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Abstract: Clear aligner technology has become the preferred choice of orthodontic treatment for
malocclusions for most adult patients due to their esthetic appeal and comfortability. However, limi-
tations exist for aligner technology, such as corrections involving complex force systems. Composite
attachments on the tooth surface are intended to enable active control of tooth movements. However,
unintended tooth movements still occur. In this study, we present an effective attachment design of
an attachment that can efficiently induce tooth movement by comparing and analyzing the movement
and rotation of teeth between a general attachment and an overhanging attachment. The 3D finite
element modes were constructed from CBCT data and used to analyze the distal displacement of the
central incisor using 0.5- and 0.75-mm-thick aligners without an attachment, and with general and
overhanging attachments. The results show that the aligner with the overhanging attachment can
effectively reduce crown tipping and prevent axial rotation for an intended distal displacement of the
central incisor. In all models, an aligner with or without attachments was not capable of preventing
the lingual inclination of the tooth.

Keywords: clear aligner; finite element analysis; attachments; orthodontics treatment; central incisor;
stress distribution; overhanging attachment

1. Introduction

Traditionally, fixed appliances have been used in the orthodontic treatment of maloc-
clusions. However, they are fast becoming the least patient-preferred choice for orthodontic
treatment due to reported patient discomfort in chewing, maintaining oral hygiene [1–3],
as well as the eventual wear of the enamel because of bonding agents used to attach the
fixed appliances to the teeth [4,5]. Currently, orthodontic treatment using aligner technol-
ogy is preferred to the traditional bracket and wire system due to their aesthetic appeal to
patients and their relative comfortability [6–10]. Aligners have been demonstrated to be
comfortable and reduce facial pain due to the relatively lower orthodontic loads delivered
to the teeth as compared to the traditional fixed appliances [11]. In addition, aligners have
been reported to minimize dental trauma, microbial risk, and apical resorption [12].

Although aligner technologies have improved significantly, there are still limitations in
cases where corrections involve complex force systems. Tooth torque and rotation, as well
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as bodily movements, still pose a challenge with aligner technology [13]. The introduction
of composite attachments has enabled the active control of tooth movement where frontal
crowding can be corrected and bodily movements can be achieved [14,15].

Yokoi et al. [16] investigated the effects of attachments in closing diastema of maxillary
dentition using finite element (FE) methods and concluded that bodily movement was
achieved using attachments. Goto et al. reported that attachments do not influence tensile
forces and tipping moment [17]. Many studies have attempted to investigate the effect of
attachment shape on aligner behavior. Previous studies have reported that the thickness
and shape of the attachment had an effect on tooth movement [18–20]. These studies
reported that the attachment with a rectangular shape and thickness of 1 mm on the lingual
and buccal sides was effective for tooth extrusion and rotation movement [18,19]. Our
previous study investigated the optimal shape and position of attachments on the canine
by comparing various shapes and positions of attachments for the four movements of
tooth: extrusion, intrusion, torque, and rotation [20]. It concluded that the optimal shape
of an attachment was a cylinder and should be located lingually rather than buccally to
induce effective tooth movement [20].

Although unintended tooth tilting and rotation phenomena were reduced due to the
attachments, the moment by the distance between the attachment position and center of
the tooth caused the tipping, rotation, and inclination in terms of the mechanism of tooth
movement [21,22]. For that reason, more research is needed to address the minimization
of the distance between the center of the tooth and the attachments. We devised an
overhanging attachment design that can minimize the distance between the center of the
tooth and the attachments.

The hypothesis of this study was that overhanging attachment would effectively
control tipping, rotation and inclination compared to general attachments. Therefore, the
purpose of this study was to derive an effective attachment design that can efficiently
induce tooth movement by comparing and analyzing the movement and rotation of teeth
between a general attachment and an overhanging attachment.

