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Abstract

Background: Maxillary incisors are frequently encountered impacted which affect oral
function, facial esthetics, and psychological and physical health. Orthodontic traction is
preferred for the cases of incomplete root development. This study was aimed to evaluate
and compare the initial displacement and stress differences among traction directions
during the traction of different root development stages of inverted impacted central
incisor based on 3-dimensional finite element analysis (FEA). Methods: Accordingly,
the finite element models including maxilla, dentition, labially inverted impacted central
incisor, periodontal ligaments, and traction appliance were constructed. Three root
development stages of impacted incisor (1/3, 1/2, 2/3) were simulated. Three traction
directions for each root length were applied by adjusting traction hook lengths of
modified Nance arch appliance. Results: The impacted central incisor exhibited similar
initial displacement tendencies of crown lingually and root labially rotated in all nine
models. The maximum initial displacement ranged from 0.00336 to 0.00644 mm, where
all were located at the incisal edge. The stress concentrated around lingual button was
0.37972 to 0.51023 MPa. Furthermore, the periodontal ligament (PDL) stress value
of impacted incisor ranged from 0.01538 to 0.02612 MPa. The initial displacement
and PDL stress decrease with the increase in root length of impacted incisor. With
the same root length, the initial displacement and PDL stress were increased as
the traction hook extended more to labial. Moreover, the average maximum initial
displacement and PDL stresses of anchorage molars were 0.00010-0.00011 mm and
0.00044—0.00052 MPa. Conclusions: The traction direction and root development stage
influenced the biomechanical effect of impacted incisor during traction. Additionally,
the biomechanical effect of anchorage teeth existed but was inconspicuous.
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1. Introduction

Maxillary incisors are the most frequently encountered im-
pacted teeth second to impacted third molars and canines, with
the prevalence varies from 0.04% to 2.0% [1, 2]. The local-
ization and orientation of impacted maxillary central incisors
varies. The incidence of labially inverted (crown directing up-
ward and its palatal aspect facing labially) impacted incisors is
higher than those of labially positioned and palatally impacted
incisors [3—5]. Supernumerary teeth, acute trauma to pri-
mary tooth, and severe periapical inflammation of deciduous
tooth are the possible impaction causes [6, 7]. Complications
such as root resorption, eruption obstacle of adjacent teeth
and dentigerous cyst can occur without timely and effective
treatment [8]. Missing maxillary incisors may cause localized

disturbances in developing dentition such as adjacent teeth mi-
gration and reduction in arch length, which subsequently affect
patients’ oral function, facial esthetics, and psychological and
physical health [9].

Common clinical treatments of impacted incisors include
surgical exposure with orthodontic traction, autotransplanta-
tion, extraction and prosthetic replacement [ 10, 11]. Orthodon-
tic traction is preferred for cases with incomplete root devel-
opment [12]. Traction button is bonded to the lingual side of
inverted and horizontal impacted incisor’s surgical exposure
point. A modified Nance arch (MNA) device is generally used
in early phase of traction cases having incomplete eruption of
adjacent anterior teeth to bond brackets, or those with sufficient
space for traction. It saves traction time for high-position
impacted teeth and protects newly erupted permanent adjacent
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teeth [13, 14]. The length and direction of traction hook on
MNA can be adjusted to attain desired movement for better
therapeutics and less side-effects. Biomechanical characteris-
tics such as force magnitude, application point, and direction of
traction force are vital to achieve desired orthodontic treatment
outcomes [15]. The position and direction of impacted teeth,
root development stage, and dilaceration degree are also im-
portant to determine success rates of prognosis and treatment
[16].

Finite elements analysis (FEA) is 3-dimensional (3D) en-
gineering method to compare biomechanical properties under
standard conditions by eliminating the individual variations.
FEA in impacted tooth traction is commonly employed [17, 18]
because of the practical difficulties in assessing and comparing
under standardized conditions like position, dimensions, root
development stage, morphology of impacted tooth, cancellous
bone thickness, and anchorage unit in the clinical trials. FEA
helps in determining optimal loading magnitude and direc-
tions that cause certain displacement, yield the least stress on
impacted incisor, and minimize side effects during treatment.
Most reported studies have focused on biomechanical changes
of impacted incisors, while limited studies have investigated
whether the force direction and root development stage have
effect on inverted impacted central incisors, anchorage teeth,
and adjacent teeth during traction by MNA with FEA.

