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Abstract
The purposes of this study were to investigate

and compare the stress distributions and displacement
pattern for maxillary posterior segment distalization.
When the force magnitude 250 g was applied from
the miniscew anchorage to the vertical positions of
the retraction hook of 0, 2, 4, 6 and 8 mm, analyzed

using the finite element method.
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A 3-D finite element model was constructed to
simulate the maxillary first and second premolars and
molars, periodontal ligament, and alveolar process.
Distalizing forces were applied through a miniscrew
at modified infrazygoma area for maxillary posterior
segment distalization. The displacement of each tooth
was evaluated on X, y, and z-axis, and the von Mises
stress distribution was visualized using color-coded
scales.

When the force vector acted at the lowest
vertical position of the retraction hook (0 mm), distal
crown tipping occurred in every tooth, and intrusion
occurred in the second premolars, first molars and
second molars. But first premolars showed slightly
extrusion. Furthermore, buccal out-rotation occurred
in every tooth. When the force vector acted at the
highest level of the retraction hook (8 mm), greater
distal crown movement occurred in the second
premolars, first molars and second molars than at any
other level. But the first premolars showed a
progressive decrease in distal crown tipping.
Moreover, extrusion occurred in every tooth. Lingual
in-rotation occurred in the second premolars, first
molars and second molars. But the first premolars
showed slight buccal out-rotation. However, the
retraction hook levels of 0 mm and 2 mm showed
distal movement in every tooth, with minimal
movement in the vertical direction, but the retraction
hook levels of 2 mm and 4 mm showed distal
movement in every tooth, with minimal movement
in the transverse direction than at the other hook
levels.

These results suggest that the low retraction
hook levels of 0 mm, 2 mm and 4 mm showed greater
distal movement with minimal vertical and transverse

movement than at the other hook levels. The high
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Introduction

Distalization of the maxillary posterior teeth is
one of the treatment options to correct molar Class I
relationships or maxillary anterior crowding with non-
extraction mechanics."” Extraoral appliances for
distalizing maxillary molar teeth is the application of
extra-oral headgear,m but it requires patient cooperation.
To overcome this problem, various fixed appliances
can be used that do not require patient compliance.
Fixed intraoral appliances for maxillary molar
distalization are: the pendulum, push-coils, magnets,
superelastic NiTi wires, the distal jet, and molar slider.”’
However non-compliance devices also have undesired
anchorage loss side effects, such as maxillary incisor
protrusion and increase in overjet and overbite."”
Moreover, these devices are limited to single- or two-
molar distalization.”

Today we can rely on resources, such as skeletal
anchorage, in particular with miniscrews, which have

proved efficacious as an anchorage control method by
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retraction hook levels of 6 mm and 8 mm showed
greater vertical and transverse movement in every
tooth except the second molar in the vertical direction
and the first premolar in the transverse direction,
which showed the least amount of movement. It was
concluded that the vertical position of the retraction
hook is an important factor in achieving controlled
maxillary posterior teeth distalization because the
type of tooth movement depends on the relationship
between the line of force and the location of the center

of resistance of the force system.

Keywords: maxillary posterior teeth distalization,

Finite element, Center of resistance

significantly reducing, or even eliminating, the need
for patient compliance, thereby rendering treatment
more predictable and efficient.”

In cases of maxillary posterior distalization,
miniscrews can be inserted in a variety of maxillary
sites. Miniscrew implant placement at the modified
infrazygomatic crest site has been suggested, especially
for group distal movement of maxillary posterior teeth
during Class II malocclusion treatment, because the
tip of the miniscrew implant at this site does not
interfere with dental root movement.*”

When the retraction force is provided to an
archwire by miniscrews (at the modified infrazygomatic
crest), the patterns of tooth movement in posterior
segmental distalization with direct-minicrew anchorage
tend to generate a more intrusive force vector on
posterior teeth than do traditional mechanics.” This
force vector can be controlled by changing the height
of the miniscrew insertion site and/or the vertical

position of the retraction hook.
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In sliding mechanics, hooks are used on the
archwire as force application points to achieve posterior
distalization. The vertical position of the retraction
hook plays an important role in determining force
vectors. Some hook position variation can also be
employed to compensate for anatomic limitations at
miniscrew insertion sites.”""