2. Materials and Methods
2.1. FE Model Creation

The 3D FE model for the orthodontic treatment was created using mandibular cone-beam
computed tomography (CBCT) images used in our previous studies (Figure 1A) [20,23,24].
The CBCT images were imported, segmented into teeth and bone, and converted into 3D
models using the commercially available Mimics software (Mimics Research v19.0, Mate-
rialise, Leuven, Provincie Vlaams-Brabant, Belgium) (Figure 1B,C). The bone was offset
by 2 mm to create the cancellous and cortical bones [23–26] using SolidWorks (Solidworks
2016, Dassault Systemes SolidWorks Corp., Waltham, MA, USA) (Figure 1B,C). Similarly,
the gingiva was added by offsetting the alveolar bone by 2 mm (Figure 1B,C) [20,26]. The
periodontal ligament (PDL) was created between the cancellous bone and the teeth as
0.2 mm offsets as reported in the literature [27]. The bones, teeth, PDL, and gingiva were
then imported into the Abaqus software package (ABAQUS CAE2016, Dassault systems,
Vélizy-Villacoublay, Yvelines, France) for meshing and assignment of material proper-
ties. The individual components were meshed with uniform matching four-node linear
tetrahedron elements.
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Figure 1. A 3D FE creation process in the orthodontic treatment situation. (A) Bone, gingiva and 
teeth segmentation from 3D CBCT data; (B) 3D orthodontic FE model. (C) Component of 3D ortho-
dontic FE model. 
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(OA). The surface of the teeth was used as the base to construct the aligners to mimic the 
actual thermoforming of an aligner for orthodontic treatment (Figure 2). The composite 
attachment was also designed in the same manner. The OA was designed to cover the 
labial midline surface of the crown of the central incisor and the part of the gingiva where 
the aligner was designed to cover, as shown in Figure 2. The GA was designed to cover 
only the labial midline region of the crown of the central incisor. In total, six aligner mod-
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1. 0.5-mm-thick aligner with the NA  
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6. 0.75-mm-thick aligner with the OA 

  

Figure 1. A 3D FE creation process in the orthodontic treatment situation. (A) Bone, gingiva and teeth segmentation from
3D CBCT data; (B) 3D orthodontic FE model. (C) Component of 3D orthodontic FE model.

2.2. Aligner and Attachment Creation

The aligners with 0.5 and 0.75 mm thickness were created to cover the teeth and
part of the gingiva. The aligners were designed using Boolean merging, subtraction, and
offsetting functions of SolidWorks (Solidworks 2016, Dassault Systemes SolidWorks Corp.,
Waltham, MA, USA). The created aligners were classified as aligners with no attachment
(NA), aligner with general attachment (GA), and aligner with overhanging attachment
(OA). The surface of the teeth was used as the base to construct the aligners to mimic the
actual thermoforming of an aligner for orthodontic treatment (Figure 2). The composite
attachment was also designed in the same manner. The OA was designed to cover the
labial midline surface of the crown of the central incisor and the part of the gingiva where
the aligner was designed to cover, as shown in Figure 2. The GA was designed to cover
only the labial midline region of the crown of the central incisor. In total, six aligner models
were created and analyzed in this present study:

1 0.5-mm-thick aligner with the NA
2 0.5-mm-thick aligner with the GA
3 0.5-mm-thick aligner with the OA
4 0.75-mm-thick aligner with the NA
5 0.75-mm-thick aligner with the GA
6 0.75-mm-thick aligner with the OA
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and dimensions of the general composite attachment; (e) shapes and dimensions of the overhanging composite attach-
ment. 
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[28]. The aligner material properties were assigned based on the results of the mechanical 
tests carried out by Seo et al. [11]. Tooth–aligner interactions were assigned frictionless 
sliding contact whereas tooth-attachment interfaces were “tied”. The attachments–aligner 
contact interactions were set as frictional surface-to-surface contacts with a 0.2 coefficient 
of friction.  
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2.4. Loading and Boundary Conditions 
The birth and death FE analysis method described by Zhou et al. [35] was employed 

in the loading and boundary conditions of this study. The simulation analysis was divided 
into two processes (Figure 3). In process 1, the aligner treatment planning was performed; 
in process 2, the actual aligner correction process was realized. In process 1, only the teeth 
and aligner were analyzed. The teeth were treated as rigid bodies, whereas the aligner 
was treated as a deformable body. The inside surface of the deformable aligner was “tied” 
to the rigid teeth and a 0.1 mm displacement in the mesial direction was applied through 
the center of rotation of the central incisor. The remaining teeth were constrained in all 
directions of motion. The displaced central incisor, remaining teeth, and the deformed 

Figure 2. A 3D aligner model design. (a) Aligner with the NA; (b) aligner with the GA; (c) aligner with the OA; (d) shapes
and dimensions of the general composite attachment; (e) shapes and dimensions of the overhanging composite attachment.

2.3. Material Properties and Contact Interactions

Linear elastic material properties were assigned to the teeth, cancellous and cor-
tical bones, gingiva, and attachments, as shown below in Table 1. The PDL was as-
signed hyper-elastic material properties according to the experimental values published
by Natali et al. [28]. The aligner material properties were assigned based on the results
of the mechanical tests carried out by Seo et al. [11]. Tooth–aligner interactions were
assigned frictionless sliding contact whereas tooth-attachment interfaces were “tied”. The
attachments–aligner contact interactions were set as frictional surface-to-surface contacts
with a 0.2 coefficient of friction.

