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ORIGINAL RESEARCH

are induced in living structures from various external forces, it had 
been the choice of study for many engineers.5

In t r o d u c t I o n

Bialveolar dental protrusion is the most prevalent anomaly in 
different ethnic groups in India. It is characterized by dentoalveolar 
flaring of both the maxillary and mandibular anterior teeth with lip 
protuberance and facial convexity.1 Extraction spaces in such cases 
can be closed using sliding or loop mechanics.

As the use of pre-adjusted appliances has increased, various 
forms of sliding mechanics have replaced closing loop arches.2 Sliding 
mechanics might have great benefits, such as minimal wire-bending 
time and adequate space for activations. However, friction occurs 
at the interface between the archwire and the bracket, which may 
lead to anchorage loss.3 This difficulty can be overcome by using 
mini-screws as orthodontic anchorage appliances.2

Nowadays, temporary anchorage devices are the choice of 
anchorage control in clinical orthodontics due to benefits like 
absolute anchorage, small size, and ease of placement and removal. 
Additionally, time can be saved effectively by using microscrew 
implants in the treatment of bimaxillary protrusion with en-masse 
retraction of six anterior teeth.4

Sliding mechanics, with the combined use of power arms, has 
gradually been applied for obtaining controlled anterior tooth 
movements during space closure.2

The finite element method (FEM) was introduced into dentistry 
to allow accurate analysis of the biomechanical effects in various 
treatment modalities. For the evaluation of biomechanical 
components such as displacements, strains, and stresses which 
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Ab s t r Ac t
Aims: This finite element study was undertaken to evaluate the pattern of stress distribution around the implant and anterior teeth during 
en-masse retraction in the premolar extraction case. Displacement of the teeth and play of wire in the bracket slot were also evaluated to 
determine the most favorable height of the power arm attached to the arch-wire.
Materials and methods: A three-dimensional (3D) finite element model of the maxilla was constructed using computed tomography (CT) scan. 
A total of 12 models were fabricated with different heights of power arms placed distal to the canine. A retraction force of 1.5 N was applied 
from the implant placed between the roots of the second premolar and first molar, and the response was predicted using Analysis of Systems 
(ANSYS) software.
Results: When power-arm height was near the center of resistance of the anterior segment, stability in the stress distribution around the implant 
site and anterior teeth was observed. Displacement of the teeth varied along the three planes of space with the change in power-arm height.
Conclusion: For en-masse retraction, power-arm height should be kept at a level of the center of resistance. Play in the bracket slot and the 
archwire show a negative role in the bodily movement of anterior teeth.
Clinical significance: For efficient en-masse retraction of anterior teeth, it is imperative to study the most effective site of application of force. 
Therefore, our study recommends certain key points to keep in mind during the attachment of the power arm and engaging wire in the bracket 
slot, which could benefit the orthodontist immensely.
Keywords: En-masse retraction, Finite element model, Height of power arm, Play, Temporary anchorage devices.
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the center of the clinical crown of the teeth. Nodes were merged at 
the borders to create connectivity between the two models (Fig. 1).

The first premolar was removed from the model to retract the 
anterior teeth in a posterior direction. The 3D image of the implant 
was imported into the model of the maxilla and assembled between 
the roots of the second premolar and first molar. The stainless steel 
archwire of 0.019 × 0.025 inch dimensions with a power arm just 
distal to the canine was fabricated on the model. The height of the 
power arm was varied from 1 to 12 mm, with a 1 mm difference 
from the level of the bracket slot, thereby creating twelve models. A 
total of 12 finite element models were generated using HyperMesh 
Software version 13.0.

Material parameters, including Young’s modulus and Poisson’s 
ratio, were assigned to finite element model9 to simulate their 
behavior.

After the preparation of models, a load of 1.5 N in an 
anteroposterior direction was applied on each model from the 
implant to the power arm (Fig. 1). ANSYS software version 12.1 was 
used to predict the response of the loads applied. The responses 
were in the form of Von Mises stress interpreted by various colors.

re s u lts

Stress Distribution around Implant Site
Cancellous bone: for all values of load studied, when a load of 1.5 N 
was applied at the implant, the maximum stress was seen around 
the implant site at 12 mm height of the power arm (Table 1).

