Hindawi

BioMed Research International

Volume 2022, Article ID 6706392, 25 pages
https://doi.org/10.1155/2022/6706392

Research Article

Dynamics, Efficacies, and Adverse Effects of Maxillary Full-Arch
Intrusion Using Temporary Anchorage Devices (Miniscrews): A

Finite Element Analysis

1. Introduction

Marzieh Mazhari®,' Mashallah Khanehmasjedi(,' Mohsen Mazhary (9,
Nastaran Atashkar®,' and Vahid Rakhshan®?>

'Department of Orthodontics, School of Dentistry, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran
Department of Civil and Environmental Engineering, ACECR Institute for Higher Education, Ahvaz, Iran
*Department of Anatomy, Dental School, Azad University of Medical Sciences, Tehran, Iran

Correspondence should be addressed to Nastaran Atashkar; atashkar.n@ajums.ac.ir
Received 3 April 2022; Revised 27 August 2022; Accepted 16 September 2022; Published 7 October 2022
Academic Editor: Shivam Mehta

Copyright © 2022 Marzieh Mazhari et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Introduction. Absolute anchorages obtained from temporary anchorage devices (TADs, miniscrews) considerably facilitate dental
movements and make some very difficult movements such as full-arch intrusions possible. Despite the significance of assessing
strategies to fully intrude the arch using mini-implants, there is no study in this regard except a few case reports. Therefore, we
simulated/tested 4 scenarios. Methods. Four maxilla models were created with different miniscrews/appliances: (1) two
miniscrews were placed distal to laterals and one in the mid sagittal region. (2) Two mini-implants were inserted in mesial of
canines and 2 others between bilateral first and second molars, plus another TAD in the midpalatal area, plus a transpalatal
arch (TPA). (3) Two mini-implants were inserted between bilateral canines and first premolars and 2 others between bilateral
first and second molars + TPA. (4) Two mini-implants were installed between lateral-and-canine and 2 miniscrews between
second premolars and first molars + TPA. Intrusive forces (80 g anterior, 150 g posterior) were exerted using stainless-steel coil
springs. Stresses/displacements were measured. Risk of external root resorption was evaluated. Results. The highest amounts of
incisor/molar intrusion were seen in model 1. Model 2 had fewer intrusions, but its control over undesired movements was
greater. Model 4 drastically reduced molar intrusion and considerably increased premolar intrusion. Overall amounts of
intrusion were highest in the first 2 models, marking them as proper candidates for cases needing greater intrusion extents.
Model 2 may be useful when miniscrew loosening/failure is a concern, while model 1 is recommended when fewer miniscrews
are allowed. Overall, the highest and lowest root resorptions might occur in models 1 and 4, respectively. Conclusions. Each
model showed certain efficacies/drawbacks and thus is recommended for a particular set of cases. Therefore, depending on the
diagnosis and treatment plan, one or more of these scenarios might be desirable.

include the maxilla, lips, gingival structures, and teeth [1].
To achieve a beautiful smile, all these anatomical structures

Excessive gingival display, also known as “gummy smile,” is
an esthetic concern among dental patients, because it is gen-
erally considered unpleasant and causes many patients to
seek treatment for this problem [1]. A gummy smile, in
which more than 3 to 4mm of gingival tissue is exposed
when smiling, causes an esthetic disharmony. Anatomical
landmarks that play a role in creating a gingival smile

must be in harmony with each other [1]. The various causes
of gummy smile are altered passive eruption of teeth, den-
toalveolar extrusion, vertical maxillary excess, short or
hyperactive muscles of the upper lip, or a combination of
them [2].

Altered passive eruption can be corrected with crown
lengthening surgery, which can be achieved through
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gingivectomy or apically positioned flap. When the hyperac-
tive upper lip is the main cause of gummy smile, surgical or
nonsurgical methods (botulinum toxin injection) can be
used for treatment [3].

However, gummy smiles caused by dentoalveolar and
maxillary height etiologies are much more difficult to han-
dle. In the past, dentoalveolar extrusion and increased max-
illary height could only be corrected through orthognathic
surgery, which is an invasive procedure [3]. However, with
the advent of temporary skeletal anchorage devices (TADs),
it has been reported that in some cases, gummy smiles
caused by dentoalveolar extrusion and increased maxillary
height can be corrected [3, 4]. Some case reports have shown
that a miniscrew can achieve the same effect as maxillary
impaction with Le Fort I surgery, and this way a gummy
smile can be corrected with the full intrusion of the maxil-
lary arch [5].