Table 1. Material properties of the linear components of the FE model.

Component Elastic Modulus [MPa] Poisson’s Ratio Reference

Cancellous bone 1370 0.3 [20,26,29]
Cortical bone 13,700 0.3 [20,26,29]

Gingiva 2.8 0.4 [20,30,31]
Attachment 12,500 0.36 [32]

Teeth 19,613 0.15 [25,33,34]

2.4. Loading and Boundary Conditions

The birth and death FE analysis method described by Zhou et al. [35] was employed
in the loading and boundary conditions of this study. The simulation analysis was divided
into two processes (Figure 3). In process 1, the aligner treatment planning was performed;
in process 2, the actual aligner correction process was realized. In process 1, only the teeth
and aligner were analyzed. The teeth were treated as rigid bodies, whereas the aligner was
treated as a deformable body. The inside surface of the deformable aligner was “tied” to
the rigid teeth and a 0.1 mm displacement in the mesial direction was applied through
the center of rotation of the central incisor. The remaining teeth were constrained in all
directions of motion. The displaced central incisor, remaining teeth, and the deformed
aligner were then exported to process 2. The imported deformed aligner created a mismatch
with the deformable teeth of the dental arch.
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Figure 3. FE analysis process of three different orthodontic treatment models (NA, GA, OA).

To resolve the contact overlaps, process 2 was further divided into two steps. In the
first step, the elements of the dental arch comprising of the teeth, cortical and cancellous
bones, gingiva and PDL were “deactivated”. The imported rigid teeth and deformed
aligner were again “tied,” and a displacement of 0.1 mm in the opposite direction to
process 1 was applied to the center of rotation of the central incisor. This generated stresses
in the aligner and also resolved the contact mismatch between the aligner and the teeth of
the deactivated dental arch. In the second step of process 2, all deactivated elements were
“reactivated”. The rigid teeth were deactivated, and the stresses in the aligner were allowed
to relax. The relaxation of the stresses in the aligner induced motion in the teeth and thus
generated stresses in the PDL, gingiva, and bones. The same processes were followed for
the aligners with attachments. Both sides of the alveolar bone were fixed in all directions
of movement.

3. Results
3.1. Tooth Movement

In our study, a 0.1 mm of mesial displacement was applied to analyze the movement
of central incisors according to various attachment models.

After the displacement was applied, the movements of the teeth for crown tipping,
shaft rotation, and lingual inclination were evaluated (Figure 4).

The highest crown tipping for the 0.5-mm-thick aligner models was measured for the
NA (0.394◦). The GA tipping was measured to be 0.389◦, whereas the OA was measured to
be 0.377◦ (Table 2). The value of the OA was lower than the NA and the GA (3.08% and
4.31%, respectively). For the 0.75-mm-thick aligner models, the GA was measured at 0.391◦,
whereas the NA and the OA were measured at 0.39◦ and 0.38◦, respectively (Table 2). The
value of the OA was lower than the NA and the GA (2.81% and 2.56%, respectively). In
both 0.5 mm and 0.75-mm-thick aligner models, the crown tipping values were lowest in
the OA.
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Figure 4. Tooth movements before and after loading conditions. (a) tipping; (b) axial rotation;
(c) buccolingual inclination.

Table 2. Tooth movements measured for 0.5-mm-thick aligner models.

Model Tipping (◦) Rotation (◦) Inclination (◦)

No attachment 0.394 0.035 0.084
General attachment 0.389 0.013 0.084

Overhanging attachment 0.377 0.007 0.084

All models recorded the same buccal inclination of 0.084◦ for the 0.5-mm-thick aligner
models (Table 2). For the 0.75-mm-thick aligner models, the GA recorded the highest
inclination (0.085◦) while the NA and the OA recorded the same inclination of 0.083◦

(Table 3).

Table 3. Tooth movements measured for 0.75-mm-thick aligner models.

Model Tipping (◦) Rotation (◦) Inclination (◦)

No attachment 0.390 0.034 0.083
General attachment 0.391 0.025 0.085

Overhanging attachment 0.380 0.001 0.083

The NA recorded the highest axial rotation for both the 0.5- mm and 0.75-mm-thick
aligner models (0.035◦ and 0.034◦, respectively). GA measured 0.13◦ for the 0.5-mm-thick
aligner and 0.025◦ for the 0.75-mm-aligner. OA recorded the lowest axial rotation for all
models. For the 0.5-mm thick aligner, the value of the OA was lower than the NA and the
GA (80% and 46.15%, respectively) (Table 2). In the case of the 0.75-mm-thick aligner, the
OA was lower than the NA and the GA (97.6% and 96%, respectively) (Table 3).