The purpose of this study was to evaluate and compare the
biomechanical changes of impacted central incisor, anchorage
molars, and adjacent teeth under traction by MNA. It was hy-
pothesized that traction direction and root development stage
had influence on the biomechanical effect of impacted incisor,
while inconspicuous changes were noted in anchorage and
adjacent teeth during traction. The specific aims of the study
were: (1) to measure and compare the initial displacements and
von Mises stresses of impacted central incisor with different
root development stages via different traction directions; (2)
to evaluate biomechanical changes of anchorage molars and
adjacent teeth in corresponding conditions.

2. Material and methods

2.1 Participant enroliment and acquisition
of CBCT image data

A cone beam computed tomography (CBCT) scan of randomly
selected 7-year-old male patient having inverted impacted in-
cisor seeking orthodontic treatment at our institution was used
in the study. CBCT scan (NewTom, Quantitative Radiology,
Verona, Italy) was conducted with following parameters: 3
mA, 110 kV, voxel size of 0.3 mm, and scanning area of 15
x 15 cm.

Inclusion criteria: (1) Presence of unilateral maxillary cen-
tral incisor unerupted and labially inverted impacted; (2) The
contralateral central incisor erupted to normal position. Exclu-
sion criteria: (1) Presence of untreated endodontic or periodon-
tal disease; (2) Temporomandibular joints disorder symptom,;
(3) History of maxillary surgery, trauma or tumor, and maxil-
lary developmental deformities; (4) Other systemic diseases.

2.2 3D Finite element model construction
and analysis

2.2.1 Model construction and assembly

A 3D geometric model of maxilla and maxillary dentition
was created by Mimics 21.0 (Materialise Software, Materi-
alise Corps, Leuven, Belgium) after importing the raw Digital
Imaging and Communications in Medicine (DICOM) format
data from CBCT scan. The model was then further surface
finished, its features were optimized using Geomagic Studio
2021 (Geomagic, Morrisville, NC, USA), and saved in step
format. The impacted tooth root formation was manually
adjusted to stimulate root development stage (i.e., 1/3, 1/2 and
2/3). The periodontal ligament (PDL) with 0.18 mm thickness
was molded on the outer surface of the root.

A non-meshed model was imported to 3D modeling soft-
ware, Solidworks Premium 2021 (Dassault Systemes, Solid-
works Corps, Providence, RI, USA) to replicate traction appli-
ances for testing, which consisted of (a) Bands (5-mm height
and 0.2-mm thickness) placed on maxillary first molars of both
sides; (b) A modified Nance arch containing 1.2-mm diame-
ter stainless steel wire, acrylic resin connector, and stainless
traction hook connected between the first molar bands. The
stainless traction hook was designed of three varied lengths for
simulating traction directions; (c) A 2-mm diameter and 1-mm
height button was designed to bond on 1-mm to incisal edge of
impacted tooth lingual surface.

The components (maxilla, maxillary dentition, impacted
central incisors, periodontium, lingual button and intraoral
traction appliance) of each model were assembled in Solid-
works and saved as x-t format file.

2.2.2 Material properties and meshing

The assembled file was imported to ANSYS Workbench 2021
R1 (ANSYS, Canonsburg, PA, USA) to create 3D finite ele-
ment model. Each model was meshed to tetrahedral elements
with ten nodes. The maximum number of nodes were em-
ployed to create a mesh structure of the finest quality to ap-
proach clinically valid findings. Nine models were constructed
based on above stimulations, and included in this study. Ta-
ble | encompassed material properties wherein anatomic com-
ponents and appliances were assumed as the isotropic and
homogeneous materials [17, 19, 20]. The nine models were
listed in Table 2. Table 3 depicted elements and nodes numbers
for each model. Fig. | showed the traction appliance with
varied traction hook lengths and root development stages from
occlusal and sagittal view.

