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Abstract

Background: Clear aligner treatment has become popular over recent years. It is necessary to identify methods by
which we could avoid the bowing effect in extractions with clear aligner. The present study was to identify the appro-
priate method to design torque movement involving the upper anterior teeth of extraction cases, in order to maintain
or improve the axis and torque of the upper anterior teeth with a clear aligner during movement and closure of the
extraction space.

Results: Asthe height of the power ridge increased, the rotation angle of the upper central incisor in the sagit-

tal direction decreased gradually and the location of the rotation center changed significantly; the rotation center
moved in the apical direction and then changed to the crown side. The highest von-Mises stress of the upper central
incisor root, periodontal ligaments, and alveolar bone, showed little change as the power ridge height increased.
When the axial inclination of the upper central incisor was normal (U1-SN = 105°), the tendency of movement for the
upper central incisor approached translation with a power ridge height of 0.7 mm (corresponding distorted angle:
5.8415). When the axial inclination of the upper central incisor was oversized (UT-SN = 110°), the axial inclination of
the upper central incisor reduced to normal following completion of the anterior segment retraction with a power
ridge of 0.4 mm (corresponding distorted angle: 3.4265).

Conclusion: Analysis indicates that pure palatal tipping movement of the upper anterior teeth is generated with-
out torque control, thus resulting in the bowing effect. The required torque control of the upper anterior teeth with
oversize axial inclination is weaker than that of the upper anterior teeth with normal axial inclination because limited
torque loss is expected for oversize axial inclination teeth. Variation sensitivity of the rotation center should be con-
sidered carefully due to biological problems when designing translation of the upper anterior teeth with normal axial
inclination.
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of the appliance is transmitted to the tooth and peri-
odontal tissues, thus causing tooth movement and tissue
remodeling [2]. Over recent years, plastic aligners have
been employed for mild to moderate orthodontic tooth
movements [3]. However, when it comes to complicated
cases, such as extractions, there are several biomechani-
cal and biological problems associated with this treat-
ment. For example, the bowing effect may arise in the
process of anterior teeth retraction in extraction cases if
an inappropriate strength is designed. The bowing effect
can result in deep overbite of the anterior teeth, the open
bite of premolars, and the mesial tipping of molars [4].
Researchers have attempted to identify methods by
which we could avoid this side effect. For example, Lai
demonstrated that appropriate aligner overtreatment
with canine attachments should be designed to ensure
bodily retraction of incisors in extraction cases [5]. Nev-
ertheless, it remains unclear as to how to design and set
up the torque on the anterior teeth in an appropriate
manner. The bowing effect occurs because the appli-
ance loses control of the tooth. The moment to force
ratio (M/F ratio) can be used to control the patterns of
tooth movement [6]. Therefore, it is reasonable to design
torque movement by controlling the M/F ratio.

Using a mathematical model derived from the com-
puter-aided design (CAD) discretization of solids in three
dimensions, finite element analysis (FEA) can estimate
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the stresses generated within different tissues, such as
alveolar bone, the PDL, and teeth, and can also deter-
mine the loading and displacement patterns of all struc-
tures [7]. Recent years, FEM has been widely applied in
different dental fields, from fixtures to the simulation of
dental movements to assess the stresses generated within
the different tissue structures, such as alveolar bone,
periodontal ligament, and teeth [8—10]. Therefore, it can
contribute to our biomechanical understanding of clear
aligner.

The aim of this paper was to use FEA to identify an
appropriate technique to design torque movement when
the upper anterior teeth were retracted in order to main-
tain or improve the axis and torque of the upper anterior
teeth when undergoing movement caused by closure of
the extraction space. Our overall goal is to provide direc-
tion for the use of clear aligners in the clinic.