Dental intrusion is often an integral part of orthodontic
treatment because it improves the sagittal and vertical rela-
tionships of the incisors, corrects the angle between the inci-
sors and subsequently the gingival line, and restores the
beauty of the smile [6]. Nikolai defines intrusion as a form
of translational tooth movement that moves apically along
the longitudinal axis of the tooth, while Burstone defines it
as the apical movement of the geometric radicular center rel-
ative to the occlusal plane or a plane defined based on the
long axis of the tooth [7-9].

Despite the significance of strategies to fully intrude the
arch (and correct the gummy smile caused by dentoalveolar
extrusion and vertical maxillary excess) using absolute
anchorages provided by mini-implants, there is no study in
this regard except a couple of case reports [3-5]. Therefore,
we aimed to simulate, for the first time, four different strat-
egies of full arch intrusion using TADs and study their
dynamics, efficacies, and potential adverse effects (such as
the risk of root resorption, indicated by an excessively high
PDL hydrostatic pressure which can collapse the capillaries
and impair blood flow [10, 11]).

2. Materials and Methods

This study was an experimental 4-phase in silico simulation.
First, the models were created and then loaded.

2.1. Modeling in the Mimics and 3-Matic Programs. Models
of the bones, teeth, and PDLs were modeled in Mimics 3D
image processing program (Mimics Research 21; Materialise
NV; Brussels, Belgium) and 3-Matic software (Materialise).
For this purpose, CT scan slices with an interslice distance
of I mm (NewTom VGi; Finland) were fed into Mimics. Seg-
mentation tools were used to create masks for the teeth,
bones, and PDLs. Afterwards, the Calculate 3D command
was used to create a 3D model of these elements. Next, the
export functions of these programs were used to create all
these parts in the “stl” format.

To design the mini-implants, the Helix and Revolution
commands of the Solidworks program (version 2018, Das-
sault Systemes; Paris, France) were used. For designing the
orthodontic wires and brackets, the ANSYS program
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(ANSYS Workbench 2021, ANSYS Inc., Canonsburg, Penn-
sylvania, USA) was used. Finally, the elements were assem-
bled together in the ANSYS environment. The titanium
miniscrews were self-drilling and conical square threaded.

2.2. Geometry Conversion in the Geomagic Program. The
Geomagic program (3D Systems, Morrisville, North Caro-
lina, United States) was used to convert the parts exported
in the “.stl” format from the Mimics and 3-Matic programs
(Materialise) into “parts” in the “.stp” format.

2.3. Analysis in the ANSYS Program. Following altering all
components to the “stp” format, they were opened by
ANSYS Workbench 2021 (ANSYS Inc.) for simulations.

2.4. Simulation Models. All models designed in this study
were a simulation of the full arch intrusion of maxillary
teeth. The thickness of the periodontal ligament was
assumed to be uniformly 0.25mm, and the alveolar bone
crest was constructed following the curvature of the cemen-
toenamel junction (CEJ), 1 mm apical to the CEJ. Prescrip-
tion brackets were designed based on the 0.022-inch-slot
MBT system. The position of the brackets on the teeth was
also based on this system. A stainless steel (SS) 0.019" x
0.025" archwire was crated as the archwire in all models.
The arch form was designed as oval. The midpoints of the
incisal edge of the tips of the buccal cusps and the apex of
the roots were used as landmarks to assess the extent of dis-
placement. The occlusal plane was defined by connecting the
midpoint of the central incisal edge and the mesiobuccal
cusp of the first molar. The teeth, alveolar bone, brackets,
periodontal ligament, and archwires were constructed using
fine tetrahedron solid elements, and all isoparametric and
linear elastic objects were assumed to be homogeneous.
Owing to the displacement of the dentition within the basal
bone, the model was limited to the nasal floor of the alveolar
bone in all directions. The connection between the minis-
crew and the bone was defined as a tight tie in all models.
The miniscrew movements were negligible and thus were
not reported.

Four different models were created with the above gen-
eral descriptions and the following specifics (Figure 1).
Two of them were inspired by two case reports [4, 12], but
the other two were designed by the authors. In all models,
the length of miniscrews were based on earlier references
(4, 12, 13].

2.4.1. Model 1. This model was partly derived from a case
report [4]. Two miniscrews with a diameter of 1.6 mm and
a length of 6 mm were placed distally to the lateral teeth
along with closed stainless-steel (SS) coil springs for the
intrusion of the maxillary anterior teeth. For the intrusion
of the incisors, 80 grams of force was applied on each side.
A palatal TAD (6 mm long, 1.8 mm in diameter) was placed
in the mid sagittal region, parallel to the palatal root of the
first molar. For molar intrusion, 150 g of force was applied
on each side (Figure 1).