Cortical bone: when a load of 1.5 N was applied to the implant, 
the maximum stress level observed in cortical bone was at the distal, 
mesial, and basal portions of the implant at 12 mm height of the 
power arm (Table 1).

The stress values increased with an increase in the height of 
the power arm.

Stress Distribution around Anterior Teeth
Stress distribution around anterior teeth was reduced in the case of 
cancellous bone when compared to cortical bone (Table 2).

Displacement of Anterior Teeth
In this study, displacement of anterior teeth was studied in all three 
planes of space.

Although its development can be traced back to work by 
Alexender Hrennikoff (1941) and Richard Courant (1942), this 
method offers accurate replication of the tooth and the structures 
which surround the tooth and its complicated geometry. It permits 
detailed analysis of various force applications on structures such as 
teeth, bones, and joints.6

A number of studies have been done to explain the effect of 
bracket slot and archwire dimensions on anterior tooth movement 
during space closure in sliding mechanics. These include bracket 
and archwire material,5,7 irregularities in tooth morphology,6 errors 
in bracket placement6 and bevelling of archwires.8–10 Tanne K 
et  al.11 suggested that there should be an exact description of 
slot geometry and standardization in SI units12,13 and are among 
the many authors who have described the variability of slot and 
archwire manufacturing dimensions.2,11,14–18 In spite of these 
studies, very few compare the stress distribution and amount of 
play between bracket slot and archwire dimension.

Therefore, the purpose of this study was to evaluate the 
displacement of anterior teeth and the stress distribution around 
the implant site and anterior teeth to be retracted by using the 
varying height of the power arm and to see the dimension of play 
between the bracket slot and archwire during retraction.

MAt e r I A l s A n d Me t h o d s

The FEM provides quantitative data to the operator that can extend 
the understanding of the physiological reactions that occur in the 
system.

A 3D geometrical model of the maxilla was generated using a 
CT scan of a dry human skull. The Microsoft Windows Bitmap Format 
of two-dimensional images of CT scan was entered into Materialize 
Interactive Medical Image Control System Software that changes 
them to 3D surface models. The geometric model of the maxilla was 
generated from Rapidform software. Geometric models of brackets 
and implants were constructed by reverse-engineering technique. 
Titanium implants of 1.5 × 9 mm dimensions and stainless steel 
MBT prescription brackets with slot size 0.022 inch were used for 
the construction of models.

The results would be the same for both sides of the maxilla. 
Therefore, only one side of the maxilla was studied, and the 
boundary condition would not change. A model of a half-maxilla 
was constructed. The 3D models of the bracket were assembled at 

Fig. 1: Geometric model of maxilla with force applied from implant to 
power arm

Table  1: Stress Distribution around implant site in cortical and 
cancellous bone

Power-arm height

Stress
Distribution (Mpa) 

(cortical bone)

Stress
Distribution (Mpa) 
(cancellous bone)

1 mm 0.67 0.086
2 mm 1.486 0.176
3 mm 7.639 0.337
4 mm 13.906 0.691
5 mm 17.673 0.875
6 mm 20.18 0.995
7 mm 21.712 1.087
8 mm 22.557 1.225
9 mm 22.998 1.342
10 mm 22.969 1.241
11 mm 23.547 1.316

12 mm 24.159 1.378
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dI s c u s s I o n

The pattern of stress distribution in the cortical bone around the 
implant was different for all the heights of the power arm when 
subjected to 1.5 N of retraction force. Maximum stresses were 
concentrated just distal and mesial to implant in the direction of 
the load applied. As shown in Figure 2, when retraction force was 
applied on the power arm at 1 mm height, the magnitude of the 
maximum stress value was found to be 0.67 Mpa. As the height of 
the power arm was increased up to 12 mm from the bracket slot 
level, maximum stress also increased around the implant site in 
cortical bone. Since cortical bone has a higher modulus of elasticity 
and it is stronger and more resistant to deformation, it will bear 
more load than cancellous bone in clinical situations.