2.2.3 Boundary constraints and finite element
analysis

A full constraint was employed on superior and posterior
regions of maxilla to stimulate its boundary condition for at-
taching to surrounding zygomatic, palatal, and sphenoid bones.
Resultantly, they had no rotation or translation movement. A
traction force of 0.6 N was applied between the lingual button
and traction hook via virtual spring unit simulation in ANSYS
for all investigated schemes [17, 20].

Nine loading setups were analyzed respectively in nine mod-
els aforementioned. The maximum initial displacement and



TABLE 1. Material properties used in the simulations of
the geometric models.

Structures Young’s modulus  Poisson coefficient
(MPa)
Tooth 20,000 0.30
PDL 0.68 0.45
Alveolar bone 13,700 0.30
Lingual button 114,000 0.34
Stainless steel 200,000 0.30
Acrylic resin 2700 0.30

PDL: periodontal ligament.

TABLE 2. Nine models with different root development
stages of impacted inverted incisor and traction hook
lengths of traction appliance.

Models  Root development stage  Traction appliance
Model 1 1/3 Type |
Model 2 1/3 Type I
Model 3 1/3 Type 111
Model 4 1/2 Type I
Model 5 1/2 Type 11
Model 6 1/2 Type III
Model 7 2/3 Type I
Model 8 2/3 Type 11
Model 9 2/3 Type 111

equivalent stress (von Mises) resulting from the force applied
by traction appliance of the impacted central incisor, anchorage
molars and adjacent teeth, as well as those in the labial and
lingual PDL, were calculated and analyzed.

3. Results

3.1 Study flow diagram

Flow diagram in Fig. 2 illustrated the current 3D FEA. Max-
imum initial displacements and von Mises stresses were an-
alyzed for the impacted central incisor, anchorage molars,
adjacent incisors, and those in PDL.

3.2 Maximum initial displacements and von
Mises stresses of impacted central incisor

The initial displacement trend of crown and root of the im-
pacted central incisor was opposite in all models, i.e., crown to
lingual and root to labial (Fig. 3). The maximum and minimum
displacements were observed respectively in the incisal edge
and labial side of tooth cervix.

The initial displacement and stress were decreased with the
increase in root length of impacted central incisor. With the
same root length, the initial displacement was increased and
stress was decreased as the traction hook extended more to
labial. The initial displacements of Model 1-9 were 0.00534,
0.00577, 0.00644, 0.00451, 0.00461, 0.00544, 0.00336,

91

0.00363 and 0.00404 mm, respectively. Impacted central
incisor in Model 3 revealed the highest initial displacement,
while that of in Model 7 was the minimum. Model 1-3, Model
4-6, Model 7-9 were progressively increased. However,
the initial displacement was sequentially decreased with the
increase in tooth root length, ie., the initial displacement
of impacted central incisor with 1/3 root formation was
greater than that with 1/2, and impacted incisor with 2/3 root
formation showed the least initial displacement.

The von Mises stress for impacted central incisor in all
Models (Fig. 3) was concentrated in the lingual side of
crown, around lingual button and was decreasing towards
root apex. The von Mises stress decreased gradually with the
increase in root length and traction hook from Model 1 to 9,
i.e.,, 0.51023, 0.49826, 0.47169, 0.46648, 0.4635, 0.42822,
0.41665, 0.40502 and 0.37972 MPa, respectively (Fig. 3).