3.2. Stress Distributions

The peak von Mises stress (PVMS) values and distributions in the aligner and the
attachment, as well as the maximum principal stress (MPS) distributions in the cancellous
and cortical bones and the PDL are shown in Figure 5 for the 0.5-mm-thick aligner models.
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The highest MPS values were recorded in the cortical bones for all models. The
MPS values of the cortical bone increased with increasing aligner thickness except for OA
(Figure 7c). Similarly, the stresses of the cancellous bone, the gingiva and the PDL increased
with increasing aligner thickness except for OA (Figures 5, 6 and 7d–f). Higher stresses in
the aligner and attachment were recorded in the general attachments than the overhanging
attachments for both 0.5-mm and 0.75-mm-thick aligner models (Figures 5, 6 and 7a,b). As
shown in Figures 5 and 6, the maximum principal stresses for the PDL for all models were
located at the distal midsection.
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(d) cancellous bone; (e) gingiva; (f) PDL.

4. Discussion

Despite the growing global demand for clear aligners for the orthodontic treatment of
malocclusions, there are still concerns regarding the efficiency of clear aligners to achieve
complex tooth-controlling movements. This could be attributed to the lack of clarification
on the force/moment-transmission mechanism of aligners [36]. Contrary to the traditional
bracket-archwire system, the exact point for force transmission of aligners remains am-
biguous. Since tooth movements in the aligner were caused by unintended tilting motions,
previous studies have reported the difficulty of achieving the intended tooth movement
using aligners [37,38].

Composite attachments on tooth surfaces have been demonstrated to result in de-
sirable tooth movements [32,39,40]. Several studies have investigated the effect of the
shape and positioning these attachments to have on tooth movement [17,20,29,32,41].
Rossini et al. [37] reported that rectangular or ellipsoid composite attachments improved
the quality of orthodontic tooth movements in their systematic review. In this present
study, we developed a 3D finite element model of the mandible that is capable of being
used to investigate an efficient “overhanging” attachment design that can efficiently induce
desired tooth movements.

The results of our study suggest that for a 0.1 mm distal translation planning for the
mandibular central incisor using an aligner, there should be expected crown tipping, axial
rotation, and inclination. The aligner force acts on the clinical crown and not through the
center of resistance of the tooth, thus producing unintended movements. This means that
during treatment with aligners, tooth movements unintended by the orthodontist will
occur. When a standard 0.5-mm-thick aligner without any attachment is replaced by a
0.75-mm-thick aligner with the NA, crown tipping, axial rotation, and lingual inclination
are not significantly altered. Conversely, the presence of the GA on the tooth surface can



Materials 2021, 14, 4926 9 of 11

reduce axial rotation by 62.86% for a 0.5-mm-thick aligner and 26.47% for a 0.75-mm-thick
aligner, respectively. For both aligner thicknesses, crown tipping and lingual inclination did
not vary significantly. This observation is consistent with Ho et al. [42], who reported that
their attachments did not prevent tipping. Compared to an aligner with the NA, an aligner
with the OA will reduce axial rotation by 80% and 97.06% for a 0.5 mm- and 0.75-mm-thick
aligner, respectively. The efficiency of the overhanging aligner to reduce axial rotation can
be ascribed to the increased area of application of the aligner orthodontic force to the tooth.
While crown tipping was reduced by 4.31% and 2.56% by a 0.5 mm- and 0.75-mm-thick
aligner with the OA, respectively, lingual inclination remained similar to the aligner with
the NA. This suggests that an effective attachment is not able to completely prevent lingual
inclination but can reduce axial rotation and crown tipping.

The stress distribution patterns in the cancellous bone, cortical bone, gingiva, and
PDL were similar. The MPS values for the cortical bone, cancellous bone, and gingiva were
not significantly different in both 0.5-mm- and 0.75-mm-thick aligner models, indicating a
similar bone response. The residual aligner PVMS in the GA models were the highest for
both aligner thickness models. The OA residual aligner PVMS was about 1.7 times more
than NA, whereas the GA residual aligner PVMS was about four times more than NA. It
can thus be concluded that the presence of attachments on the surface of the tooth will
induce more stress in the aligner, which leads to more tooth movement.