Displacement of the posterior segment may be
dictated by a direct relationship between the center of
resistance of the segment and the line of action
generated between the miniscrew and the vertical hook
position. The need may arise to increase position during
the distalization phase to achieve a force action line as
parallel as possible to the occlusal plane."”

To analyze the effects of orthodontic forces and
mechanics on teeth with periodontal tissue, the finite
element method (FEM) is a useful computer-simulation
tool in engineering for solving stress-strain problems
in the mechanics of solids and structures.”"” The FEM
has become a powerful technique for stress analysis in
biological structures,* by which loads can be applied
in different directions and at different magnitudes for
amore complete analysis. FEM has been applied widely
to orthodontic research, in which the mechanical
responses of periodontal tissue and bony structures
relative to orthodontic forces on the teeth were studied."”

The purposes of this study were to investigate
and compare the displacement patterns of force vectors
produced by retraction hook positions of 0, 2, 4, 6 and
8 mm above the archwire when force vectors were
applied to mini-screw anchorage for maxillary posterior

segment distalization, using the finite element method.

Materials and Methods

Generation of the finite element model
1. Modeling of 3-D models

For the finite-element model, we obtained the

CM Dent J Vol. 39 No. 2 2018

tooth outline forms through the 3-D laser scanning of
a maxillary left dentition from a dental study model
(base model) (model-i21D-400G, Nissin Dental
Products, Kyoto, Japan) of an adult with normal
occlusion. The geometry of the maxillary models was
reconstructed using the Solid Works (SolidWorks
Corporation, Dassault Systémes S.A., Seattle,
Washington, USA.) software. The first and second
maxillary premolar and molar teeth were the subjects
of this study.

The thickness of the periodontal ligament was
assumed to be uniform (0.25 mm),"” The brackets were
simulated as attachments to the teeth. The bracket
position was at the vertical and horizontal center of the
clinical crown of each tooth. The main archwire was
modeled according to the dimensions ofa 0.017x0.025-
inch (in) stainless steel archwire, and it was assumed
that there was no play between the brackets and the
archwire. The retraction hook was modeled using a
rigid (0.036-in) stainless steel wire, in order to reduce
the deflection when retraction force was applied to the
archwire mesial to the first premolar. The miniscrew
position was set at 8 mm apical to the archwire, at the
midpoint between adjacent brackets of the first and
second molar teeth (Figure 1).

The midpoints of the buccal cusp tips of the
premolars, the mesio-buccal cusp tips of the molars,
the buccal root apices of the premolars and the mesio-
buccal root apices of the molars were used as landmarks
for the assessment of displacement (Figure 2).

2. Material properties

The teeth, alveolar bone, brackets and archwire
were all constructed using fine tetrahedron solid
elements, and were all assumed to be isoparametric
and homogeneous, linear, elastic bodies. Altogether,
the model was constructed with 572,390 nodes and

2,884,369 elements. The Young’s modulus and
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Figure 1 A Three-dimensional finite element model.
B Location of the miniscrew and retraction hook.
Miniscrew position was simulated 8§ mm above

the main archwire, at the contact point between

the first molar and second molar

Poisson’s ratio of the elements were obtained from
previous studies (Table 1).""® A non-linear and non-
symmetric approach was used to describe the material
properties of the PDL, and a Poisson’s ratio of 0.3 was
used."””” The elements were examined with Mesh

Verify command in ABAQUS (Abaqus Unified FEA,

CM Dent J Vol. 39 No. 2 2018

Dassault Systémes S.A.) to ensure convergence of the
FE model

3. Loading and boundary conditions

Due to the large number of elements, teeth and
bone were approximated as uniform structures, without
differentiation between enamel and dentin. Each tooth
contacted the adjacent tooth at the contact point as an
individual element. At the interface between the
archwire and the brackets, transitional degrees of
freedom were not constrained and the friction in the
interface was ignored.

4. Simulation of force vectors

In order to investigate the influence of the vertical
position of the retraction hook on the displacement
pattern and stress distribution, a retraction hook was
located mesial to the first premolar. A single force
vector (250 g) was applied through a miniscrew
positioned between the maxillary second premolar and
first molar to retraction hooks extending 0, 2, 4, 6, and
8 mm apical to the archwire (Figure 3).

