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Abstract

Objective This study aimed to analyze the stress distribution in the dentoalveolar structures of a labially impacted
dilacerated maxillary central incisor during orthodontic traction, considering different positions of the traction button
on the tooth’s crown through finite element analysis (FEA).

Materials and methods Four three-dimensional (3D)finite element models (FEM) were created to simulate the
maxilla of a 9-year-old female patient, featuring a left labially impacted dilacerated maxillary central incisor with the
only variation being the position of the orthodontic traction button: at the incisal third of the labial surface (Model A),
at the incisal third of the palatal surface (Model B), at the middle third of the palatal surface (Model C), and the cervical
third of the palatal surface (Model D). Material parameters, grids, boundary conditions, coordinate systems, and load
conditions were set in Ansys to establish the FEM for traction of the impacted incisor. A 100 g total traction force was
applied between the button and a 0.016x0.022-inch stainless steel archwire in the direction perpendicular to the
impacted tooth’s crown. The initial tooth displacements, biomechanical stress at the root apex, alveolar bone von
Mises stress, and hydrostatic stress of the periodontal ligament (PDL) under the four conditions were analyzed and
compared.

Results The impact of traction button positioning on tooth displacement, stress distribution, and bone loading

was assessed in four models. Model B demonstrated the highest labiopalatal and vertical displacement. The stress
concentrations in the impacted tooth'’s root were highest in model B, particularly in the cervical region labially, while
model D showed the lowest root stress. Maximum stress in the alveolar bone was also observed in models A and B,
particularly on the palatal surface near the cervical region. Hydrostatic stress in the periodontal ligament was highest
in model B and lowest in model D.
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generates the least stress.

stress of periodontal ligament, Stress distribution

Conclusion The traction button positioned on the incisal third of the labial or palatal surface facilitates significant
tooth movement. Still, it carries a higher risk of periodontal ligament damage, root and alveolar bone resorption. In
contrast, the traction button positioned on the cervical third of the palatal surface, while less effective for movement,

Keywords Impacted maxillary central incisor, Dilaceration, Three-dimensional finite element analysis, Hydrostatic

Introduction

Maxillary incisors are essential for facial aesthetics,
prominently displayed during speech and smiling [1, 2].
A missing incisor can cause functional issues, such as dif-
ficulty in biting and chewing, speech problems, misalign-
ment of teeth, and facial aesthetic problems [3]. Eruption
failure typically occurs between ages 7 and 9 during the
mixed dentition stage [4, 5]. The maxillary incisor is the
third most commonly impacted tooth, with an incidence
of 0.06-0.20%. Delayed eruption is defined if the con-
tralateral incisor erupts 6 months earlier, lower incisors
erupt more than a year earlier, or there is a deviation in
the normal eruption sequence [3, 6]. Causes of eruption
failure include pathological obstructions, tooth malfor-
mation, ectopic positioning, non-vital or ankylosed pri-
mary teeth, endocrine abnormalities, or bone disease.
Pathological obstructions can arise from supernumerary
teeth, odontomas, cysts, or tissue barriers due to early
primary tooth loss [7]. Trauma to the anterior region
may lead to the loss of the deciduous tooth, dilaceration,
arrested root development, or intrusive luxation of the
permanent incisor. Any alteration in tooth position or
morphology can hinder eruption [8]. The extent of dam-
age depends on the tooth’s developmental stage, trauma
type, and direction [2].

The labially impacted maxillary central incisor with
dilaceration is the most complex type of impacted tooth,
with its crown oriented upwards and the palatal aspect
facing labially. This elevated position results in a low suc-
cess rate for correction [9]. Management complications
include prolonged orthodontic treatment, influenced by
the tooth’s position and angulation. Successful alignment
depends on accurately determining the traction method
and direction without damaging the dentoalveolar struc-
tures. While three-dimensional (3D) imaging can help
localize the impacted tooth and guide traction direction
[10], there are no clinical guidelines for the appropriate
traction method.

The oral cavity is a complex biomechanical system,
making internal study challenging. Therefore, utiliz-
ing computer technology for oral biomechanics offers a
more intuitive approach. Finite element analysis (FEA) is
a numerical technique widely applied in computer-aided
engineering since the 1960s to solve complex structural
equations and analyze mechanical properties in vari-
ous systems, including biological contexts [11]. In FEA,

structures are discretized into more minor elements, each
assigned specific material properties, allowing for apply-
ing loads and boundary conditions to simulate real-world
scenarios. This technique is valued for its non-invasive
nature, visualization capabilities, and repeatability, mak-
ing it particularly useful in biological research. In recent
years, FEA has become increasingly prominent in stud-
ies of biological systems, where it is used to examine the
mechanical properties of facial tissues, dental materi-
als, and bone substitute biomaterials [11, 12]. Through
this approach, researchers gain critical insights into the
tension and compression forces experienced by these
materials, contributing to a better understanding of their
structural behavior under various conditions [13].