Extremely high PVMS values were measured for the GA. Thus, we predicted that
for the aligner with the GA, there would be a high risk of yield of the attachment and a
high possibility of detachment of the attachment. The highest stress in the incisor PDL was
concentrated at the middle part in the distal region. Tensile stresses were mainly recorded
on the distal side while compressive stresses were located on the mesial mid-region. The
stress values measured for the PDL in all models were within 97–106 MPa in tension and
98–106 MPa in compression. These values are within the magnitude of stress that can alter
the PDL for the onset of bone remodeling [43,44].

Our study did not account for the effect of the masseter muscle while wearing the
aligner and other masticatory movements. The effect of the masseter muscle and mastica-
tory movements must be considered as the masseter muscle has been reported to influence
craniofacial characteristics, malocclusions and asymmetry [45]. The OA and the GA were
compared by simply moving the tooth in the lateral direction. However, in an actual
orthodontic treatment situation, since the incisor teeth were in an oblique position, it is
necessary to analyze the rotational moment of the root to compare the GA and the OA.
In addition, research is needed for various tooth movements such as extrusion, intrusion,
rotation, etc. Therefore, future studies considering the stress distribution and movement
characteristics between the GA and the OA should compare and analyze various tooth
movements such as extrusion, intrusion, rotation, and torque. Again, it is recommended to
conduct future research by considering the movement of the root of the teeth and other
complex teeth movements.

5. Conclusions

Based on the results of our study, we confirmed that the OA can control the orthodon-
tist’s unintentional tooth movement better than the GA. The OA is considered to reduce the
risk of detachment of the attachment during orthodontic treatment by showing desirable
stress distributions and reducing the stress concentration between the attachment and the
aligner. Therefore, the OA is an effective attachment design on the surface of the tooth that
can efficiently induce bodily tooth movement with minimal unintended axial rotation and
crown-tipping tooth movements.

Author Contributions: Conceptualization, K.H., W.-H.K., B.-K.L. and B.K.; methodology, W.-H.K.,
E.E.-A. and B.K.; software, W.-H.K. and E.E.-A.; formal analysis, K.H., W.-H.K. and B.K.; investigation,
K.H., J.-H.L. and W.-H.K.; data curation, J.-H.L., B.-K.L. and B.K.; writing—original draft preparation,
K.H., W.-H.K., E.E.-A., B.K.; writing—review and editing, K.H., W.-H.K., J.-H.L., B.-K.L. and B.K.;



Materials 2021, 14, 4926 10 of 11

visualization, K.H. and W.-H.K.; supervision, B.-K.L. and B.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (No. NRF-2018R1D1A1B07047120) and this research was
supported by a grant from the Korea Health Technology R&D Project through the Korea Health
Industry Development Institute (KHIDI), funded by the Ministry of Health and Welfare, Republic of
Korea (Grant number: HI20C2114).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jung, M.H. Current trends in orthodontic patients in private orthodontic clinics. Korean J. Orthod. 2009, 39, 80–86. [CrossRef]
2. Proffit, W.; Fields, H.; Larson, B.; Sarver, D. Contemporary Orthodontics, 6th ed.; Elsevier: Amsterdam, The Netherlands, 2018.
3. Bae, G.S. Clinical limitations and its solutions of the clear overlay appliance treatment. J. Korean Dent. Assoc. 2016, 54, 563–574.
4. D’Amario, M.; Bernardi, S.; Di Lauro, D.; Marzo, G.; Macchiarelli, G.; Capogreco, M. Debonding and Clean-Up in Orthodontics:

Evaluation of Different Techniques and Micro-Morphological Aspects of the Enamel Surface. Dent. J. 2020, 8, 58. [CrossRef]
5. Kim, H.; Choi, B.; Lim, S.H.; Gang, S.A. Comparative study about bonding strength of customized metal base for lingual

orthodontic appliance made by non-precious metal. Oral Biol. Res. 2016, 40, 187–192.
6. Boyd, R.L. Esthetic Orthodontic Treatment Using the Invisalign Appliance for Moderate to Complex Malocclusions. J. Dent. Educ.

2008, 72, 948–967. [CrossRef]
7. Meier, B.; Wiemer, K.B.; Miethke, R.R. Invisalign—Patient profiling. Analysis of a prospective survey. J. Orofac. Orthop. 2003, 64,

352–358. [CrossRef]
8. Kravitz, N.D.; Kusnoto, B.; BeGole, E.; Obrez, A.; Agran, B. How well does Invisalign work? A prospective clinical study

evaluating the efficacy of tooth movement with Invisalign. Am. J. Orthod. Dentofacial Orthop. 2009, 135, 27–35. [CrossRef]
9. Kuo, E.; Miller, R.J. Automated custom-manufacturing technology in orthodontics. Am. J. Orthod. Dentofac. Orthop. 2003, 123,

578–581. [CrossRef]
10. Melsen, B. Northcroft lecture: How has the spectrum of orthodontics changed over the past decades? J. Orthod. 2011, 38, 134–145.