2.4.2. Model 2. Four buccal miniscrews with a diameter of
1.6 and 6 mm were installed: two screws were placed in the
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FIGURE 1: The models in use. From top to bottom: models 1, 2, 3, and 4.

mesial side of the canines and two screws between the first
molar and the second molar. An 80 g force was exerted from
each screw using SS closed coil springs. A mini-implant (with
a diameter of 1.8 mm and a length of 5mm) was inserted in
the midpalatal; 80 grams of force was applied on each side of
it with SS closed coil springs. A transpalatal arch (TPA) of
0.9" wire was also placed (Figure 1).

2.4.3. Model 3. This model was inspired by a case report
[12]. In this model, two miniscrews were placed between
the maxillary canines and the first premolars on each side,
and two other miniscrews were placed between the first
and second maxillary molars (1.6mm in diameter and
6mm in length) on each side. Intrusive forces of 80g in

the anterior region and 150g in the posterior region were
applied vertically to the maxillary archwire from the min-
iscrews through SS closed coil springs. A TPA made of
0.9" wire was applied as well (Figure 1).

2.4.4. Model 4. This model was rather similar to the 3rd
model, apart from the locations of the mini-implants
(1.6 mm in diameter and 6 mm in length): The anterior min-
iscrews were placed between the lateral and canine teeth on
each side and between the second premolars and the first
molars on each side. Intrusive forces of 80 g in the anterior
region and 150 g in the posterior region were applied verti-
cally using closed coil springs. The TPA in use was made
of 0.9" wire (Figure 1).
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TaBLE 1: Material properties.

Material Elastic modulus Poisson
(MPa) ratio

Cortical bone [14] 1000 0.3

Cancellous bone [14] 500 0.3

Dentine [14] 18600 0.3

PDL [15] 0.15 0.45

Stainless steel [16] 200000 0.3

Miniscrew titanium 115000 033

G5 [17]

2.5. Material Properties. Materials in the models were
assigned the properties explained in Table 1 [14-17]. The
simulated spring type was SS closed-coil [18] with the fol-
lowing characteristics: wire diameter of 0.010 inch, lumen
size of 0.030 inch, initial length range of 4-10 mm, and esti-
mated stiffness of 0.67 N/Sq.mm.

2.6. Meshing. After applying the properties of the compo-
nents, their meshing, which is one of the main parts of finite
element analysis, was performed. To do this, the model was
divided into smaller three-dimensional parts called ele-
ments, which were made up of a number of nodes. The total
number of elements in the model was 133161 tetrahedral
elements, and the number of nodes was 252999.

2.7. Boundary Conditions. In the next step, boundary condi-
tions were applied: in this step, the fixed parts of the model
were identified and forces were applied to the model. The
maxilla was immobilized at its upper surface (Figure 2).

2.8. Outcomes. The duration for finite element simulations
was 1 second. The created and loaded models were com-
pared regarding hydrostatic stresses of PDLs, von Mises
stresses, and displacements of all the components. Several
methods can be used to explain tooth displacement, two of
which are used in this study. Tooth movement can be
described based on the displacement of each tooth and its
bracket, meaning that an axis of local coordinates is drawn
at the location of the bracket. Another way is to use an exter-
nal reference such as a global coordinate system [19]. We
used both of these systems to illustrate the movements of
the teeth in the 3D space. The global axes were defined as
follows: The Y-axis was the posterior-anterior axis with pos-
itive values indicating posterior movements and negative
values indicating anterior movements. The X-axis was the
lateral movement (right-left) axis, with positive values indi-
cating the displacement towards the patient’s left side, while
negative values indicating the movement towards the
patient’s right side. The Z-axis was for the vertical move-
ment, with positive values indicating intrusion (upward
movement) and negative values indicating extrusion (down-
ward movement). The local axes were defined individually
for each tooth: The vertical axis was defined as exactly the
global Z (vertical) axis. The mesiodistal axis was defined as
the axis pointing from the distal (negative) to the mesial
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FiGure 2: The fixed support of the maxilla.

(positive) of each tooth. The buccolingual (or buccopalatal)
axis was defined as the axis pointing from the buccal (nega-
tive) to the palatal (positive) of each tooth.

It is suggested that if the PDL hydrostatic pressure
exceeds the capillary pressure in the area, the vessels will col-
lapse and blood flow to that area will be impaired, increasing
the risk of root resorption. Capillary pressure in the PDL is
estimated to be about 0.002 to 0.005MPa [11]. Therefore,
compressive hydrostatic stresses at the PDLs were compared
with -0.0047 MPa as a threshold for a significant increase of
the risk of external root resorption [10, 11].