Previous studies have utilized FEA to analyze stress
distribution in periodontal tissue during the treatment
of labially impacted maxillary central incisors under vari-
ous traction forces [13, 14]. However, these studies pri-
marily focused on the overall force application and stress
distribution without explicitly examining the influence
of traction button positioning. Since the button position
directly affects force direction and moment generation, a
detailed biomechanical analysis is necessary to determine
the optimal placement for effective and safe traction.

This is the first FE-based biomechanical analysis
focused on the optimal traction button position for labi-
ally impacted dilacerated maxillary central incisors.
Therefore, this study aims to determine the optimal trac-
tion button position for efficient and controlled tooth
movement. This study used three-dimensional finite ele-
ment analysis (3D FEA) to evaluate the biomechanical
effects of different traction button positions on the tooth
crown, analyzing key parameters such as tooth displace-
ment, root stress, alveolar bone Von Mises stress, and
periodontal ligament strain. The findings of this study
would provide a valuable reference for clinical orthodon-
tic traction, aiding in the selection of an optimal traction
strategy for such cases.

Methodology

Patient selection

This study utilized cone beam computed tomogra-
phy (CBCT) data of a 9-year-old female patient in the
mixed dentition phase who presented with a left labi-
ally impacted dilacerated maxillary central incisor. The
CBCT imaging revealed a labially impacted tooth with
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dilaceration and a relatively low vertical position, with
the crown directed normally or slightly mesially. The
patient had no history of orthodontic or restorative treat-
ments, and there were no systemic diseases or patho-
logical conditions in the maxillary anterior region. The
patient’s parents signed informed consent to participate
in the study and allowed their daughter’s CBCT data to
be used. This study was approved by the Ethics Commit-
tee of China Medical University School, China (Approval
No. CMUKQ-2024-018), and all methods were carried
out in accordance with the principles of the Declaration
of Helsinki.

Original 3D model design

The CBCT scans were performed using the i-CAT®
CBCT system (KAVO, Germany) at the affiliated Stoma-
tological Hospital of China Medical University, China.
The imaging parameters included a 120 kV and 5 mA
setting with a 23 cm x 17 cm field of view, an exposure
time of 17.8 s, a voxel size of 0.3 mm, and a slice thick-
ness of 2 mm. Continuous scans of the maxilla produced
565 slices stored in Digital Imaging and Communication
in Medicine (DICOM) format, which were imported into
Mimics software (version 21.0; Materialize, Belgium)
for 3D reconstruction and ultimately saved in STL for-
mat. The preliminary STL model was further refined in
Geomagic Studio software (version 2015; 3D Systems,
USA), where the periodontal ligament (PDL) model was
derived through Boolean operations. The PDL thickness
ranged from 0.15 to 0.38 mm [15]. Using NX software
(version 1911; Siemens, Germany), a 3D model of the
maxillary arch was established. The alveolar bone’s left,
right, and bottom surfaces were set as fixed constraints
to simulate attachment to the surrounding maxillary
bone. Additionally, the bonding contact was set for inter-
faces of bone-PDL, PDL-tooth, tooth-attachment, and
attachments-wire.

The 3D model of the maxillary arch incorporating a
0.016 x 0.022-inch stainless steel archwire, orthodon-
tic braces, buccal tubes, metal chain-round button with
a concave pad and gridded base (3 mm diameter of the
bottom surface and 1 mm height), and a traction hook
model was created. Initially, calipers were used to mea-
sure the outer dimensions of the orthodontic braces,
buccal tubes, metal chain-round button, and traction
hook. In the NX sketch environment, the cross-sectional
outline of the orthodontic braces was drawn, and the
extrude command was used to create solid models of the
orthodontic braces and buccal tubes. The orthodontic
braces were placed at the center of the teeth crown, and
their position was finely adjusted for accurate represen-
tation. The archwire was generated within the orthodon-
tic braces by drawing its curvature in the NX sketch. A
0.016 x 0.022-inch stainless steel archwire was created,
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with its shape adjusted according to the natural align-
ment of the maxillary teeth. The cross-sectional outline
was sketched for the metal chain-round button, and the
rotate command was applied to create a solid model. It
was positioned centrally on the impacted tooth crown.
The metal chain, measuring 2 mm in length and 0.5 mm
in height, was vertically extended onto the traction hook,
which was fixed to the archwire to connect the button
and the archwire, thereby simulating the applied traction
force. The traction button was modelled in four distinct
positions: an incisal third of the labial surface (Model A),
an incisal third of the palatal surface (Model B), the mid-
dle third of the palatal surface (Model C), and the cervi-
cal third of the palatal surface (Model D) (See Fig. 1).