3.3 Displacements and von Mises stresses in
the PDL of impacted central incisor

Displacements in the PDL of impacted central incisor from
Model 1 to 9 were 0.00404, 0.004170, 0.00434, 0.00316,
0.00316, 0.00319, 0.00242, 0.00244 and 0.00246 mm, re-
spectively. For von Mises stress in the PDL of impacted
central incisor in all Models, the cervical area of root labial
surfaces was concentrated with the maximum value, while the
value was minimum around the middle of root labial surfaces
Fig. 4). The von Mises stresses in periodontal lingual and
labial sides in Model 1-9 were 0.02154, 0.02333, 0.02612,
0.02119, 0.02172, 0.02597, 0.01538, 0.01684 and 0.01918
MPa, respectively. The maximum stress was decreased and
range of minimum stress was increased with the increase in
root length. Moreover, the maximum stress was increased
along with the traction hook extended more to labial for the
same root length.

3.4 Maximum initial displacements and von
Mises stresses of anchorage molars and
those in the PDL

As displayed in Fig. 5, the displacement and von Mises stress
of anchorage molars on both sides showed similar tendency.
An opposite initial displacement trend was depicted in the
crown and root of anchorage molars in all models, i.e., crown
to lingual and root to labial. The maximum initial displacement
was on the lingual side of crown. Furthermore, the von Mises
stress distribution pattern exhibited the same initial displace-
ment. The initial displacement and stress were decreased with
the increase in length of impacted central incisor root on both
sides of anchorage teeth. With the same impacted central
incisor root length, the initial displacement was increased
and stress decreased as the traction hook extended more to
labials. Anchorage right and left molar initial displacements
were 0.00007 to 0.00008 mm, and 0.00012 to 0.00013 mm,
respectively. Moreover, von Mises stresses in anchorage right
and left molar were 0.02885 to 0.03522 MPa, and 0.07055 to
0.08015 MPa, respectively. The periodontal maximum von
Mises stress was concentrated in the cervical area of palatal
root of anchorage molars, which dwindled toward the palatal
root apex and buccal root (Fig. 6). Both right and left molars
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TABLE 3. The number of finite element analysis elements and nodes per model.

Models
1 2 3 4 5 6 7 8

Number of nodes

Tooth 65,666 65,666 65,666 65277 65277 65277 65438 65,438

PDL 168,948 168,948 168,948 170,235 170,235 170,235 171,804 171,804

Alveolar bone 45,377 45377 45377 45390 45,390 45,390 45,718 45,718

Traction device 33,963 34,064 34,194 33924 34,016 34,155 33,907 33,999
Number of elements

Tooth 36,281 36,281 36,281 36,065 36,065 36,065 36,128 36,128

PDL 83,291 83,291 83,291 83,924 83,924 83,924 84,707 84,707

Alveolar bone 26,147 26,147 26,147 26,138 26,138 26,138 26,328 26,328

Traction device 17,721 17,767 17,836 17,695 17,735 17,810 17,684 17,724

PDL: periodontal ligament.

& Traction hook C

Occlusal view

65,438
171,804
45,718
34,138

36,128
84,707
26,328
17,799

& Traction hook

Lingual button Lingual button F Lingual button

Sagittal view

G 1/3 root development stage H

Sagittal view

1/2 root development stage | 2/3 root development stage

FIGURE 1. Modified Nance arch traction appliance and root development stage of impacted incisor from occlusal and
sagittal view. (A) Type I traction appliance. (B) Type II traction appliance. (C) Type III traction appliance. The difference
between the three traction appliance types was the different length of traction hook (2 mm hook length difference between each
type). (D-F) The lingual button was bonded to the lingual surface of impacted incisor. (G) 1/3 root development stage. (H) 1/2

root development stage. (I) 2/3 root development stage.
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Randomly select a patient with impacted central
incisor meets inclusion and exclusion criteria

!
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DICOM format data

!

3D geometric models reconstruction

(Mimics)
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(Geomagic Studio)
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{ Analysis ]

The maximum initial displacement and von Mises
stress were analyzed

FIGURE 2. Study flow diagram. CBCT: cone beam computed tomography; 3D: 3-dimensional; FEM: finite element model;

DICOM: digital imaging and communications in medicine.

exhibited similar distribution pattern. The average lingual
and labial PDL von Mises stresses of anchorage right and left
molars from Model 1 to 9 were 0.00044, 0.00047, 0.00051,
0.00044, 0.00045, 0.00051, 0.00044, 0.00047 and 0.00052
MPa, respectively.