In this study, the maximum Von Mises stress in the cancellous 
bone around the mini-implant was 1.378 Mpa when the level of 
force was 12 mm from the bracket slot, as shown in Figure 2. The 
stress value gradually decreased when the power-arm height was 
decreased from 12 to 1 mm at the interval of 1 mm. The cancellous 
bone of the maxilla was exposed to very little stress during the 
retraction of the anterior teeth.

In the cortical bone, stress distribution around the central 
incisor and lateral incisor gradually increased with an increase 
in the height of the power arm. According to Figure 3 at 1 mm, 
the stress distribution around the central and lateral incisor 
was 1.331 Mpa which gradually increased to 3.47 Mpa when the 
power-arm height was increased to 12 mm. The high values of 
stress are seen around the canine due to the fact that the root of 
the canine is surrounded mostly by the cortical bone. Most of the 
torsional forces are produced on the arch-wire due to the retraction 
forces on the power arm. This distortion of the wire takes place 
just distal to the canine, where the power arm is attached to the 
arch-wire. These torsional forces are transferred to the canines, 
which are shown as stress around the root of the tooth on the 
cortical bone. Minimal torsional forces are transferred to the 
central and lateral incisors, which show less stress distribution as 
compared to the canine.

As the height of the power arm increased, the total stress 
distribution decreased around the canine and increased on the 
lateral and central incisors. At the level of the center of resistance, the 
force becomes stabilized as compared with the shorter power-arm 

Displacement along the x-axis: there was no movement of the 
central incisor and lateral incisor at all levels of the power arm at 
which retraction force is applied.

In the case of canine, when the power-arm height was 1–5 mm, 
the crown of the tooth moved buccally by 0.001 mm, and when 
power-arm height was further increased up to 12 mm, no movement 
was seen.

Displacement along the Y-axis: along the Y-axis in the case of 
central incisor at the height of 1–8 mm, there is a trend of palatal 
root tipping and palatal crown tipping at a rate of 0.003–0.005 mm, 
respectively. When the height of the power arm was increased 
to 9–12 mm, the lingual root tipped by 0.002 mm, and the crown 
tip moved lingually by 0.004 mm. The same pattern was seen for 
lateral incisors.

In the case of canine, when the power-arm height was 1 mm, 
the crown moved distally by 0.005 mm, and the root moved distally 
by 0.002 mm. When power-arm height was increased from 2 to 4 mm, 
the distal movement of the crown increased by 0.006 mm. Further 
increase in power arm from 5 to 7 mm causes crown movement 
by 0.005 mm. When the power-arm height was increased to 12 mm, the 
crown movement decreased by 0.004 mm. Movement of the root of the 
canine remains constant at 0.002 mm, irrespective of power-arm height.

Displacement along the z-axis: in this study, central and lateral 
incisors showed extrusion of crowns by 0.001 mm at a power-arm 
height of 1 mm. They extruded by 0.002 mm with each 1 mm 
increase in the height of the power arm. In the case of canine, when 
power-arm height was 1–9 mm, there was an extrusion of 0.001 mm 
observed at the crown. When power-arm height was 2–8 mm 
and 10–12 mm, there was an extrusion of 0.002 mm.

Dimension of Play between Bracket and Wire
When an archwire is twisted by a bending moment of the power 
arm, two opposite corners of the arch-wire contact the opposite 
surfaces of the bracket slot.

The horizontal and vertical dimension of play, when 0.019- × 
0.025-inch stainless steel wire was used in a 0.022-inch slot bracket, 
was 0.003 inch, although the vertical dimension of play was equally 
divided into two halves that are 0.0015 inches above and below 
the arch-wire. The height of the power arm had no effect on the 
play of the wire.