Material properties and mesh creation

Table 1 summarizes the mechanical properties of the
materials used in this study. All materials were set as
continuous, homogeneous, isotropic linear elastic bodies
[11, 12, 16—22]. The created 3D finite element model was
constructed using the ANSYS Workbench software (ver-
sion 2019; Ansys; USA). The geometric model included
the alveolar bone, PDL, tooth, and traction button. The
model was discretized into finite elements with different
element sizes assigned according to the structural char-
acteristics: alveolar bone was meshed with an element
size of 2 mm, PDL was meshed with an element size of
0.5 mm, the tooth was meshed with an element size of
1 mm, and traction button was meshed with an element
size of 0.25 mm.

Mesh quality was critically assessed using standard
indicators: Jacobian Ratio: values range from 0 to 1, with
values closer to 1 indicating minimal distortion, Aspect
Ratio: an optimal value of 1 is desired; values below 20
are acceptable for structural analysis, Maximum Corner
Angle: ideally around 60°; actual values are monitored to
ensure acceptable element shape, and Skewness: Ranges
from O (ideal) to 1 (highly distorted), with lower values
being preferred.

A mesh convergence analysis was conducted using
three different mesh configurations to ensure that the
simulation results were not significantly influenced by
mesh density. The key outcome parameters, such as
tooth displacement and root stresswere compared across
these configurations: configuration 1: employed a coarser
mesh (alveolar bone at 3 mm, PDL at 1 mm, tooth at
1 mm, traction button at 0.5 mm), configuration 2: used
intermediate refinement (alveolar bone at 2 mm, PDL
at 0.5 mm, tooth at 1 mm, traction button at 0.25 mm),
and configuration 3: utilized a finer mesh (alveolar bone
at 1.5 mm, PDL at 0.2 mm, tooth at 1 mm, traction but-
ton at 0.2 mm). The results showed minimal variations in
the measured tooth displacement and root stress among
the three models, indicating convergence of the solution.
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Fig. 1 The position of the traction button on the labially impacted dilacerated maxillary central incisor. A; on the incisal third of the labial surface, B; on
the incisal third of the palatal surface, C; on the middle third of the palatal surface, and D; on the cervical third of the palatal surface

Table 1 Properties of the model materials

Configuration 2 was ultimately selected as the optimal
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Fig. 2 A; Finite element mesh of the impacted dilacerated maxillary central incisor and surrounding structures. B; Finite element model illustrating the
boundary conditions applied to the maxilla: The upper part of the maxilla was fully constrained in all three directions (x, y, and z) to simulate fixed sup-
port, preventing displacement and rotation in all three directions; horizontal (x-axis), sagittal (y -axis), and vertical (z-axis). This constraint was chosen to
replicate the anatomical stability of the maxilla during orthodontic traction, ensuring that forces applied to the impacted tooth accurately reflect clinical
conditions. Label with yellow color indicates the specific constrained regions
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Fig. 3 The coordinate system used for analysis was based on the local coordinate system, with the crown centroid as the reference point. A; coronal view,
and B; sagittal view. The axes were defined as follows: the x-axis represented the mesiodistal direction (+ mesial, —distal), the y-axis represented the tooth
root direction (+ palatal, —labial), and the z-axis represented the direction perpendicular to the crown (the incisogingival direction), with gingival as the

positive direction and incisal as the negative

direction) represented the positive mesial and the nega-
tive distal directions. At the same time, the y-axis (the
direction of the tooth root) denoted the positive labial
and negative palatal directions. The z-axis (perpendicu-
lar to the tooth crown) represented the incisogingival
direction, with gingival as the positive and incisal as the
negative. The upper part of the maxilla’s displacement
and rotation in the horizontal x-axis, sagittal y-axis, and
vertical z-axis directions were all constrained. Addition-
ally, under all conditions, a concentrated traction force
of 100 gm was applied in the vertical direction along the
long axis of the impacted tooth’s crown, and the loading
duration for all conditions was 1 s (Fig. 4).