A standard coordinate system was constructed
with the x-axis corresponding to the bucco-palatal
direction, the y-axis the superior-inferior direction, and

the z-axis the antero-posterior direction. A +x value

@159 1 auvANNnavesi imdnndlsaidu nssgmdi

=g AN
Uazloudnusnue
Table 1  Material properties”” of tooth, Stainless steel,
Alveolar bone and Periodontal ligament
Young’s modulus | Poisson’s ratio
(MPa)

Teeth 2.0E + 07 0.3
Stainless steel 2.0E + 08 0.3
Alveolar bone 2.0E + 03 0.3

Periodontal Hyperelastic(m 0.45
ligament
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Landmarks for the assessment of displacement;
Dots indicate the midpoints of the buccal cusp
tips of the premolars, the mesio-buccal cusp tips
of the molars, the buccal root apices of the
premolars and the mesio-buccal root apices of

the molars.
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Figure 3
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Schematic force diagram and 0 angle for the
mesial placement of the miniscrew. Forces (250
g) were applied from the miniscrew to five dif-
ferent vertical positions of the retraction hook:

0, 2, 4, 6 and 8§ mm.
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was defined as the medial direction, +y as the apical
direction, and +z as the posterior direction (Figure 3).
The displacements of the teeth were calculated by
applying the x, y, and z coordinates at the midpoints
of the buccal cusp tips of the premolars, the mesio-
buccal cusp tips of the molars, the buccal root apices
of the premolars and the mesio-buccal root apices of
the molars. The changes in tooth axes were calculated
in each plane of space. Furthermore, the von Mises
stress distribution along the periodontal ligament was
calculated and visualized in the contour plot. Universal
finite element software (ABAQUS) was used to

calculate and visualize the results.

Results
The effects of distalizing force application to
variable lengths of lever arm

To examine three-dimensional movements of the
crowns and roots of the premolar and molar teeth,
displacements of the crowns and roots were evaluated,
respectively.

* Distal displacement relative to the various
vertical positions of retraction hook

Figure 4 (A,B) and Figure 5 show the distal
displacement of the crowns and roots for various
vertical positions of retraction hook. When the vertical
position of the retraction hook was low, the crowns of
the four teeth moved in the distal direction and root
apexes moved in the mesial direction. This movement
was uncontrolled distal tipping. The amount of crown
movement was greater than that of root movement.
When the hook was higher, a larger amount of distal
crown movement was observed in all teeth except the
first premolars, which showed a progressive decrease
in distal crown movement. The amount of molar
distalization increased slightly as the length of the hook
increased, due to the greater horizontal vector of the

distalizing force.
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* Vertical displacement relative to the various
vertical positions of retraction hook

Figure 4 (B) and Figure 6 show the vertical
displacement of the crown for various vertical positions
of retraction hook. When the vertical position of the
retraction hook was lowest (0 mm), the crowns of the
second premolars, first molars and second molars
moved in the apical direction, the amount of

displacement gradually increasing from the anterior to

CM Dent J Vol. 39 No. 2 2018

the posterior teeth. But the first premolars showed slight
movement in the occlusal direction. A larger amount
of intrusion movement was observed in the first and
second molar than in the premolars. On the other hand,
when the vertical position of the retraction hook was
highest (8 mm), the crowns of the four teeth moved in
the occlusal direction. These results showed extrusion
of the four teeth, with a larger amount of extrusion

movement in the first and second premolars and first
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Figure 4 Displacement pattern of the first and second premolars and molars A, Occlusal view B, Sagittal view
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molars than at the other hook levels, but with only
slight extrusion in the second molars. However, it was
found that the retraction hook levels of 0 mm and 2
mm showed the least amount of movement in the
vertical direction in all teeth except the second molars,
which showed a larger amount of intrusion.

» Transverse displacement according to the
various vertical positions of retraction hook

Figure 4 (A) and Figure 7 shows the lateral
displacement of the crown for various locations of
mini-implants and first molars. When the vertical
position of the retraction hook was lowest (0 mm), the
cusps of the four teeth moved in the buccal direction.
When the vertical position of the retraction hook was
highest (8 mm), the crowns of the second premolars,
and the first and second molars moved lingually but

the first premolars moved buccally with rotation.