Table 2: Stress distribution around anterior teeth in cortical and cancellous bone

Power-arm height

Cortical bone (Mpa) Cancellous bone (Mpa)

Central incisor Lateral incisor Canine Central incisor Lateral incisor Canine

1 mm 1.331 1.331 3.313 0.731 0.409 0.489
2 mm 1.486 1.486 5.149 0.772 0.432 0.346
3 mm 1.295 1.295 5.101 0.746 0.419 0.337
4 mm 2.001 2.001 5.972 0.885 0.304 0.304
5 mm 2.546 2.546 5.067 0.752 0.384 0.264
6 mm 2.904 2.904 5.784 0.855 0.295 0.295
7 mm 3.123 3.123 3.123 0.781 0.324 0.324
8 mm 3.243 3.243 3.243 0.879 0.360 0.187
9 mm 3.296 3.296 3.296 0.204 0.204 0.204
10 mm 3.300 3.300 3.300 0.218 0.218 0.218
11 mm 3.383 3.383 3.383 0.230 0.230 0.230

12 mm 3.470 3.470 3.470 0.240 0.240 0.240
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Figs 2A and B: Stress distribution around implant site in (A) cancellous and (B) cortical bone

Figs 3A and B: Stress distribution around anterior teeth in (A) cancellous and (B) cortical bone
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This is in slight contrast to the study done by Zhang 
et  al.,21 where the crown and root of the lateral incisor showed 
equal displacement, indicating bodily movement in a lingual 
direction. The crown of the central incisor and canine were also 
tipped lingually. This difference can be attributed to the fact that 
placement of the power arm on the archwire. Zhang et al.21 placed 
the power arm placed mesial to the canine, whereas, in this study, 
the power arm was placed distal to the canine.

This study is in accordance with the findings of Ashekar 
et  al.22 who reported that when the implant was placed at the 
height of 6 mm and the power-arm height was 8 mm, tipping and 
extrusion of anterior teeth were seen. This is in further concordance 
with Upadhyay et  al.,1 who concluded that controlled tipping 
movement and partly translation movement was seen during 
retraction with implants because the forces were applied near the 
center of resistance of anterior teeth of the maxilla.

Displacement along the z-axis (vertical plane): Positive values 
showed intrusion, and negative showed extrusive movement. In 
this study, the anterior teeth showed extrusion of crowns with an 
increase in power-arm height.

The extrusion can be explained by a force vector that was 
below the center of resistance of maxillary anterior teeth. Retraction 
forces with mini screw anchorage produced rotation of the entire 
arch around the center of rotation near the premolar root, which 
may result in maxillary anterior teeth. The intrusion of the central 
incisor was shown in the studies done by Sung et al.23 and Zhang 
et al.21 Such difference in movement may be due to the level of 
height of retraction force and the extent of the lingual crown 
tipping of the teeth.

Play, also called deviation angle, was defined as a rotation 
movement of the rectangular arch-wire from its passive position to 
a position where two opposite edges of the arch-wire contact two 
opposite walls of the bracket slot. According to Tominaga et al., a 
smaller play between the bracket and the arch-wire contributes to 
a more efficient torque application.9 In this study, the horizontal 
dimension of play in a 0.022-inch slot system is 0.003 inches, and 
the vertical dimension of play is 0.0015 inches above and below the 
arch-wire when no force was applied. No difference was seen in the 
play in the arch-wire and the bracket slot on any of the anterior teeth 
on changing power-arm height. Therefore, it becomes difficult to 
prescribe an optimal power-arm length for achieving the desired type 
of anterior teeth movement if there is large arch-wire/bracket clearance.

co n c lu s I o n

The purpose of this study was to evaluate the stress distribution 
around anterior teeth and implant sites in sliding mechanics. The 
study concluded that:

• Lingual crown tipping and extrusion of the central and lateral 
incisors were observed.

• In the case of canines, the buccal crown movement was seen, 
which gradually reduced to zero with an increase in power-arm 
height. Moreover, distal crown movement and extrusion were 
also observed.

• As the power-arm height increased, the stress distribution 
around the implant in cortical bone and cancellous bone also 
increased.