For ease of observation, the software used different
colors to represent varying stress distributions, with col-
ors ranging from blue to red indicating increasing stress
levels.

Results

3D directional displacement of the impacted tooth

Based on the FEA performed on the four models with
varying positions of the orthodontic traction button,
the directional displacement of the labially impacted

dilacerated maxillary central incisor in the three direc-
tions (x-axis mesiodistally, y-axis labiopalatally, and
z-axis vertically) was (as shown in Figs. 5): In model A,
the displacement was observed to be minimal on the
x-axis (0.0774 MPa), while was a significant displacement
on axes yand z, 0.0826 MPa, 0.226 MPa, respectively. In
model B, there was a notable mesiodistal displacement
on the x-axis of 0.0718 MPa, while minimal displacement
occurred in the labial direction (y-axis) of 0.0853 MPa.
On the z-axis, the vertical displacement was the highest
among all models (0.2322 MPa). Regarding model C, on
the x-axis, moderate mesial displacement was observed
(0.0648 MPa), and the displacement in the labiopala-
tal direction was considerable (0.0745 MPa). On z-axis,
vertical displacement was moderate (0.1985 MPa). For
model D, displacement was significant on the x-axis
toward the mesial direction (0.0554 MPa) and consider-
able labial displacement on the y-axis (0.0667 MPa). On
the z-axis was the moderate vertical displacement of the
impacted tooth (0.1734 MPa) (See Fig. 6; Table 2).
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C D

Fig. 4 The load conditions illustrate the application of traction force. In each model, a 100 g traction force was applied vertically along the long axis of
the impacted tooth's crown. The point of application was centered mesiodistally, from the traction button on the impacted tooth's crown to the hook on

the archwire. The four models (A, B, C, and D) represent different positions of the traction button on the labially impacted dilacerated maxillary central

incisor: A; an incisal third of the labial surface, B; an incisal third of the palatal surface, C; middle third of the palatal surface, and D; cervical third of the
palatal surface
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Fig. 5 3D directional displacements of the impacted dilacerated maxillary central incisor. The vector diagrams and color maps showed initial patterns
of impacted tooth displacement. The x-axis represented the mesiodistal direction (+mesial, —distal), the y-axis represented the tooth root direction
(+ palatal, —labial), and the z-axis represented the direction perpendicular to the crown, with gingival as the positive direction and incisal as the negative
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Fig. 6 The bar charts show the 3D directional displacement of the impacted dilacerated maxillary central incisor displayed as crown and root displace-
ment, respectively (in mm) in the x, y and z directions. Model A, Model B, Model C, and Model D. In the x-axis (mesiodistal displacement), the maximum
displacement was in model A among all models, followed by model B, and the minimum displacement was in model D. In the y-axis (labiopalatal dis-
placement), the maximum displacement was in model B among all models followed by model A, and the minimum displacement was in model D. In

the z-axis (vertical displacement), the maximum displacement was in model B
was in model D

Table 2 3D directional displacement of impacted dilacerated maxilla
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Fig. 7 The stress distribution on the impacted tooth root in MPa. Model A, Model B, Model C, Model D. All models showed the middle cervical regions
labially experiencing the highest stresses, which were represented by a gradient from yellow to red on the cervical region labially. Conversely, the middle
palatal region and the apical region showed the lowest stress, which was represented by dark blue color

The impacted tooth root stress

The stress distribution characteristics of the impacted
tooth root were similar across all models (See Figs. 7
and 8). The stress was primarily concentrated on the
labial surface, especially the cervical region. All models

indicated that the cervical region consistently experi-
ences the highest stress, while the apical region has the
lowest. Model B had the highest stress (1.0495 MPa), and
model D had the lowest (0.6785 MPa) (See Table 3).
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Fig. 8 The bar charts show the stress on the impacted tooth root in MPa. Model A, Model B, Model C, and Model D. Model B had the highest maximum
principal stress, followed by model A and then model C. Model D showed the lowest maximum principal stress, indicating a more even stress distribution

Table 3 The comparison of the stress values across models A, B, C, and D

Model A Model B Model C Model D
Maximum Minimum Maximum  Minimum Maximum  Minimum Maximum  Mini-
stress stress stress stress stress stress stress mum
stress
Impacted tooth root stress 0.963 0.096 1.050 0.102 0.823 0.084 0.679 0.074
Alveolar bone Von Mises stress 0.201 -0.031 0.203 -0.039 0.176 -0.032 0.168 -0.024
PDL hydrostatic stress 0.064 -0.116 0.064 -0.122 0.059 -0.105 0.054 -0.094
The alveolar bone Von Mises stress Discussion

The alveolar bone Von Mises stress distribution was simi-
lar across all models and primarily concentrated on the
impacted tooth’s palatal surface extending to the adja-
cent teeth’ cervical region (Figs. 9 and 10). The middle
palatal cervical region showed higher stress values, while
the lower values were near the apical region. Models A
and B had comparable Von Mises stresses (0.2016 MPa,
0.2031 MPa), respectively, while model D had the lowest
at 0.1676 MPa, and model C displayed a moderate value
0f 0.1755 MPa (Table 3).