Methods

Cone beam computed tomography (CBCT) data
(HiRes3D-Plus; Largev, Beijing, China) were acquired
from a healthy volunteer with well-aligned dentition
and normal axial inclination of the upper anterior teeth.
As shown in Fig. la, three dimensions base models of
the maxillary dentition with extracted first premolar
were established using MIMICS 20.0 (Materialise, Leu-
ven, Belgium). GEOMAGIC Studio 2014 (Raindrop

(b)

(©)

Fig. 1 Three-dimensional finite element model for incisor retraction in a case involving 1st premolar extraction. a Maxillary arch with 1st premolar
removal with attachments on the vestibular surfaces of the crowns and a geometric model of the clear aligner. b Different axial inclinations of the
upper central incisor (U1-SN=105°% U1-SN=110°). ¢ The position and size of the power ridge
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GEOMAGIC, North Carolina, USA) was used to opti-
mize the basic model and create a surface model struc-
ture. With the help of NX1911 software (Siemens,
German), the outer surface of the maxillary teeth roots
was extended outward by 0.25 mm to generate a pre-
liminary model for PDLs. The maxillary was also moved
inward by 1.3 mm to generate a bone cortex and cancel-
lous structure. Vertical rectangular attachments (3 mm
height, 2 mm width, and 1 mm thickness) were designed
for all teeth other than the central incisor and the lat-
eral incisor. The maxillary crown and attachment were
extended outward by 0.5 mm to simulate the thickness
of the appliance, and each tooth was treated as an inde-
pendent component. All components were imported into
ANSYS Workbench 2019 (Ansys, Pennsylvania, USA)
to generate a 3D finite element model for finite element
analysis.

All structures were assumed as linear elastic isotropic
and homogeneous materials. Their mechanical proper-
ties were obtained from previous studies [2, 11] and are
shown in Table 1. It was worthy of note that most schol-
ars still agreed that it was reasonable to study tooth
movement tendency even if the PDL was assigned lin-
ear material properties in FEA [7, 12, 13]. Bonding was
established at the following interfaces: ligament bone,
tooth ligament, and tooth attachments. No separation
conditions were constructed among tooth interfaces.
Frictionless conditions were established on contact inter-
faces between the aligner and tooth crown surfaces and
attachments. The establishment of frictionless conditions
created a nonlinear connection; this meant that this was
a nonlinear study.

Configuration settings

Two protocols were established according to the axial
inclination of the upper central incisor (configuration 1:
U1-SN =105° configuration 2: U1-SN=110°) (Fig. 1b).

Loading method

In this FE simulation of a clinical event, a retraction of
0.25 mm in the sagittal direction was imposed on the
initial anterior region; this drove deformation of the

Table 1 Properties of the materials considered in this study

Material Young’s modulus, MPa Poisson ratio
Alveolar bone 137x10° 03

Tooth 1.96 x 10* 03

PDL 69x107" 045

Aligner 816 036
Attachment 125%x10° 0.36
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aligner segment. The forces generated by the aligner on
each tooth were then calculated by the software (ANSYS
Workbench 15.0) and were then loaded back on the cor-
responding tooth in the reverse direction [2].

Experimental design

For both two protocols, a displacement of 0.25 mm in
the distal direction was preset for the maxillary ante-
rior teeth to simulate one stage of anterior teeth retrac-
tion in the clinical setting. Different power ridge heights
(0-1 mm) were used as a carrier to mimic torque con-
trol in the clinical setting. The upper central incisor was
the main observation object of this study; therefore, the
power ridge was set on the surface of the upper central
incisor. The location and dimension of the power ridge
are shown in Fig. 1c.

When the axial inclination was normal (105°), a group
with a power ridge of 0 mm in height was taken as the
control group, and power ridges of different heights
(0-1 mm) were added on the basis of the control group
until the rotation angle of the upper central incisor was
close to 0° in the sagittal plane and the corresponding
mechanics could favor translation. When the axial incli-
nation was oversized (110°), the group with a power
ridge of 0 mm in height was taken as the control group
and power ridges of different heights (0-1 mm) were
added on the basis of the control group until the oversize
axial inclination of the upper central incisor to the Sella-
Nasion (SN) plane reduced to normal after the comple-
tion of anterior retraction. That is, the rotation angle of
the upper central incisor was limited to 5° in the sagit-
tal direction. Assuming that the number of orthodontic
steps was 60, the rotation angle of the upper central inci-
sor in the sagittal direction was limited to 0.08333° per
step.

