dentition based on force
angulation were studied®’. Displacement was caused by movement of the whole dentition, elastic deflection of the

wire, and clearance gap between the wire and slot. Dentition rotated clockwise or counter clockwise when the force
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passed below or above the center of resistance respectively. Elastic deflection of the arch wire tipped anterior teeth
lingually.

Stress and displacement effects of maxillary posterior intrusion mechanics with mini-implant were
evaluated®'. Mesio-cervical region (Ist molar), the middle third (2nd premolar) and regions of 2nd molar adjacent to
force application sites showed high stress levels. Minimum stress was observed in apical region of Ist premolar.
Application of 3 mini-implant and trans-palatal arches provide significant true intrusion of maxillary molars with
less stress in the apical area.

Stress pattern in the adjacent bone due to root proximity of orthodontic mini-implant with 30° angle and
traction force of 2N was examined?. Category I: Imm away from the root, Category II: Part of the screw was
embedded in the periodontal membrane, Category III: Part of the screw touched the root. Mini-implant placed away
from the root showed least number of stresses. Stress was concentrated near the neck of the mini-implant. Amount

of stress is inversely proportional to the distance of mini-implant from root.

OTHER USES:
e To analyse treatment associated morphological changes in facial soft tissue™.

e Asatool to analyse morphometric craniofacial biology**.

e To assess the effects of orthodontic forces on the periodontal ligament, alveolar bone and root cementum®.

e To compare individual tooth movement’®*"**%,

e To optimize bracket design®**".

e To evaluate bond strength ***3**,

e To appreciate basic structures of the materials having complex structures like micro-implants®=%*7.

e To plan orthognathic surgery’®.
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