Periodontal ligament hydrostatic stress

The maximum hydrostatic stress (tensile stress) in all
models was found in the mesio-labial and apical pala-
tal regions; in contrast, the minimum hydrostatic stress
(compressive stress) was located in the palatal cervi-
cal region, as illustrated in Figs. 11 and 12. The ten-
sile stress was highest in models A (0.0635 MPa) and B
(0.0644 MPa). The compressive stress values exceeded
the critical threshold of -0.0047 MPa for external root
resorption risk [24, 25]. Model B had the highest com-
pressive stress at -0.1217 MPa, followed by model A at
-0.1162 MPa, and model D showed the lowest compres-
sive stress at -0.0937 MPa (Table 3).

In orthodontics, a precise understanding of the dynam-
ics of tooth movement precisely forces and moments is
essential for effectively addressing the complex challenges
posed by impacted maxillary central incisors [13, 26].
These concepts determine how impacted teeth respond
to applied orthodontic forces. When dealing with teeth
with short roots, the movement dynamics change signifi-
cantly; the center of resistance shifts apically, leading to
an increased moment-to-force (M/F) ratio [27]. This shift
can facilitate more controlled root movement but raises
concerns about tooth stability and potential adverse
effects. A well-placed force can promote effective tooth
movement, while improper application may result in
undesirable outcomes such as root resorption or instabil-
ity [28].

By employing FEA, we can simulate and analyze the
intricate interactions of forces on impacted teeth. This
approach not only enhances our understanding of the
biomechanical implications but also aids in developing
optimized treatment strategies tailored to the unique
anatomical and clinical conditions of impacted inci-
sors. Previous studies have examined the biomechani-
cal aspects of impacted central incisors. Wang et al. [13]
examined stress patterns in the periodontal ligament of
impacted central incisors. They found that excessive force
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application could result in localized stress concentration,
increasing the risk of root resorption. Yang et al. [11] ana-
lyzed the effects of different force directions on inverted
incisors using FEA. They found that the angle of traction
significantly influences stress distribution, recommend-
ing angles between 100-120° for optimal results. These
findings align with our study regarding the importance
of optimizing force direction. So, the previous stud-
ies utilizing FEA have provided insights into the stress
distribution in periodontal tissues and root structures
under different orthodontic traction forces. However,

these studies have primarily focused on the overall force
application rather than the influence of traction button
positioning. Therefore, this study aimed to conduct a bio-
mechanical analysis using 3D FEA on a labially impacted
dilacerated maxillary central incisor, focusing on the
effects of different positions of the traction button on the
tooth crown during orthodontic traction. To our knowl-
edge, this was the first biomechanical study to focus on
this aspect and could provide additional insights into the
biomechanical effects of traction button placement, an
aspect not explicitly addressed in these previous studies.
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Bishara et al. [29] emphasized the importance of but-
ton positioning for effective tooth movement, highlight-
ing that improper placement could lead to undesired
movement patterns. The current study demonstrated
that different button positions resulted in varied tooth
displacement patterns. For example, model A and model
B, with varying button placements, exhibited signifi-
cant differences in mesiodistal and vertical movements,

underscoring the critical role of button positioning in
achieving desired orthodontic outcomes. The force direc-
tion in traction influences displacement and the stress
exerted on surrounding alveolar structures, which has
been previously confirmed in clinical research [30]. In the
model with the traction button placed on the incisal third
of the labial surface, the displacement along the x-axis
was minimal, indicating limited movement in the mesial
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direction; however, its mesial displacement was the high-
est among all models. Significant displacement was also
along the y and z axes, indicating effective labial move-
ment and efficient extrusion. In the model with the trac-
tion button on the incisal third of the palatal surface, the
labial (y-axis) and vertical (z-axis) displacements were
the highest among all models, indicating the most effec-
tive labiopalatal displacement and extrusion. In models A
and B, the traction button’s placement at a considerable
distance from the center of resistance produced a large
momentum, resulting in significant displacements [31].
Conversely, the button’s position on the cervical third of
the palatal surface resulted in the least movement in all
directions compared to the other models. In this configu-
ration, the button was closer to the center of resistance,
which produced less momentum, so the displacement
of the tooth was limited. Additionally, the displacement
magnitudes and directions predicted by our model are
consistent with established orthodontic biomechanics
principles [32, 33]. Specifically, the labiopalatal and ver-
tical displacements observed in model B, which showed
the highest displacement among all models, were in
agreement with previous findings on force application
during traction of impacted incisors.