Results

Control group

In this study, we used an FE model to simulate retraction
of the upper anterior teeth. The group with a power ridge
of 0 mm in height was taken as the control group. When
the axial inclination of the upper central incisor was 105°,
the rotation center of the upper central incisor was located
approximately between the middle and apical thirds
of the root (Fig. 2a) and the rotation angle in the sagittal
direction was 0.1688°. The highest von Mises stress val-
ues for different structures were 0.1567 MPa for the root,
0.0281 MPa for the PDL, and 0.5563 MPa for the alveolar
bone. When the axial inclination of the upper central inci-
sor was oversized (110°), the rotation center of the upper
central incisor was still located between the middle and
apical thirds of the root (Fig. 3a) and the rotation angle in
the sagittal direction was 0.1630°. The highest von Mises
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stress values for different structures were 0.1391 MPa for
the root, 0.0212 MPa for the PDL, and 0.5268 MPa for the
alveolar bone. Generally, the upper central incisor showed
a tendency for oblique movement without a power ridge
(Fig. 4).

The effect of different power ridge heights on the rotation
center of the upper central incisor in the sagittal direction
Next, power ridges of different heights were added on
the basis of the control group to simulate torque control
(moment adding). Figure 2 shows the trends for change
in the upper central incisor’s rotation center with an axial
inclination of 105°, which gradually moved to the api-
cal direction as the power ridge height increased from 0
to 0.5 mm; this became the same side as the crown when
the height of the power ridge was 0.7 mm, 0.8 mm, and
1.0 mm. Moreover, the upper central incisor twisted in the
distal direction when the power ridge height was 0.6 mm,
thus indicating that the rotation center had changed sig-
nificantly. However, when the axial inclination was 110°,
the upper central incisor’s rotation center gradually moved
in the apical direction as the height of the power ridge
increased from 0 to 0.5 mm; the upper central incisor
twisted in the distal direction when the power ridge height
was 0.6 mm (Fig. 3).

The effect of different power ridge heights on the rotation
angle of the upper central incisor in the sagittal direction
The rotation angle gradually decreased as the height of the
power ridge was increased when the axial inclination of
the upper central incisor was 105° (Fig. 5). It was notable
that when the power ridge height was 0.6 mm, 0.7 mm, and
0.8 mm, the rotation angle of the upper central incisor was
close to 0° (—0.0254°, — 0.0030°, and 0.02256°, respectively).
Furthermore, the upper central incisor twisted in the distal
direction when the power ridge height was 0.6 mm (Fig. 2);
when the height of the power ridge was 0.7 mm, the range
of total displacement was 0.0078569 mm,; this was only half
the value when the height of the power ridge was 0.8 mm
(0.0136 mm). Therefore, it was reasonable to consider that
the displacement trend of the upper central incisor was
most close to bodily movement when the power ridge
height was 0.7 mm.

When the axial inclination of the upper central inci-
sor was 110°, the changing trends for the rotation angles
with different power ridge heights were similar to those
with an axial inclination of 105° (Fig. 6). We considered
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that the axial inclination of an upper central incisor would
decrease to 105° after the completion of anterior retrac-
tion. Therefore, it was necessary to limit the rotation angle
of the upper central incisor to 5° in the sagittal direction.
Considering that the number of orthodontic steps was 60,
the rotation angle of the upper central incisor in the sagittal
direction was limited to 0.08333° per step. When the height
of the power ridge was 0.4 mm, the rotation angle of the
upper central incisor was 0.078222° in the sagittal plane,
which was very close to 0.08333° (Fig. 6).

The effect of different torque ridge heights on the highest
von-Mises stress values of the root, PDL, and alveolar bone
When the axial inclination was 105°, when compared
with the control group, the highest von-Mises stress
value of the PDL and alveolar bone showed very little
change as the height of the power ridge increased. Fur-
thermore, compared with the control group, although
the highest von-Mises stress value of the upper central
incisor root showed an upward trend as the height of the
power ridge was increased, they were the same order of
magnitude (Fig. 7). When the axial inclination was 110°,
the tendency for change in these structures was similar to
those with an axial inclination of 105° (Fig. 8). Therefore,
we considered that the highest von-Mises stress values of
the root, PDL, and alveolar bone, in this study, were still
within the normal physiological range.

Discussion
FEA is a widely used and effective method to explore the
biomechanical principles on orthodontic studies. Most
FEA studies relate to the initial stress distribution and
displacement pattern within different structures, includ-
ing teeth and periodontal tissue [2, 14, 15]. Cortona
et al. [15] used FEM to evaluate the influence of differ-
ent staging and attachment configurations on the ortho-
dontic rotational movement of a lower second premolar
obtained with clear aligners. Ma et al. [2] establish the FE
models to explore the optimal orthodontic displacement
of clear aligner for patients with periodontitis. Given the
application of FEM in oral biomechanics and orthodon-
tics, the appropriate technique to design torque move-
ment involving the anterior teeth of extraction cases with
clear aligner was explored by FEM in the present study.
Previous studies determined that tipping movement
is the most predictable movements with clear aligner,
but there still remains somewhat difficult to achieve a

(See figure on next page.)