3. Results
3.1. Miniscrew Stresses

3.1.1. Model 1. The palatal miniscrew endured more stresses
than the two buccal miniscrews. The maximum stress in a
great part of the buccal miniscrews was about 1 MPa. In
the cervical and middle thirds of the buccal miniscrews, sec-
tions with a stress of up to 3 MPa were also seen. The mini-
mum stress (up to 1 MPa) was seen in the head of the palatal
miniscrew; the stress increased in the neck of the miniscrew
and reached a maximum of 3 MPa. In the cervical and mid-
dle thirds of the threads, an increased stress and an approx-
imate stress of 4-8 MPa was observed. In the apical part, like
the head of the miniscrew, a little stress (up to 1 MPa) was
seen (Figure 3, Table 2).

3.1.2. Model 2. In the second model, the stress distribution
on the buccal and palatal miniscrews was relatively similar.
In most parts of the palatal miniscrew (such as the head,
neck, and apex), the maximum stress on the miniscrew
was 1 MPa, but in some parts of the threads, the stress was
1-2 MPa. In parts of the buccal miniscrew neck, stress was
seen up to a maximum of 2 MPa. Stresses of approximately
2-4 MPa were observed in parts of the threads of the cervical
third of the buccal miniscrews (Figure 3, Table 2).

3.1.3. Model 3. In the third model, similar stresses were seen in
the buccal miniscrews. In most of the neck of the miniscrews
and their cervical half, a stress of 2-6 MPa was observed. At
the head of the miniscrews and their apical parts, the maxi-
mum stress was 1 megapascal (Figure 3, Table 2).

3.1.4. Model 4. In the fourth model, the stress levels in the
miniscrews were relatively similar. Stress was minimal in
the head and apical parts of the miniscrews (maximum:



BioMed Research International

10000 20000 (mm)
5000 15000

(a) Model 1

10000 20000 (mim)

5000 15.000

(c) Model 3

FIGURE 3: Mini-implant stresses (MPa).

0.5MPa). The stress on the neck of the miniscrew increased
to 1-2 MPa. In most of the threads of the cervical half of the
miniscrews, a stress of about 1-4 MPa was observed. In a
small fraction of the cervical third of each miniscrew, an
approximate stress of 4-6 MPa was observed (Figure 3,
Table 2).

Palatal mini screw in model 1 tolerated the greatest
stress. Buccal miniscrews in model 2 were less stressed than
other models (Figure 3, Table 2).

3.2. PDL Hydrostatic Pressure

3.2.1. Model 1. In the anterior teeth and premolars and parts
of the second molars such as the palatal root and the palatal
part and most of the buccal parts of the buccal roots, peri-
odontal ligament compression was observed at a maximum
of 0.002 MPa. The maximum tension was 0.004 which was
observed in parts of the second molars. In the cervical and
middle parts of the buccal roots of the first molar teeth, ten-
sions up to 0.008 MPa were observed. In the apical parts of
the buccal roots, the furca region, and the palatal roots of
the first molars, compression zones of about 0.012 MPa were
observed. The maximum compressive stress was 0.020 MPa,
which was seen in the apical parts of the palatal roots of the
first molars. The areas with a high risk of root resorption
were the apical parts of the palatal root of the first molars
(Figure 4, Table 3).

3.2.2. Model 2. In most of the periodontal ligament of the
anterior teeth and second premolars and molars, especially
in the apical region and labial surfaces, mostly compression
areas were observed. The maximum compressive hydrostatic
pressure was 0.002MPa and the maximum tensile hydro-
static stress was 0.001 MPa. In the mesiobuccal section of
the mesiobuccal root of the first molars and the distal root
of its distobuccal root, tension with a maximum value of

10000 20,000 (mm)

(b) Model 2

10000 20000 (mm) |

(d) Model 4

From top to bottom: models 1, 2, 3, and 4.

0.005 MPa was observed. Compression was seen in the cervi-
cobuccal, furca and palatal roots of the first molars. The
maximum compression extent was 0.0109 MPa. The cervico-
buccal area, the furca, and the palatal root of the first molars
were prone to external root resorption (Figure 4, Table 3).

3.2.3. Model 3. Tensile stresses were seen in parts of the
periodontal ligament of the central and lateral teeth, and
compressive pressures were seen in other parts of the
anterior teeth and premolars. The maximum compression
was 0.001 MPa, and the maximum tension extent was
0.001 MPa. Tensile stresses were observed in small parts
of the second molar with a maximum of 0.001 MPa. But in
the major parts of the periodontal ligament of this tooth, com-
pressive pressures were seen. Maximum compression was
observed in the cervicobuccal area which was about 0.006.
Tensile stresses were observed in small parts of the mesiobuc-
cal root of the first molar and parts of its distobuccal root, the
maximum of which was 0.007 MPa. Compression areas were
seen in the cervicobuccal, furca, and roots of the first molar.
The maximum compressive pressure in the apical parts of
the buccal roots was about 0.0152 MPa (Figure 4, Table 3).