A previous study using FEA to simulate a three-dimen-
sional model of a human maxillary central incisor subject
to various orthodontic force types reported that a tooth
with a longer root incurs more mechanical stress at the
apex than a shorter one of the same size [34]. This was
interpreted as the longer root having more cementum
increments, increasing mechanical stress [34]. Clinically,
longer teeth have been found to have more root resorp-
tion [35]. This was in line with the current study’s find-
ings on the labially impacted dilacerated maxillary central
incisor with a short root. The cervical region showed
the highest stresses across all placements in all models,
while the apex had the lowest. The stress distribution
was mainly located on the labial and palatal surfaces,
concentrating on the cervical and middle regions. Exces-
sive stress concentrations in these areas can contribute
to root resorption, as demonstrated in a recent study of
finite element analysis of orthodontic traction [24].

The traction button on the incisal third of the pala-
tal surface showed the highest stresses, highlighting the
need for careful traction force management to avoid
excessive stress concentrations. Iwasaki et al. [32] and
Proffit et al. [33] emphasized the importance of stress
concentrations in the cervical region for tooth movement
and periodontal health. Conversely, the traction button
on the cervical third of the palatal surface exhibited the
lowest stresses, indicating a more favourable stress distri-
bution for orthodontic applications. A notable agreement
was observed in stress concentration patterns. Similar to
previous studies [11, 13, 14], our study confirmed that
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stress is highest in the cervical region of the impacted
tooth and that excessive stress in this area could contrib-
ute to root resorption. However, our results extend these
findings by demonstrating how different traction button
placements influence the magnitude and distribution of
these stresses. The button’s placement on the incisal third
of the palatal surface (model B) resulted in the highest
root stress.

In contrast, the button on the cervical third of the
palatal surface (model D) minimized stress concentra-
tions. These results suggest that proper button position-
ing could be a clinical strategy to balance efficient tooth
movement with the risk of adverse effects. The consistent
high stress in the cervical area rather than the root apex
suggests a reduced likelihood of root resorption, par-
ticularly since impacted dilacerated teeth generally have
shorter roots, resulting in less mechanical stress at the
apex. Therefore, the root resorption rate would be lower,
which aligned with the findings of previous studies [34,
35]. However, continuous monitoring and adjustments
based on individual stress distributions are essential to
ensure the long-term health of the periodontal tissue.

The traction process of labially impacted dilacerated
maxillary central incisor can increase the risk of palatal
alveolar bone loss and result in root resorption [11, 30,
36]. The current study found a slight variation in the
stress exerted on the alveolar bone surrounding the root
due to various positions of the traction button. In all
models, the highest Von Mises stress in the alveolar bone
typically appeared on the palatal surface and extended
into the cervical regions of adjacent teeth. The middle
palatal region near the cervical area, crucial for tooth
stability, exhibited higher stress values, indicating signifi-
cant stress concentrations. Clinical studies have reported
similar findings evaluating long-term orthodontic trac-
tion effects on alveolar bone integrity [37]. The traction
button positioned on the incisal third of the labial or pal-
atal surface experienced the highest alveolar bone stress
levels. These findings suggested that these two button
positions are subjected to higher traction forces, which
could lead to adverse effects such as microdamage, bone
resorption, fenestration, or even dehiscence over time.
This was supported by research from Furlan et al. [37],
which identified differences in stress in the alveolar bone
tissue based on various orthodontic forces, suggesting
the potential for dehiscence or fenestration.

While Furlan et al. reported stress distribution in the
alveolar bone under different orthodontic forces, our
study highlighted how traction button placement influ-
ences stress levels in specific regions. Our findings
showed that button placements closer to the incisal third
(models A and B) resulted in higher Von Mises stress
in the alveolar bone, particularly on the palatal surface.
This suggested a greater risk of alveolar bone resorption,
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which was not explicitly detailed in previous studies. In
contrast, the button on the cervical third of the palatal
surface exhibited the lowest stress, indicating a more
favourable stress distribution, potentially reducing the
risk of damage to the alveolar bone.