3.5 Maximum initial displacements of
adjacent anterior teeth

The maximum initial displacements of adjacent anterior teeth
were negligible (Table 4). The values of adjacent contralateral
incisor and ipsilateral lateral incisor were 9.1695 x 1076 to
1.3378 x 107> mm, and 1.8392 x 1075 t0 2.2678x 107> mm,
respectively.

4. Discussion

The appropriate magnitude and traction force direction, as
well as the displacement tendency and amount of stress in
response are the vital aspects of impacted teeth traction. The
biomechanical differences were evaluated by simulating the
labially inverted impacted central incisor traction using MNA
appliance. This study was aimed to evaluate the initial dis-
placements and stress amount of impacted central incisor,
adjacent teeth, and anchorage molars during the traction by
employing FEA. Moreover, it aimed to provide references
for clinicians regarding the clinical treatment protocols. FEA
results delivered quantified information related to force direc-
tion through appliance design and root development stages.
It was demonstrated that initial displacement and PDL stress
distribution of impacted incisors under MNA traction were
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FIGURE 3. Initial displacement and von Mises stress cloud maps (A) and values (B) of inverted impacted central incisor
of 9 three-dimensional finite element models. Blue to red reflects lower to higher displacement and stress.
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FIGURE 4. Initial displacement and von Mises stress cloud maps (A) and values (B) in the lingual and labial PDL of
inverted impacted central incisor of 9 three-dimensional finite element models. PDL: periodontal ligament.

changed with the root development stage and length of traction
hooks. The initial displacement, stress of impacted incisor
and those in PDL were decreased with increase in root length.
With the same root length, initial displacement was increased
and stress decreased as the traction hook extended more to
labial. Additionally, under the same root length, PDL stress
were greater with longer traction hook length. More labial
force maybe suitable at the initial stages of inverted impacted
incisor traction. Different simulations caused little varied dis-
placement and stress for anchorage teeth. The biomechanical
effects on adjacent teeth were not obvious.

The opposite displacement trends of crown and root were
seen for impacted incisor. The incisal regions yielded higher
stress than cervical and apex regions in all models to reflect
the initial tipping movement. The cervical area of root labial

surfaces was the concentrated one with maximum PDL stress,
while it was minimum around the middle. The maximum PDL
stress was decreased and minimum stress range was increased
with the increase in root length.

The success rate of prognosis and treatment of impacted
teeth was dependent on both impacted teeth and traction
modes. It included the impacted teeth position, root
development stage, root morphology, available space in
dental arch, Hertwig’s epithelium activity, force magnitude,
traction force direction, etc. [15, 21]. Maxillary central
incisors with eruption disturbances exhibited less root length
and tooth volume compared to those erupted normally in
same individual [22]. The impacted inverted maxillary
incisors often developed into root dilaceration because of the
limitations of palatal bone plate, especially in later-age dental
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FIGURE 5. Initial displacement and von Mises stress cloud maps (A,C) and values (B,D) of right and left anchorage

molars of 9 three-dimensional finite element models.
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molars of 9 three-dimensional finite element models. PDL: periodontal ligament.

group [23, 24]. Orthodontic traction for impacted incisor in
mixed dentition promoted root development and alveolar bone
remodeling with good periodontal and endodontic conditions
[25]. However, deformed root morphology increased the risk
of root resorption and labial alveolar bone loss during traction,
which influenced the functional and aesthetic outcomes [26].

The traction incisors had higher potential of root development
with greater changes in apical foramen width and root length
compared to the control. However, the root length of traction
incisors was shorter than that of control [27]. Therefore, the
labially inverted impacted central incisors are recommended
to be treated early due to sufficient apical blood supply and
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TABLE 4. Displacement (mm) of adjacent contralateral incisor and ipsilateral lateral incisor.