3.24. Model 4. Tensile stresses were seen on the labial
surfaces of the periodontal ligament of the incisors and
distoapical sides of the premolars, and compression was seen
in parts of the periodontal ligament of the anterior and first
premolars and second molars. The maximum compression
was 0.001 MPa, and the maximum traction was 0.001 MPa.
In a small part of the second premolar periodontal ligament,
tensile stresses were observed with a maximum of
0.0038 MPa. Compression of the second premolar periodon-
tal ligament was observed in the cervicobuccal and apical
parts, with a maximum value of 0.00501 MPa. In the first
molar, tensile stresses were seen in parts of the distal and
palatal roots. The cervicobuccal area of the second premolars
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TABLE 2: Stresses of miniscrews (MPa).
Model Miniscrew Scope Min. Max. Avg.
Palatal Whole body 0.0000008 16.1210000 1.4865000
alata
Thread 0.0000008 16.1210000 1.9217000
] Left Whole body 0.0001052 4.1372000 0.7149800
e
Thread 0.0282100 4.1372000 0.7925700
Richt Whole body 0.0001071 3.9836000 0.7328300
i
& Thread 0.0068716 3.9836000 0.8668500
Palatal Whole body 0.0000524 7.2858000 0.6973300
alata
Thread 0.0000524 7.2858000 0.9712000
. Whole body 0.0001009 5.8670000 0.8523300
Posterior-left
Thread 0.0527440 5.8670000 0.9218400
. . Whole body 0.0003064 4.4316000 0.7194800
2 Anterjor-right
Thread 0.0194830 4.4316000 0.7812000
. Whole body 0.0002860 4.4129000 0.7308100
Anterior-left
Thread 0.0095590 4.4129000 0.7899000
. . Whole body 0.0001355 5.9749000 0.8340100
Posterior-right
Thread 0.0100770 5.9749000 0.9612800
. Whole body 0.0001892 10.7130000 1.6071000
Posterior-left
Thread 0.1332100 10.7130000 1.7457000
. . Whole body 0.0000396 5.6620000 0.9710100
Anterjor-right
3 Thread 0.0112180 5.6620000 1.0831000
. Whole body 0.0000861 8.2548000 1.3595000
Anterior-left
Thread 0.0356900 8.2548000 1.6299000
. . Whole body 0.0002547 10.8870000 1.5293000
Posterior-right
Thread 0.0269770 10.8870000 1.7300000
. Whole body 0.0006735 10.5660000 1.5098000
Posterior-left
Thread 0.0356050 10.5660000 1.7541000
. . Whole body 0.0003839 5.5155000 0.8957400
Anterjor-right
4 Thread 0.0321420 5.5155000 0.9818700
. Whole body 0.0003572 5.5292000 0.9039300
Anterior-left
Thread 0.0199810 5.5292000 0.9948500
. . Whole body 0.0002007 13.9100000 1.8658000
Posterior-right
Thread 0.0229710 13.9100000 2.2215000

Min: minimum; Max: maximum; Avg: average.

and the apical areas of the buccal roots of the first molars
were prone to external root resorption (Figure 4, Table 3).

The average stress of all models was negative and com-
pressive. Model 1 had the greatest average (compressive)
hydrostatic stress, while model 4 had the lowest average
(compressive) stress. In model 3, the average stress was
higher than that in model 2. The cervicobuccal and apical
areas of the second premolars and the apical and cervicobuc-
cal areas of the buccal roots of first molars were prone to
external root resorption (Figure 4, Table 3).

3.3. Directional Displacements in the Global Y-Axis (Anterior-
Posterior)

3.3.1. Model 1. The crowns of the anterior teeth were dis-
placed anteriorly (buccalized) for -0.001 mm, and their roots

were displaced posteriorly (palatalized, up to 0.001 mm). The
crowns of the premolars were mesialized. Most of their roots
were also mesialized, but some apical parts of the roots in
the first premolars were distalized. The crown and roots
of the second molars were displaced posteriorly (distalized,
up to 0.001 mm). The palatal cusps of the first molar teeth
were displaced anteriorly (mesially) by a maximum of
-0.0044 mm. The buccal part of the first molars moved pos-
teriorly (were distalized) up to 0.002mm. The buccal roots
of the first molar teeth were displaced posteriorly (dista-
lized, up to 0.0036 mm), and the palatal roots were moved
anteriorly (mesialized, up to -0.003mm) (Figures 5 and 6,
Table 4).