The higher stress concentrations observed in models A
and B, particularly in the palatal surface of the alveolar
bone, suggested an increased risk of long-term biologi-
cal effects. Prolonged exposure to high-stress levels in
the PDL might lead to vascular compression, reduced
blood flow, and potential tissue necrosis, ultimately con-
tributing to root resorption. Additionally, sustained high
stress in the alveolar bone could trigger bone remodeling
imbalance, increasing the risk of localized bone resorp-
tion, fenestration, or dehiscence over time. These risks
align with previous clinical findings indicating that exces-
sive orthodontic forces could lead to adverse periodontal
outcomes [32, 33]. In contrast, Model D, which exhibited
the lowest stress concentrations, might reduce these risks
but result in slower tooth movement due to lower force
efficiency. Therefore, a balanced approach in selecting the
optimal traction button position is essential to achieve
effective tooth movement while minimizing periodontal
and alveolar bone damage.

The insufficient force applied to the PDL would not
elicit periodontal tissue reaction, or the reaction effi-
ciency would be too minimal [24, 25]. Conversely, exces-
sive force could cause harm to the PDL, leading to root
resorption. It was suggested that if the PDL hydrostatic
stress exceeds the capillary pressure in the area, the ves-
sels would collapse, and blood flow to that area would
be impaired, increasing the risk of root resorption. As
reported by previous investigations [24], the threshold
for capillary pressure in the PDL was estimated to be
>0.0047 MPa, which represented a substantial growth
of the risk of external root resorption [12, 24, 25]. The
current study found that the tensile stresses on the PDL
were mainly concentrated on the mesio-labial cervical
and apical palatal regions. In contrast, the compressive
stress for all models was located on the cervical region
palatally. Similarly, the hydrostatic stress values in the
periodontal ligament followed trends reported by Jifang
et al. [14], who analyzed stress patterns during orthodon-
tic traction. The traction button on the incisal third of the
palatal surface exhibited the highest stresses, followed
closely by the button on the incisal third of the labial
surface. In contrast, the button on the cervical third of
the palatal surface had the lowest, indicating a reduced
risk of root resorption. These stress distributions indi-
cated areas prone to micro-damage, potentially affect-
ing the integrity of the PDL [32, 38, 39]. Previous clinical
investigations have also highlighted the need to optimize
orthodontic force magnitude to prevent excessive PDL
stress and related complications [32]. The variations in
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hydrostatic stress underscored the necessity of personal-
ized treatment planning [32, 33]. The compressive stress
of -0.1217 MPa observed in the periodontal ligament in
our model fell over the range reported for capillary pres-
sure in the periodontal microcirculation, typically around
0.0047 MPa and 0.016 MPa. The exceeded compressive
stresses could reduce blood flow tissue ischemia, leading
to root resorption and potential damage to the alveolar
bone [40]. The -0.1217 MPa compressive stress in our
study suggested that under certain conditions, excessive
compressive forces could contribute to root and alveolar
bone resorption, especially in the presence of other risk
factors such as inflammation, poor bone support, or pro-
longed or excessive forces or improper force application.
Additionally, Moga et al. [41] further corroborated these
findings, indicating that compressive forces near capil-
lary pressure levels were particularly risky for periodon-
tal health. Understanding these biomechanical responses
enables clinicians to tailor their approaches, reducing
risks and enhancing patient outcomes. Also, the clini-
cal application of these findings depends on individual
patient conditions. In cases where the patient has preex-
isted alveolar bone loss, a thin periodontal ligament, or a
history of root resorption, minimizing stress on the PDL
and alveolar structures becomes a higher priority, making
a more cervical traction button position (e.g., model D)
preferable despite slower tooth movement. Conversely,
in patients with thicker PDL, adequate bone support,
and a need for faster traction to align the incisor within
a limited timeframe, a more incisal traction position
(e.g., models A or B) may be clinically justified, provided
that forces are carefully monitored to avoid excessive
stress-related complications. This trade-off highlights the
importance of individualized treatment planning to bal-
ance biomechanical efficiency with periodontal safety.

The results presented in this study were based on the
initial displacement of the tooth following force appli-
cation. Since orthodontic tooth movement is a dynamic
process influenced by biological remodelling and long-
term mechanical interactions, these findings should be
interpreted within the context of early-stage movement.
Future studies incorporating time-dependent (4D) analy-
sis would be beneficial in understanding the whole pro-
gression of orthodontic treatment.