Fig. 2 The total displacement trend of 11 when U1-SN=105°. A The total displacement trend of 11 with the torque ridge height of 0 mm. B The
total displacement trend of 11 with the torque ridge height of 0.3 mm. C The total displacement trend of 11 with the torque ridge height of 0.5 mm.
D The total displacement trend of 11 with the torque ridge height of 0.6 mm. E The total displacement trend of 11 with the torque ridge height of
0.7 mm. F The total displacement trend of 11 with the torque ridge height of 0.8 mm. G The total displacement trend of 11 with the torque ridge

height of 1.0 mm
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Fig. 2 (See legend on previous page.)
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Fig. 3 The total displacement trend of 11 when U1-SN=110°. A The total displacement trend of 11 with the torque ridge height of 0 mm. B The
total displacement trend of 11 with the torque ridge height of 0.2 mm. C The total displacement trend of 11 with the torque ridge height of 0.3 mm.
D The total displacement trend of 11 with the torque ridge height of 0.4 mm. E The total displacement trend of 11 with the torque ridge height of
0.5 mm. F The total displacement trend of 11 with the torque ridge height of 0.6 mm
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Type: Total Deformation
Unit: mm
Time: 1

0.053633
0.046963
0.040293
0.033624
0.026954
0.020284
0.013615
0.006945
0.00027538 Min

F 0.060302 Max

>

0.000 5.000 10.000 (mm)
L I

2.500 7.500
Fig. 4 The clockwise moment and palatal inclination magnified by
50-fold for a tooth without a power ridge
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comparable amount of root control [16—19]. Elkholy et al.
[17] used 3D sensor to record the force to moment (F/M)
induced by aligners for sagittal displacement and found
that the bodily components of tooth movement gener-
ated by the aligners were negligibly small. Hahn et al. [18]
suggested that aligners tended to ‘lift up’ in relation to the
intended amount of root movement during torquing, and
therefore no effective force couple could be established
for further root control. These studies pointed out that
pure tipping movement of the anterior teeth would be
generated without additional torque compensation. This
conclusion was confirmed by the phenomenon observed
in the present study that the crown of the central inci-
sor moved toward the palatal direction and the root api-
cal segment moved toward the labial direction with the
rotation center being located approximately between the
middle and apical thirds of the root (Fig. 4).

Pertinent studies suggested that the force couple gen-
erated at the cervical and incisal regions of the align-
ers is not large enough to generate an adequate counter
moment because of limitations in material properties [17,
20]. This situation could be eventually improved by selec-
tive modifications to aligners by means of mechanical
reinforcement of the cervical area [17], such as the power
ridge of Invisalign system. Simon found that the power
ridge generated significant torque compensation (7.9 N.

Effect of torque ridge height on the torque angle and the rotation angle of 11 in
sagittal direction
BN the torque angle (°) =====the rotation angle of 11 in sagittal direction (°)
0.1 9
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0 0.5 0.6 (7 =3 0.8 1
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the torque ridge height (mm)
Fig. 5 The rotation angle of 11 in the sagittal direction with different power ridge heights when the axial inclination of 11 was 105°. *When the
power ridge height is 0.7 mm, the rotation angle of 11 was close to 0° and the displacement trend of 11 was most close to bodily movement
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Effect of torque ridge height on the torque angle and the rotation angle of 11 in

sagittal direction
BN the torque angle (°) === the rotation angle of 11 in sagittal direction (°)
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direction (°)

the torque ridge height (mm)

Fig. 6 The rotation angle of 11 in the sagittal direction with different power ridge heights when the axial inclination of 11 was 110°. *When the
height of the power ridge was 0.4 mm, the rotation angle of the upper central incisor was 0.078222° in the sagittal plane, which was very close to
0.08333°. That is, the axial inclination of an upper central incisor would decrease to 105° after the completion of anterior retraction

Effect of torque ridge height on the highest Von-Mise value of the central
11 root, PDL, and alveolar bone
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Fig. 7 The highest von-Mises value of the central incisor root, PDL, and alveolar bone with different power ridge heights when U1-SN=105°
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Effect of torque ridge height on the highest Von-Mise values of the central
11 root, PDL. and alveolar bone
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Fig. 8 The highest von-Mises value of the central incisor root, PDL, and alveolar bone with different power ridge heights when UT-SN=110°

mm) during torque movement of upper central incisors,
which confirmed the efficiency of power ridge in anterior
teeth torque [21]. However, there were few studies focus-
ing on the magnitude of the torque compensation for
anterior teeth of different axial inclination.