3.3.2. Model 2. The crowns of the first molar teeth moved
posteriorly (distally) and their roots anteriorly (mesially).
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FI1GURE 4: PDL hydrostatic stresses (MPa) from the lateral and occlusal views. From top to bottom: models 1, 2, 3, and 4. Positive values
indicate tensile stresses while negative values show compressive pressures. Negative values below -0.0047 MPa (i.e., compressive pressures
above 0.0047 MPa) pose a considerably higher external root resorption risk.

The maximum displacement was observed in the crown of
the first molars (0.0012mm). The roots of the right first
molar were distalized, and the cervical and middle parts of
the left first molar were distalized and the apical parts were

mesialized. The crowns of the anterior teeth were palatalized
for up to 0.0002mm, and their roots were palatalized for
0.0002 to 0.0006 mm. The second molars were distalized
up to 0.0004 mm (Figures 5 and 7, Table 4).
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TaBLE 3: Hydrostatic stresses of the PDL (kilopascal (kPa)). Positive values indicate tensile stresses while negative values show compressive
pressures. Negative values below -4.7 kPa (i.e., compressive pressures above 0.0047 MPa) pose a considerably higher external root resorption

risk.
N Tooth Model 1 Model 2 Model 3 Model 4

Min. Max. Avg. Min. Max.  Avg. Min. Max.  Avg. Min. Max. Avg.
2 Right second molar -3.071 3965 0.635 -1.875 0.922 -0.282 -4976 2621 -0.692 -0.868 0.472 -0.105
3 Right first molar -20.021 11.591 -2.794 -10.937 5.149 -2.378 -15.184 7.135 -2.154 -3.05 241 -0.04
4 Right second premolar  -0.769 0.996 0.043 -0.858 038 -0.174 -2.69 1.277 -0.657 -5.014 2.832 -0.829
5 Right first premolar -0.459 0.22 0.003 -0.465 0.151 -0.067 -1.67 0.724 -0.331 -1.737 0.607 -0.248
6 Right canine -0.926 0.576  -0.139 -0.76 0.663 -0.122 -2.285 0.533 -0.235 -1.21 0.72  -0.172
7 Right lateral -1.046 0.524 -0.142 -1.066 0.432 -0.111 -0.84 0.593 -0.033 -1.49 0.826 -0.126
8 Right central -0.913 0.687 -0.201 -0.91 0.372 -0.149 -0.613 0.607 0.007 -1.073 0.273 -0.158
9 Left central -1.466 0991 -0.237 -1.03 0.638 -0.187 -0.588 0.498 -0.049 -1.408 1.212 -0.223
10 Left lateral -2.05 1.279 -0.217 -1.554 0.885 -0.16 -0.766  0.598 -0.047 -2.046 1.673 -0.188
11 Left canine -1.589 0.415 -0.27 -1.288 0357 -0.204 -1.811 0.741 -0.26 -2.173 1.09 -0.29
12 Left first premolar -0.765 0.436 -0.097 -0.352 0.18 -0.069 -1.638 0.92 -0.151 -1.711 1.645 -0.117
13 Left second premolar ~ -0.492  0.428 -0.001 -0.284 0.121 -0.022 -0.463 0.148 -0.054 -4.752 3.721 -0.2
14 Left first molar -16.417 7337 -2.846 -6.945 3.349 -1.638 -6.16 3,527 -0.625 -3.207 2.113 -0.202
15 Left second molar -1.984 1.832 -0.1 -2.811 0928 -0.654 -5.56 2.691 -1.124 -0.932 0.779 -0.08
N: tooth number based on the Universal Dental Notation system; Min: minimum; Max: maximum; Avg: average.
3.3.3. Model 3. The anterior teeth and premolars moved  (0.002mm). The anterior teeth were mesialized up to

slightly to the posterior (palatalized up to 0.004 mm). The
premolars were distalized (maximum 0.004 mm). The great-
est displacements were seen in the first molars. The roots of
the first molars became mesialized (maximum root displace-
ment: -0.0008 mm), and their crowns, especially the palatal
cusps, became distalized (maximum crown displacement:
0.0016 mm). The crowns of the second molars were mesia-
lized, and their roots were distalized (Figures 5 and 8,
Table 4).

3.3.4. Model 4. The anterior teeth became palatalized: most
displacements were at the root apex, and slight displace-
ments were seen at the incisal edge. The highest amount of
root palatalization was seen in the apical part of the lateral
(up to 0.0009 mm). The crowns of the posterior teeth were
mesialized, and their roots became distalized. The greatest
displacements were observed in the first molar and premo-
lars (up to 0.0016 mm) (Figures 5 and 9, Table 4).