=== Displacement (mm) First premolar
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However, the least amount of movement of the four
posterior teeth in the transverse direction was observed
at the retraction hook levels of 2 mm and 4 mm.

The optimal vertical position of the retraction
hook was 2 mm due to the posterior segment showed
greater distal movement with minimal movement in

the vertical and transverse directions.

Disscussion

In the model, the point of force application in the
alveolus was set 8 mm apical from the archwire. The
displacement pattern of the dentition was analyzed
while 250 g of distalizing force was applied at varying
points of force application to different vertical positions
of the retraction hooks, resulting in the displacement
of the maxillary posterior teeth relative to the maxilla,

with the periodontal ligament as an interface. Thus, the

=& Displacement (mm) Second premolar

Displacement (mm) Second molar

2
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SAGITTAL AXIS (+ DISTAL, - MESIAL)

a

US1IanITAAaUIYeaR ITUN T ULeeT7 1 uay 2 ung1u97 1 uay 2 luwuaiivas (+a1ulnanar, -mulnanaid)

Juns
Ingldlise 250 N34 AiszAuAIINGIvewYaiNe 0, 2, 4, 6 Uaz 8 Jadiums
Figure 5 Displacement of the first and second premolar and molar crowns (mm) in the sagittal axis (+ Distal, - Mesial)

in the finite element model at retraction hook levels of 0, 2, 4, 6 and 8 mm when a distalizing force of 250 g was

applied.
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Figure 6

Displacement of the first and second premolar and molar crowns (mm) in the vertical axis (+ Intrusion, -

Extrusion) in the finite element model at retraction hook levels of 0, 2, 4, 6 and 8§ mm when a distalizing force

of 250 g was applied.

results of this study appear to be more applicable than

(102229 1 the evaluation of force

those of other studies
vectors in the clinical situation.

From a biomechanical point of view, the
relationship between the line of action of a force and
the location of the center of resistance of a tooth
determines the type of tooth movement, that can be
explained by changes in the relationship between the
center of resistance of the entire dentition and the line
of action. Choi et al.*” reported that the center of
resistance of the full maxillary dentition was 11.0 mm
apical to and 26.5 mm posterior to the incisal edge of
the upper central incisor when using the same finite
element model employed in this study. In order to
achieve the desired type of tooth movement, altering

the force vector by changing the vertical positions of

the retraction hook can make the force application close
to the center of resistance.””

The angle formed between the force vector from
the miniscrew to the hook and the horizontal component
is called the 6 angle. Changing the 0 angle alters the
paradigm of biomechanics. Increasing the height of the
retraction hook causes a decrease in the O angle but
increases the horizontal force (horizontal force =
resultant forceXCose). The amount of vertical force is
also dependent on the O angle, i.e., decreasing the 0
angle reduces the vertical force (vertical force =
resultant force x Sin0).%"

In this study, maximum intrusion of the teeth
occurred with the vertical position of the retraction
hook at 0 mm (the largest 0 angle), whereas with the

vertical position of the retraction hook (also called the



@y, VuAENT 191 39 atiudl 2 2561

==+ Displacement (mm) First premolar
Displacement
(mm.)

0.003

=& Displacement (mm) First molar

0.0025
0.002
0.0015
0.001
0.0005

0

00 MM 02-MM

-0.0005

t

-0.001

-0.0015

-0.002 00 MM 02 MM

JUA 7

86

CM Dent J Vol. 39 No. 2 2018

—&-—Displacement (mm) Second premolar

Displacement (mm) Second molar

08 MM

(+ LINGUAL, - BUCCAL)

04 MM 06 MM 08 MM

YSUIadnI9smaausvesIiunsIudeed9 1 uay 2 WunsI1ug9 1 uay 2 Tukuav319 (+9 148y, -a1uuna) lnglaisa

250 A3a 1TeAUANINGIVEINLYRINEI 0, 2, 4, 6 Udy 8 Iadiuns

Figure 7

Displacement of the first and second premolar and molar crowns (mm) in the transverse axis (+Lingual, -Buccal)

in the finite element model at retraction hook levels of 0, 2, 4, 6 and 8 mm when a distalizing force of 250 g was

applied.