[CrossRef]
11. Seo, J.H.; Eghan-Acquah, E.; Kim, M.S.; Lee, J.H.; Jeong, Y.H.; Jung, T.G.; Hong, M.; Kim, W.H.; Kim, B.; Lee, S.J. Comparative

Analysis of Stress in the Periodontal Ligament and Center of Rotation in the Tooth after Orthodontic Treatment Depending on
Clear Aligner Thickness—Finite Element Analysis Study. Materials 2021, 14, 324. [CrossRef]

12. Meto, A.; Colombari, B.; Castagnoli, A.; Sarti, M.; Denti, L.; Blasi, E. Efficacy of a Copper-Calcium-Hydroxide Solution in
Reducing Microbial Plaque on Orthodontic Clear Aligners: A Case Report. Eur. J. Dent. 2019, 13, 478–484. [CrossRef]

13. Ercoli, F.; Tepedino, M.; Parziale, V.; Luzi, C. A comparative study of two different clear aligner systems. Prog. Orthod. 2014,
15, 31. [CrossRef]

14. Simon, M.; Keilig, L.; Schwarze, J.; Jung, B.A.; Bourauel, C. Treatment outcome and efficacy of an aligner technique—Regarding
incisor torque, premolar derotation and molar distalization. BMC Oral Health 2014, 14, 68. [CrossRef] [PubMed]

15. Krieger, E.; Seiferth, J.; Marinello, I.; Jung, B.A.; Wriedt, S.; Jacobs, C.; Wehrbein, H. Invisalign® treatment in the anterior region:
Were the predicted tooth movements achieved? J. Orofac. Orthop. 2012, 73, 365–376. [CrossRef]

16. Yokoi, Y.; Arai, A.; Kawamura, J.; Uozumi, T.; Usui, Y.; Okafuji, N. Effects of Attachment of Plastic Aligner in Closing of Diastema
of Maxillary Dentition by Finite Element Method. J. Healthc. Eng. 2019, 2019, 1075097. [CrossRef]

17. Goto, M.; Yanagisawa, W.; Kimura, H.; Inou, N.; Maki, K. A method for evaluation of the effects of attachments in aligner-type
orthodontic appliance: Three-dimensional finite element analysis. Orthod. Waves 2017, 76, 207–214. [CrossRef]

18. Haouili, N.; Kravitz, N.D.; Nikhilesh, R.V.; Ferguson, D.J.; Makki, L. Has Invisalign improved? A prospective follow-up study on
the efficancy of tooth movement with invisalign. Am. J. Orthod. Dentofac. Orthop. 2020, in press. [CrossRef]

19. Boyd, R.L. Surgical-orthodontic treatment of two skeletal Class III patients with Invisalign and fixed appliances. J. Clin. Orthod.
2005, 39, 245–258.

20. Kim, W.-H.; Hong, K.; Lim, D.; Lee, J.-H.; Jung, Y.J.; Kim, B. Optimal Position of Attachment for Removable Thermoplastic
Aligner on the Lower Canine Using Finite Element Analysis. Materials 2020, 13, 3369. [CrossRef]

21. Smith, R.J.; Burstone, C.J. Mechanics of tooth movement. Am. J. Orthod. 1984, 85, 294–307. [CrossRef]
22. Cai, Y.; He, B.; Yang, X.; Yao, J. Optimization of configuration of attachment in tooth translation with transparent tooth correction

by appropriate moment-to-force ratios: Biomechanical analysis. Biomed. Mater. Eng. 2015, 26, 507–517. [CrossRef] [PubMed]

http://doi.org/10.4041/kjod.2009.39.1.36
http://doi.org/10.3390/dj8020058
http://doi.org/10.1002/j.0022-0337.2008.72.8.tb04570.x
http://doi.org/10.1007/s00056-003-0301-z
http://doi.org/10.1016/j.ajodo.2007.05.018
http://doi.org/10.1016/S0889-5406(03)00051-9
http://doi.org/10.1179/14653121141362
http://doi.org/10.3390/ma14020324
http://doi.org/10.1055/s-0039-1695653
http://doi.org/10.1186/s40510-014-0031-3
http://doi.org/10.1186/1472-6831-14-68
http://www.ncbi.nlm.nih.gov/pubmed/24923279
http://doi.org/10.1007/s00056-012-0097-9
http://doi.org/10.1155/2019/1075097
http://doi.org/10.1016/j.odw.2017.09.001
http://doi.org/10.1016/j.ajodo.2019.12.015
http://doi.org/10.3390/ma13153369
http://doi.org/10.1016/0002-9416(84)90187-8
http://doi.org/10.3233/BME-151340
http://www.ncbi.nlm.nih.gov/pubmed/26406042