In the anterior-posterior dimension, the second model
and then the third model had the most displacements. The
least displacement in this dimension was seen in the fourth
model. The differences in displacements of the models 1
and 4 were very small (Figures 6-9, Table 4).

3.4. Displacements on the Global X-Axis (Left-Right)

3.4.1. Model 1. The anterior teeth were mesialized (up to
0.003mm). The premolars were palatalized (up to
0.003 mm). The crowns of the first molars became palatalized
(up to 0.015394 mm), while the apex of their roots became
buccalized (up to 0.003 mm) (Figures 5 and 10, Table 5).

3.4.2. Model 2. The posterior teeth became palatalized. In the
first molar teeth, the rate of palatalization was the greatest

0.006 mm (Figures 5 and 11, Table 5).

3.4.3. Model 3. The crowns and roots of the left anterior
teeth became mesialized. The crown and root of the right
central moved distally. The crown and the cervical and mid-
dle parts of the right lateral moved distally, while the apical
part moved mesially. The right canine crown was distalized
while its root was mesialized. The crowns and roots of the left
premolars were palatalized up to 0.001 mm. The crown of the
right premolars moved buccally, and their roots moved pala-
tally. The greatest movement was observed in the first molars
(maximum displacement: 0.0046 mm). The crowns of the
first molars were buccalized up to 0.0046 mm. Their roots
became palatalized up to 0.0036 mm. The crowns of the sec-
ond molars moved towards buccal, and their roots moved
palatally (Figures 5 and 12, Table 5).

3.4.4. Model 4. The left central and lateral were mesialized,
while the other anterior teeth became distalized. The poste-
rior teeth became buccalized. The displacement rate in most
teeth was up to 0.0004 mm. The most extent of movement
was observed in the second premolars at 0.00199 mm
(Figures 5 and 13, Table 5).

In the X global axis, the highest displacement was seen in
model 1, while the lowest displacement was seen in model 2
followed by model 4 (Figures 11-13, Table 5).

3.5. Displacements on the Global Z-Axis (Vertical, Intrusive-
Extrusive)

3.5.1. Model 1. In this model, the intrusion was seen in all the
teeth except the second molars, the second premolars, and
the right first premolar. The second premolars, the right first
premolar, and the second molars were extruded (maximum
extrusion: 0.002 mm). The maximum average of extrusion
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FIGURE 5: Maximum and average displacements of each of the 14 assessed teeth (mm), in each of the 4 models, in the local directions of
mesial, distal, buccal, lingual, intrusive, and extrusive. The tooth numbers 2 to 15 represent the right second molar (#2) to the left second
molar (#15), according to the Universal Dental Notation system (i.e., the molars are on the sides and the anterior teeth are in the center

(the right central = #7, the left central = #8).

was seen in the second molars. The highest amount of intru-
sion was seen in the first molars. The maximum intrusion
occurred in the palatal cusps of the first molars (maximum
intrusion: 0.012 mm) (Figures 5 and 14, Table 6).

3.5.2. Model 2. The left second premolar and the second right
molar were extruded, but the other teeth were intruded. The
maximum amount of intrusion in the anterior teeth was
0.0005mm. The first molar teeth were intruded more than
other teeth, and the amount of intrusion was higher at the
palatal surfaces (maximum intrusion: 0.0052 mm) (Figures 5
and 15, Table 6).

3.5.3. Model 3. The anterior teeth were intruded (maximum
intrusion: 0.0005 mm). The highest amount of intrusion was
observed in the right first molar (maximum displacement:
0.0052 mm). The second left molar showed the second max-
imum intrusion. Extrusion occurred in the right central and
left second premolar (Figures 5 and 16, Table 6).

3.5.4. Model 4. In this model, all teeth except molars were
intruded. The highest extent of intrusion was seen in the
premolars, especially the second premolar (maximum intru-
sion: 0.0024 mm). Palatal roots and palatal cusps of the
molars were extruded (maximum extrusion: 0.0011 mm,
Figures 5 and 17, Table6).

In the vertical dimension, the highest amounts of intru-
sion were seen in model 1 followed by model 2. The least
intrusion occurred in the fourth model (Figures 14-17,
Table 6).

The maximum and average extents of movement of each
tooth in each model in the local directions of mesial, distal,
buccal, lingual, intrusive, and extrusive have been illustrated
in Figure 5.

3.6. All Body Stresses

3.6.1. Model 1. The highest level of stress was seen in the
archwire between the lateral and canine teeth and between
the second premolars, first molars, and second molars. High
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FIGUre 6: Displacements in the Y global direction (anterior-posterior) in model 1. Negative values indicate anterior movement, while
positive values indicate posterior movement.