In essence, the presence of a power ridge in the tooth
neck made the aligner undergo further distortion, thus
generating an angle between the inner face of the aligner
and the tooth surface, thereby favoring a counter moment
(Fig. 9). From mechanical knowledge, this angle was
determined by the height of the power ridge and reflected
the magnitude of torque control; these parameters were
correlated. That is, translation could be achieved with a
distortion angle of 5.8415° (with a corresponding power
ridge height of 0.7 mm), and torque movement could be
achieved with a distortion angle of 3.4265° (with a cor-
responding power ridge height of 0.4 mm). Therefore,
the required torque control for upper anterior teeth with
oversize axial inclination was weaker than that of upper
anterior teeth with normal axial inclination.

Another issue addressed in our study was the variation
sensitivity of the CRot. The relative position between the
center of resistance (CR) and CRot reflected the type of
tooth movement. The CR is equal to the center of mass,
which is not influenced by the M/F ratio. The method of
finding CR of teeth has been explored by relevant studies
in recent years. In a previous study, CR was determined

Expression: uy/10
Unit: ®
Time: 1

l 5.8415 Max
5.8415 Min

10.000 (mm)

0.000 5.000
I

2.500 7.500

Fig. 9 The angle of distortion between the inner surface of the
aligner and the tooth surface generated by the power ridge
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by a second force that resulted in bodily tooth movement
[22]. A subsequent study used a finite element approach
to locate the CR in maxillary teeth [23]. In another paper,
Christiansen et al. determined the CRot experimentally
by applying different forces on the maxillary upper cen-
tral incisors and confirmed that the CRot was related to
the M/F ratio [24]. In this study, when the axial inclina-
tion of upper central incisor was normal, it could be
considered that the CR-CRot distance increased until
it became infinite (the CRot moved in the apical direc-
tion) when the height of the power ridge increased from
0 to 0.7 mm,; then, the CRot changed to the crown side of
the CR as the height of the power ridge increased. These
findings concurred with previous studies in that the ten-
dency of the CRot to change with the value of M/F was
similar to inverse proportional function [25]. In particu-
lar, a slight change in the M/F load led to a large change
in the CR-CRot distance as it approached bodily move-
ment [25]. Therefore, variation sensitivity of the CRot
should be considered carefully when managing biological
problems in the clinical setting.

Limitations

FEA represents one of the best ways to analyze force
systems delivered by clear aligners. This study provided
valuable information for the design of torque movement
for upper anterior teeth with clear aligners in extraction
cases. However, our findings must be clinically validated
to support plastic aligners with solid evidence. One of
the limitations of the present study was that FEA could
not take the biological events into consideration, such
as root length, root morphology, aligner material prop-
erty, and so on. Another limitation was that the current
FE model lied in the difficulty associated with simulat-
ing the large displacements on the tooth as a result of the
long-term application of orthodontic forces. That was,
FEA ignored the events of resorption—apposition pre-
sent in variable time frames. What’s more, in the clinical
scenario, an air gap between an aligner and a dentition
is filled with saliva, causing friction between the aligner
and the dentition. However, the friction was not designed
in this model. Considering the limitations above, there
was necessity of relevant clinical practice. Additionally,
this study did not consider the unintended intrusion of
the anterior teeth caused by distortion of the appliance.
This was another side effect of extraction and needed to
be considered carefully in further research.

Conclusions

In this study, a pure palatal tipping movement of the
anterior teeth is generated without torque control, thus
resulting in the bowing effect. The required torque con-
trol for anterior teeth with oversize axial inclination is
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weaker than that of anterior teeth with normal axial incli-
nation; this is because oversize axial inclination teeth
need a limited loss of torque. Finally, the variation sen-
sitivity of the CRot should be considered carefully in the
clinical setting when designing translation of the upper
anterior teeth with normal axial inclination. These con-
clusions provide direction for the use of clear aligners in
the clinic.
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