Materials 2021, 14, 4926 11 of 11

23. Kim, W.H.; Song, E.S.; Ju, K.W.; Lee, J.-H.; Kim, M.Y.; Lim, D.; Kim, B. Finite Element Analysis of Novel Separable Fixture for
Easy Retrievement in Case with Peri-Implantitis. Materials 2019, 12, 235. [CrossRef]

24. Kim, W.H.; Lee, J.-C.; Lim, D.; Heo, Y.-K.; Song, E.-S.; Lim, Y.-J.; Kim, B. Optimized Dental Implant Fixture Design for the
Desirable Stress Distribution in the Surrounding Bone Region: A Biomechanical Analysis. Materials 2019, 12, 2749. [CrossRef]

25. Çifter, M.; Saraç, M. Maxillary posterior intrusion mechanics with mini-implant anchorage evaluated with the finite element
method. Am. J. Orthod. Dentofac. Orthoped. 2011, 140, 233–241. [CrossRef] [PubMed]

26. Canales, C.; Larson, M.; Grauer, D.; Sheats, R.; Stevens, C.; Ko, C.C. A novel biomechanical model assessing continuous
orthodontic archwire activation. Am. J. Orthod. Dentofac. Orthop. 2013, 143, 281–290. [CrossRef] [PubMed]

27. Kojima, Y.; Fukui, H. A numerical simulation of tooth movement by wire bending. Am. J. Orthod. Dentofac. Orthop. 2006, 130,
452–459. [CrossRef]

28. Natali, A.N.; Carniel, E.L.; Pavan, P.G.; Sander, F.G.; Dorow, C.; Geiger, M. A visco-hyperelastic-damage constitutive model for
the analysis of the biomechanical response of the periodontal ligament. J. Biomech. Eng. 2008, 130, 031004. [CrossRef]

29. Comba, B.; Parrini, S.; Rossini, G.; Castroflorio, T.; Deregibus, A. A Three-Dimensional Finite Element Analysis of Upper-Canine
Distalization with Clear Aligners, Composite Attachments, and Class II Elastics. J. Clin. Orthod. 2017, 51, 24–28.

30. Goktas, S.; Dmytryk, J.J.; McFetridge, P.S. Biomechanical Behavior of Oral Soft Tissues. J. Periodontol. 2011, 82, 1178–1186.
[CrossRef]

31. Chen, X.; Mao, B.; Zhu, Z.; Yu, J.; Lu, Y.; Zhang, Q.; Yue, L.; Yu, H. A three-dimensional finite element analysis of mechanical
function for 4 removable partial denture designs with 3 framework materials: CoCr, Ti-6Al-4V alloy and PEEK. Sci. Rep. 2019,
9, 13975. [CrossRef]

32. Gomez, J.P.; Peña, F.M.; Martínez, V.; Giraldo, D.C.; Cardona, C.I. Initial force systems during bodily tooth movement with plastic
aligners and composite attachments: A three-dimensional finite element analysis. Angle Orthod. 2015, 85, 454–460. [CrossRef]

33. Fongsamootr, T.; Suttakul, P. Effect of periodontal ligament on stress distribution and displacement of tooth and bone structure
using finite element simulation. Eng. J. 2015, 19, 99–108. [CrossRef]

34. Savignano, R.; Valentino, R.; Razionale, A.V.; Michelotti, A.; Barone, S.; D’Antò, V. Biomechanical Effects of Different Auxiliary-
Aligner Designs for the Extrusion of an Upper Central Incisor: A Finite Element Analysis. J. Healthc. Eng. 2019, 2019, 9687127.
[CrossRef] [PubMed]

35. Zhou, X.; Gan, Y.; Zhao, Q.; Xiong, J.; Xia, Z. Simulation of orthodontic force of archwire applied to full dentition using virtual
bracket displacement method. Int. J. Numer. Method. Biomed. Eng. 2019, 35, 3189. [CrossRef] [PubMed]