Limitation

While the findings of this study provide valuable insights
into the biomechanics of orthodontic traction for labi-
ally impacted dilacerated maxillary central incisors, sev-
eral limitations should be acknowledged. First, material
properties were simplified for computational feasibility.
The PDL was modelled as a uniform linear elastic mate-
rial, whereas, in reality, it exhibits nonlinear viscoelas-
tic behaviour with variable thickness across different



Alyafrusee et al. BMC Oral Health (2025) 25:761

regions. This simplification may influence stress distribu-
tion, particularly in the PDL and surrounding structures.
Future studies should consider incorporating more physi-
ologically accurate material models to better simulate
periodontal tissue response under orthodontic forces.
Second, this study utilized a static FEA, meaning that
the effects of dynamic loading conditions, such as cyclic
orthodontic forces and masticatory loads, were not con-
sidered. In clinical settings, orthodontic forces fluctuate
over time due to patient-specific functional movements
and force decay from orthodontic appliances. Future
studies should integrate dynamic or time-dependent
loading scenarios to represent real-world orthodontic
biomechanics better. Third, this study did not account
for biological remodelling over time. Orthodontic forces
induce gradual changes in bone and periodontal ligament
structures through remodelling. However, our simula-
tion only represented the initial mechanical response of
the impacted tooth to applied forces. Time-dependent
(4D FEA) models would provide a more comprehensive
understanding of stress adaptation and tooth movement
over time. Lastly, the study was based on a single patient-
specific model, which may limit the generalizability of the
findings. Anatomical variations, including root morphol-
ogy, bone density, and periodontal ligament characteris-
tics, can influence the mechanical response to traction.

Additionally, interpatient variability in treatment out-
comes due to biological and biomechanical differences
has not been accounted for. Future research should
incorporate multi-patient models derived from multiple
CBCT scans to capture a broader range of clinical sce-
narios and enhance applicability. The robustness of our
findings depended on key factors such as traction force
magnitude, material property assumptions, and PDL
thickness variations. While the PDL was modelled as a
uniform linear elastic material, it exhibits nonlinear vis-
coelastic behaviour in reality. Additionally, the applied
100 g traction force fell within clinically recommended
ranges, and minor variations in force magnitude were
unlikely to alter overall stress distribution and displace-
ment trends. Future studies could further quantify these
effects through a detailed sensitivity analysis. Despite
these limitations, this study provided a foundational
analysis of traction button positioning using 3D FEA and
offered a valuable reference for optimizing orthodontic
treatment strategies for impacted dilacerated maxillary
central incisors.

Conclusion

This study underscored the significance of traction but-
ton positioning in balancing effective tooth movement
with minimizing stress-related complications in the orth-
odontic traction of labially impacted dilacerated maxil-
lary central incisors:
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1. Maximal Tooth Movement vs. Stress Concentration:
The traction button on the incisal third of the labial
or palatal surface (Models A and B) facilitated
significant displacement, particularly in the
labiopalatal and vertical directions. However,
these placements also resulted in higher stress
concentrations in the root, PDL, and alveolar bone,
increasing the risk of root resorption and alveolar
bone loss.

2. Balanced Approach: The middle third of the palatal
surface (Model C) offered a moderate compromise
between movement and stress, reducing excessive
force transmission while maintaining effective
displacement.

3. Minimized Stress for Structural Preservation: The
traction button on the cervical third of the palatal
surface (Model D) resulted in the lowest stress
concentrations in the root, PDL, and alveolar bone,
which may be beneficial in cases where preserving
structural integrity is paramount. While this
placement may slow tooth movement, it provides a
safer biomechanical environment, particularly for
cases with pre-existing periodontal vulnerability.

Clinical implications

The alignment between our findings and previous studies
reinforces fundamental orthodontic biomechanics prin-
ciples, such as the importance of force magnitude and
direction in determining stress distribution. However, the
discrepancies regarding traction button positioning indi-
cated that additional clinical considerations are required
when selecting optimal traction strategies. For cases
requiring faster movement, placing the traction button
on the incisal third of the labial or palatal surface (Models
A and B) may be effective but necessitates careful moni-
toring to avoid excessive root and bone stress. For cases
with a high risk of root resorption or alveolar bone loss, a
more cervical button placement (Model D) may be pref-
erable, even if it results in slower movement. For moder-
ate balance between movement and stress minimization,
placing the button in the middle third of the palatal sur-
face (Model C) is a reasonable compromise.
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