• Stress distribution around the central incisor in the cancellous 
bone was found to be maximum which eventually decreased 
and became equal to the lateral incisor and canine after the 
power-arm height reached the center of resistance.

height hence, relatively less variability in stress distribution around 
the cortical bone. The same pattern is applied to the cancellous 
bone around the anterior teeth.

In the case of cancellous bone, stress distribution around the 
central incisor was high at the power-arm height of 1 mm, as shown in 
Figure 3A. Stress distribution was highest when the power-arm height 
was 4 mm, that is, 0.0885 Mpa, 0.879 Mpa at the power-arm height of 
8 mm decreased to 0.204 at the height of 9 mm. According to Felicita, 
lingual root tipping was seen when the point of force application 
was occlusal to the mini-implant. If the mini-implant placement is at 
the level of the center of resistance, no moment is generated. When 
the point of force application is apical to the center of resistance, a 
counterclockwise moment is generated with extrusive and retraction 
components of force. The retraction force has to overcome the labial 
flaring of the teeth to allow them to be retracted.19

Stress distribution around the lateral incisor and canine remains 
stable at all the heights of the power arm as compared to the 
central incisor. Maximum stress distribution was found around the 
central incisors. Bucco-palatal width of the maxilla decreases from 
the central incisor to the canine. The root of the central incisor is 
surrounded mainly by the cancellous bone. As the quantity of 
cancellous bone decreases from the area around central incisors 
to the canine, the stress distribution also decreases, as shown in 
Figure 3. Maximum stress is found around the central incisor, then 
the lateral incisor and the least stress is seen around the canines.

The different retraction force levels produced displacement in 
the anterior teeth to various levels. The displacement was recorded 
for that particular time at which the load was applied. Hence, they 
were instantaneous displacements.

In this study, the displacement of anterior teeth was studied in 
all three different planes of space.

Displacement along the x-axis (transverse plane): no movement 
was seen for central and lateral incisors. For canines, positive values 
should show lingual movement, and negative showed buccal 
movements. In the case of canine, the crown moved buccally when 
power-arm height was 1, 2, 3, and 4 mm with no movement when 
it was further increased up to 12 mm.

According to Bohara et al.20 and Zhang et al.,21 the difference 
in the tipping direction of the incisor and canine was due to the 
transverse moment produced by the force of retraction. The 
outward force moment crossed via hook to reach the archwire, 
and opposing archwire deformation was produced at the location 
of the lateral incisor and canine. Torque was produced due to the 
deformation of the wire and made its crown tipped buccally.

Displacement along the y-axis (sagittal plane): for central 
and lateral incisors, positive values showed lingual movement, 
and negative showed buccal movement. For canines, positive 
values showed distal movement, and negative showed mesial 
movement. In the case of the central incisor and lateral incisor, at 
the height of 1–8 mm, there is a trend of the palatal crown and 
root tipping. When the height of the power arm was increased 
to 9–12 mm, the lingual root tipped 0.002 mm, and the crown 
tipped 0.004 mm. Thus, more crown movement was seen as 
compared to the root movement. In the case of canine, when 
the power-arm height was 1 and 4–11 mm, the crown moved 
distally by 0.005 mm. At 2–4 mm, the distal movement increased 
to 0.006 mm and reduced to 0.004 at 12 mm. Movement of the root 
of the canine remains constant irrespective of power-arm height. 
These findings suggest the controlled lingual tipping movement 
of anterior maxillary teeth during the application of retraction 
forces from implants.
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• Stress distribution around canine in cortical bone was found to 
be maximum which eventually decreased and became equal 
to lateral incisor and central incisor after the power-arm height 
reached the center of resistance.

• There was no effect of power-arm height on the play of wire in 
the bracket slot.

The drawback of the study was that a clinical environment similar 
to the patient’s teeth and alveolar bone could not be created in the 
computer-constructed models.

Clinical Significance
The study throws light on the most preferred site of force application 
for efficient tooth movement. Therefore, archwire bracket play 
should be minimal to avoid friction between the archwire and 
bracket slot. Moreover, the position of the power arm should be 
at the level of the center of resistance to produce effective bodily 
movement of teeth to close extraction spaces.
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