Adjacent contralateral incisor

Model Displacement (mm)
9.1695 x 107°
9.8741 x 10°©
1.0957 x 107®
9.8109 x 10°°
1.0031 x 107°
1.1738 x 107
1.1145 x 107°
1.2022 x 107

1.3378 x 107

O 0 N &N W K~ W N~

strong tissue regeneration ability to promote root development
and achieve better root apex morphology [12, 28]. The
biomechanical changes of anchorage and adjacent teeth
also need pay more attention to in impacted teeth traction
treatment because of adverse effects such as unfavorable tooth
movement or undesirable external root resorption may occur
when using improper traction methods. The requirements of
anchorage were high for labially inverted impacted incisor
due to long traction eruption path and high resistance, because
orthodontic treatment was completed by flipping the root
above 90° inside the alveolar bone. However, patients in early
stage of mixed dentition period had few available anchorage
teeth. Early traction by MNA was preferred [29], however,
majority of cases required additional techniques such as 2 x 4
mechanics to align the dentition and create space for impacted
teeth [30]. Our result showed that initial tipping movement of
impacted incisor occurred, and longer the root length under
same traction force, smaller displacement was performed on
crown with smaller PDL stress, which may due to farther was
center of rotation (CR) from incisal tip. Loading position
and traction force direction influence the displacement and
maximum stress because they affected tooth movement
pattern by influencing Moment/Force (M/F) in orthodontic
movement. The CR position determined the amount and
direction of tooth movement [3 1]. Thus, for inverted impacted
central incisors, the button bonding position should be close to
the incisal edge for facilitating tooth tipping movement with
light force. CR also depended on root length in addition to
loading position and traction force direction [32]. However, it
is worth noting that CR usage to describe tooth displacement
was sensitive with large standard deviations and might lead
to inadequate interpretations. Displacement vectors were
more feasible in describing initial and longitudinal tooth
displacements [33]. A force of 0.6 N was selected in this study
because light traction force (0.35 to 0.6 N) was suitable in
reducing stress at impacted incisor apex and cortical alveolar
bone. It thus reduced the root resorption or lessened the
impact of normal root development [ 14].

However, some limitations required to be addressed. Firstly,
it was limited for evaluating the initial response towards single-
valued force, and von Mises stress was used to evaluate the
loading and stress analyses in the current FEA. The maximum

Adjacent ipsilateral lateral incisor
Displacement (mm)
1.8392 x 107
1.9253 x 107
2.0473 x 107
1.8747 x 1073
1.9016 x 107°
2.0913 x 107°
2.0262 x 107°
2.1254 x 107
2.2678 x 107

(tensile stress) and minimum principal stress (compressive
stress) of alveolar cortical bone around central incisor were
also important variables for conductive outcomes. More-
over, the inverted impacted teeth at high location used closed
eruption technique for less periodontal recession in clinical
scenario [34]. Its traction direction adjustment was hard due to
gingival mucosal resistance. Furthermore, the straight single-
rooted impacted incisor with fixed location was only con-
sidered, whereas the incisor with dilacerated or multi-rooted
root were also possible scenarios. Lastly, this work was a 3-
dimensional FEA conducted by simulating conditions using
software, which lacked continuity and comparison with the
finished clinical cases.

The current study would provide references and help clin-
icians to determine relative optimal loading directions caus-
ing certain displacement and yielding less stress for different
root formation stages of impacted incisor. Future research
would require dynamic time-dependent motion analysis and in-
clude more relevant influencing factors (e.g., force magnitude,
root morphology, impaction angulation, and vertical impaction
height) through FEA, and combine FEA with clinical longi-
tudinal and quantitative studies to draw more generalizable
outcomes.

5. Conclusions

Despite the limitations of this study, both traction direction and
root development stage have influence on biomechanical effect
of impacted central incisor during traction by modified Nance
arch. However, the biomechanical changes of anchorage and
adjacent teeth was inconspicuous. MNA traction appliance
is useful for orthodontic traction cases in the early dentition
phase, and the more labial force maybe suitable at initial stages
of inverted impacted incisor traction. In summary, clinicians
should consider personalized rather than universal treatment
protocols for inverted impacted central incisors traction.
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