power arm) at 8 mm, the intrusion decreased (following
a decrease in the 0 angle); the molar teeth were slightly
extruded. Theoretically, with a 0 angle of 0°, and the
vertical position of the retraction hook at 8 mm, the
posterior dentition must be neither intruded nor
extruded because the position of the miniscrew and the
edge of the power arm are at the same vertical level
(0=0°). But in our finite element analysis, insignificant
extrusion was observed, which can be interpreted as
being due to the force vector being some distance from
the center of resistance. In addition, when sliding
mechanics are employed, the effect of arch wire
deflection acting on a tooth can play a role and should

. . . 27
be taken into consideration®”.

Slight extrusion occurred when force was applied
to the retraction hook at the 8-mm vertical position. It
can be assumed that bodily movement in the posterior
dentition occurred, but because of the difference in the
vertical level of the miniscrew and the power arm, some
extrusion was observed. In an FEM study conducted
by Tominaga et al.,”” witha power arm of 5.5 mm, no
rotation was produced, and bodily movement of the
anterior segment occurred. However, lingual root
tipping was observed when the retraction arm was
above 5.5 mm.

In the sagittal view, force applied at the lower
retraction hook positions has a line of action that passes

below the center of resistance, causing progressive
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intrusion, resulting in a steepening rotation of the
occlusal plane may be due to the line of force being
close to the center of resistance of the system, and vice
versa for forces applied at higher retraction hook
positions."”

This side effect in the vertical plane is not suitable
in patients with deep overbite or gummy smile.
However, a long retraction hook is uncomfortable and
requires good patient cooperation. As a result, with
patients who need distalization of the posterior segment
with various discrepancies in the sagittal and vertical
planes, a precice treatment plan with few adverse side
effects should be chosen with respect to the existing
malocclusion.

It is, in fact, the patient’s requirements, such as
esthetics, occlusion, function, and comfort, and
presenting conditions, such as the intensity of the
discrepancy, that guide us to choose the best vertical
position of the retraction hook to produce a satisfactory
treatment outcome.

Finite element analysis accurately determines the
initial tooth movement, based on the laws of mechanics ™
This analysis provides useful information with regard
to the response of tooth displacement in a specific force
direction, but this information might not be enough to
predict total orthodontic tooth movement in clinical
practice. Initial tooth movement occurs after a force is
applied to a tooth. Changing the stress in the PDL
induces alveolar bone remodeling, which results in
orthodontic tooth movement. It is possible to use FEM
to evaluate the effects of orthodontic loads applied in
achieving initial tooth movement. In this study, FEM
simulated only the initial tooth displacement and initial
stress distribution along the root surface. As time
passes, the pattern of orthodontic tooth movement can
vary from the initial tooth displacement because of

individual biologic responses.
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The accuracy of results derived from FE models
relates directly to the accuracy of the models. Although
errors can be suppressed by reproducing the model as
accurately as possible, it is impossible to create a model
identical to a living human body, including the material
properties. Therefore, the authors made an effort in this
study to construct the shape of the maxillary bone,
cortical and cancellous bone, the teeth, and the
periodontal ligament as closely as possible to those in
the living body. However, in this study, the material
physical properties were assumed to be linear, the
results were calculated in a static analysis, and only
the initial movement was expressed. These factors should
be given thorough consideration when interpreting the
results derived from the FE models in this study.

Further study is required to construct an FE model
whose material parameters are approximate to the living
body and to develop a system which can simulate long-
term orthodontic tooth movement, including the bone

remodeling process.

Conclusions

These results suggest that the low levels of
retraction hook of 0 mm, 2 mm and 4 mm showed
greater distal movement with minimum vertical and
transverse movement. The high levels of retraction
hook of 6 and 8 mm showed more vertical and
transverse movement in every tooth except the second
molar in the vertical direction and the first premolar in
the transverse direction, which showed the least amount
of movement. The vertical position of the retraction
hook is an important factor in achieving controlled
maxillary posterior segment distalization because the
type of tooth movement depends on the relationship
between the line of force and the location of the center
of resistance of the force system. However, the optimal

vertical position of the retraction hook should be
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considered for each individual because various types

of occlusion require different types of tooth movement.
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