TaBLE 4: Displacements (um) in the global Y-axis (anterior-posterior). Positive values indicate posterior movement while negative values
indicate anterior movement.

N Tooth Model 1 Model 2 Model 3 Model 4
Min. Max. Avg. Min. Max. Avg. Min. Max. Avg. Min. Max. Avg.

2 Right second molar ~ -0.8561 1.6522 0.1938 -0.006 0.2233 0.085 -0.2819 0.1539 -0.0182 -0.2702 0.0491 -0.0825
3 Right first molar -4.4451 3.6742 -0.0588 0.2849 0.94 05937 -0.3746 1.6572 0.5277 -0.7248 0.3685 -0.1214
4 Right second premolar -0.4747 0.0126 -0.1977 -0.205 0.309 0.0653 -0.0903 0.4152 0.1971 -1.0682 0.4264 -0.2206
5 Right first premolar ~ -0.5514 0.0474 -0.2339 -0.0109 0.1846 0.0715 0.1904 0.2988 0.2404 -0.2016 0.2211 0.0305
6 Right canine -0.5068 0.1192 -0.1744 -0.0133 0.2091 0.1092 0.1429 0.2944 0.2377 -0.0388 0.3484 0.1678
7 Right lateral -0.6167 0.2064 -0.1417 -0.0709 0.3835 0.1894 0.1772 0.3291 0.2366 0.0551 0.612 0.3853
8 Right central -0.7524 0.1524 -0.2853 -0.1219 0.2207 0.0678 0.0292 0.3392 0.1873 0.2208 0.3529 0.3163
9 Left central -0.7967 02976 -0.3204 -0.1778 0.3577 0.0599 -0.0064 0.2915 0.1368 -0.0559 0.6699 0.3281
10 Left lateral -0.7897 0.4918 -0.1663 -0.2357 0.5366 0.1476 0.0254 0.138 0.0788 -0.4363 0.9696 0.3074
11 Left canine -0.7273 03051 -0.1662 -0.19 0.2689 0.0788 -0.0702 0.2477 0.1039 -0.6953 0.388 -0.0591
12 Left first premolar ~ -0.7138 0.0996 -0.3635 -0.161 0.1233 -0.0206 -0.1526 0.2661 0.0419 -0.9571 0.1787 -0.4609
13 Left second premolar -0.6716 -0.0189 -0.2829 -0.1153 0.0619 -0.0012 -0.117 0.0747 0.0094 -1.1324 0.1277 -0.4888
14 Left first molar -1.3722 1465 0.1824 -0.9224 1.2803 0.1117 -0.885 1.0071 -0.0743 -1.6125 0.9381 -0.1241

15 Left second molar 0.0343 04685 0.2286 -0.004 0.3259 0.1628 -0.6031 0.4833 0.0001 -0.7531 0.1258 -0.2307

N: tooth number based on the Universal Dental Notation system; Min: minimum; Max: maximum; Avg: average.
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FiGurg 7: Displacements in the Y global direction (anterior-posterior) in model 2. Posterior movements are positive, while anterior

movements are negative.

stresses were also seen in the lingual sheets of the first molar
bands. The first and second molars, laterals, and canines tol-
erated the most stress among all teeth. A similarly high stress
was observed in the bone around the miniscrew. Premolars
received the least amount of stress (Figure 18).

3.6.2. Model 2. The highest stress was seen in the archwires
in the area between the canine and lateral and between the
first and second molars and the transpalatal arch. Less stress
was exerted to the teeth. Small parts of the first and second
molars were subjected to higher stress than other teeth
(Figure 19).

3.6.3. Model 3. The highest amount of stress was seen mostly
in the archwire between the second molar, first molar, and
second molar and also between the canine and first premo-
lar. Most teeth received similar stress levels except some
parts of molars and canines that endured greater stresses
(Figure 20).

3.6.4. Model 4. The highest stress extents were exerted to the
archwire between the lateral and the first molar. The second

premolars and first molars suffered the most amounts of
stress (Figure 21).

4. Discussion

TADs (temporary anchorage devices) have increased ortho-
dontic treatment capabilities by providing the desired move-
ment of teeth in three dimensions, with their bone support.
TADs are used in molar control, incisor segment control,
molar distalization, and total arch displacement [19]. TADs
are also used to treat skeletal problems. In patients with ver-
tical maxillary excess who have excessive alveolar or gingival
display, total arch intrusion is used [20-24]. In a recent
review study, the use of miniscrews to reduce gingival
appearance and improve gingival smile has been describe