36. Jiang, T.; Wu, R.Y.; Wang, J.K.; Wang, H.H.; Tang, G.H. Clear aligners for maxillary anterior en masse retraction: A 3D finite
element study. Sci. Rep. 2020, 10, 10156. [CrossRef]

37. Rossini, G.; Parrini, S.; Castroflorio, T.; Deregibus, A.; Debernardi, C.L. Efficacy of clear aligners in controlling orthodontic tooth
movement: A systematic review. Angle Orthod. 2015, 85, 881–889. [CrossRef]

38. Zhang, X.J.; He, L.; Guo, H.M.; Tian, J.; Bai, Y.X.; Li, S. Integrated three-dimensional digital assessment of accuracy of anterior
tooth movement using clear aligners. Korean J. Orthod. 2015, 45, 275–281. [CrossRef]

39. Cortona, A.; Rossini, G.; Parrini, S.; Deregibus, A.; Castroflorio, T. Clear aligner orthodontic therapy of rotated mandibular
round-shaped teeth: A finite element study. Angle Orthod. 2020, 90, 247–254. [CrossRef]

40. Barone, S.; Paoli, A.; Razionale, A.V.; Savignano, R. Computational design and engineering of polymeric orthodontic aligners. Int.
J. Numer. Method. Biomed. Eng. 2017, 33, 2839. [CrossRef]

41. Hahn, W.; Zapf, A.; Dathe, H.; Fialka-Fricke, J.; Fricke-Zech, S.; Gruber, R.; Kubein-Meesenburg, D.; Sadat-Khonsari, R. Torquing
an upper central incisor with aligners—Acting forces and biomechanical principles. Eur. J. Orthod. 2010, 32, 607–613. [CrossRef]
[PubMed]

42. Ho, C.T.; Huang, Y.T.; Chao, C.W.; Huang, T.H.; Kao, C.T. Effects of different aligner materials and attachments on orthodontic
behavior. J. Dent. Sci. 2021, 16, 1001–1009. [CrossRef]

43. Penedo, N.D.; Elias, C.N.; Pacheco, M.C.T.; Gouvêa, J.P.D. 3D simulation of orthodontic tooth movement. Dent. Press J. Orthod.
2010, 15, 98–108. [CrossRef]

44. Karimi, A.; Razaghi, R.; Biglari, H.; Rahmati, S.M.; Sandbothe, A.; Hasani, M. Finite element modeling of the periodontal ligament
under a realistic kinetic loading of the jaw system. Saudi Dent. J. 2020, 32, 349–356. [CrossRef] [PubMed]

45. Isola, G.; Anastasi, G.P.; Matarese, G.; Williams, R.C.; Cutroneo, G.; Bracco, P.; Piancino, M.G. Functional and molecular outcomes
of the human masticatory muscles. Oral Dis. 2018, 24, 1428–1441. [CrossRef] [PubMed]

http://doi.org/10.3390/ma12020235
http://doi.org/10.3390/ma12172749
http://doi.org/10.1016/j.ajodo.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22051501
http://doi.org/10.1016/j.ajodo.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/23374936
http://doi.org/10.1016/j.ajodo.2005.01.028
http://doi.org/10.1115/1.2900415
http://doi.org/10.1902/jop.2011.100573
http://doi.org/10.1038/s41598-019-50363-1
http://doi.org/10.2319/050714-330.1
http://doi.org/10.4186/ej.2015.19.2.99
http://doi.org/10.1155/2019/9687127
http://www.ncbi.nlm.nih.gov/pubmed/31485303
http://doi.org/10.1002/cnm.3189
http://www.ncbi.nlm.nih.gov/pubmed/30790479
http://doi.org/10.1038/s41598-020-67273-2
http://doi.org/10.2319/061614-436.1
http://doi.org/10.4041/kjod.2015.45.6.275
http://doi.org/10.2319/020719-86.1
http://doi.org/10.1002/cnm.2839
http://doi.org/10.1093/ejo/cjq007
http://www.ncbi.nlm.nih.gov/pubmed/20462912
http://doi.org/10.1016/j.jds.2021.01.011
http://doi.org/10.1590/S2176-94512010000500012
http://doi.org/10.1016/j.sdentj.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/33132663
http://doi.org/10.1111/odi.12806
http://www.ncbi.nlm.nih.gov/pubmed/29156093

	Introduction 
	Materials and Methods 
	FE Model Creation 
	Aligner and Attachment Creation 
	Material Properties and Contact Interactions 
	Loading and Boundary Conditions 

	Results 
	Tooth Movement 
	Stress Distributions 

	Discussion 
	Conclusions 
	References

