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Evaluation of the effect of different
attachment configurations on molar teeth
in maxillary expansion with clear aligners -
a finite element analysis

Nurver Karsh'", Irmak Ocak?, Mige Akyildiz', Hakan Gégen® and Oyku Dalci*

Abstract

Objective To evaluate the effects of different attachment configurations with and without buccal root torque on
expansion movements achieved with aligners through finite element analysis (FEA).

Methods FEA modelling was done with 0.25 mm buccal expansion force application to the maxillary molars with
different attachment configurations: Eight models were tested (1) no attachment (NA), (2) horizontal attachment (HA),
(3) gingivally beveled horizontal attachment (GHA), and (4) occlusally beveled horizontal attachment (OHA), as well

as models with 6°buccal root torque, (5) no attachment (TNA), (6) horizontal attachment (THA), (7) gingivally beveled
horizontal attachment (TGHA), and (8) occlusally beveled horizontal attachment (TOHA).

Results The first and second molars exhibited buccal tipping in all models. The highest amount of buccal tipping
for the molars was observed in the NA (6CMB, 0.232 mm; 6CMP. 0.246 mm; 7CMB, 0.281 mm; 7CMP, 0.312 mm) and
GHA (6CMB, 0.230; 6CMP, 0.245; 7CMB, 0.279 mm; 7CMP, 0.311 mm) models, respectively, while the least tipping was
observed in the TOHA model (6CMB, 0.155 mm; 6CMP, 0.168 mm; 7CMB, 0.216 mm; 7CMP, 0.240 mm). In all groups,
the buccal tipping of the second molars was higher than that of the first molars.

Conclusion This FEA study showed that expansion with aligners tip maxillary molars buccally and the use of
occlusally beveled attachments and addition of buccal root torque reduces uncontrolled buccal tipping.
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Background

Clear aligners, have gained popularity over traditional
orthodontic appliances, due to aesthetics, ease of use and
requiring fewer dental visits [1-5]. In spite of its popular-
ity, studies have shown that aligners are not as effective
as fixed appliances and fail to produce adequate occlusal
contacts. The most predictable movements achieved with
aligners are buccolingual crown tipping and lingual con-
striction. Movements such as rotations, incisor intrusion
and torque control are difficult and less than 50% accu-
rate [1, 2, 6, 7]. Over time, different aligner materials and
attachment types were introduced to improve effective-
ness of clear aligner treatment (CAT).

There are several methods of achieving maxillary
expansion and arch development, that range from rapid
maxillary expanders, quad-helix, and archwires, to align-
ers, all with different indications and biomechanical
capabilities. Since one of the easier movements to achieve
with aligners is buccolingual tipping, aligners are used in
patients with mild to moderate amount of dentoalveolar
expansion need [8, 9]. By using aligners to expand arches
in non-growing individuals, the correction takes place
with buccal tipping of posterior teeth, which causes the
palatal cusps to move occlusally. To minimize this and to
achieve bodily tooth movement, torque compensation
with addition of buccal root torque was suggested [10,
11]. A recent systematic review showed that expansion,
with clear aligners was not completely predictable, and
the rate of expansion decreased from anterior to poste-
rior teeth.

Most common type of research methodology used
to assess aligner effectiveness is superimposing post-
treatment scans over the final simulated digital mod-
els to determine the differences between the predicted
and achieved movements. Another commonly utilized
method is Finite element analysis (FEA). FEA is a com-
puter-aided engineering method used in dentistry to
analyze mechanical behavior of structures [4, 6, 12]. In
comparison to in-vitro studies, the advantage of using
FEA, is the ability to estimate the stresses generated
within the alveolar bone, periodontal ligament (PDL),
and teeth with different orthodontic appliances, as well
as determining the loading and displacement patterns.

Table 1 Material properties

Material Young’s modulus (MPa) Poisson ratio
Trabecular Bone [16-18]  1.37x10° 030
Cortical Bone [16-18] 137x10° 030
Teeth [16-18] 196x10" 030
Attachment [16-18] 125%10% 036
Aligner [16-18] 528 0.36
PDL[16,17] 067 045

PDL Periodontal Ligament
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Previous studies on different attachment designs
showed that horizontal rectangular attachments with
or without bevels are the most favored type for various
tooth movements, such as incisor extrusion and mesio-
distal movement during space closure [7, 13, 14]. A study
conducted by Dasy et al. [15] stated that the utilization
of rectangular beveled attachments also had a substan-
tial positive impact on aligner retention. The application
of horizontal rectangular attachments to posterior teeth
was suggested as one of the ways to improve arch expan-
sion with aligners [8]. Zhang et al. [10] utilized FEA to
study effects of additional torque and concluded that
it was effective in controlling tipping, but also reduced
the efficiency of maxillary arch expansion. Yao et al. [11]
investigated different attachment designs ranging from
ball shaped to cuboid to cylinder and compensatory
torque during expansion with clear aligners. They found
that torque expression was not linear and the most effec-
tive attachment type was the cylinder among the tested.
However, this is not a commonly used attachment design.

There is a scarcity of information in the literature
regarding the effects of attachment configurations and
torque compensation on maxillary arch expansion with
aligners. Therefore, this study aimed to evaluate the
effects of different attachment configurations with and
without compensatory buccal root torque on molar teeth
during maxillary expansion with aligners using FEA.

Materials and methods

Model creation

Three-dimensional (3D) finite element models were cre-
ated using cone beam computed tomography (CBCT)
data. Finite element stress analysis was performed using
HP workstations that were equipped with INTEL Xeon
E-2286 processors operating at a 2.40 GHz clock speed
and 64 GB ECC memory. A 3D model in .stl format
was generated from the CBCT data utilizing 3DSlicer
software.

Reverse engineering and 3D CAD activities were car-
ried out with the ANSYS SpaceClaim software, while
adaptation of solid models to the analysis environment
and creation of optimized mesh activities were per-
formed with the ANSYS Workbench software. The LS-
DYNA solver was used to solve the created finite element
models.

Material properties

Linear material properties were used in the analysis given
the elastic modulus and Poisson ratio. The material prop-
erties of the analyzed model are defined numerically in
Table 1.
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Cortical bone, trabecular bone, teeth, and periodontal
ligament

The bone model was reconstructed with a section thick-
ness of 0.1 mm. The CBCT data obtained from the recon-
struction was transferred to the 3DSlicer software in
DICOM (.dcm) format. The data was segmented based
on the relevant Hounsfield values in the 3DSlicer pro-
gram and transformed into a 3D model through segmen-
tation. The models were exported in .stl format and then
transferred to the ANSYS SpaceClaim software, where
the maxilla cortical bone and tooth geometry were mod-
eled. A 3D maxillary model with adjustable thickness
trabecular bone was obtained by taking the inner surface
of the cortical bone as a reference. Periodontal ligaments
with a thickness of 0.25 mm were modeled using the
outer surface of the teeth as a reference. The modeling
process was completed by placing all the prepared mod-
els in the correct coordinates in 3D space in the ANSYS
SpaceClaim software (Fig. 1).

Obtaining mathematical models

Upon completion of the modelling procedure, 3D mod-
els were created using ANSYS Workbench software. The
created mathematical models were transferred to the
LS-DYNA solver for analysis (Fig. 2). The aligners and
attachments utilized in the study were designed using
ANSYS SpaceClaim, with dimensions derived from the
product catalogue of the XXX Company, which was
modelled in the software. The thickness of the aligner
was adjusted to 0.750 mm, and rectangular attachments

Fig. 2 Mathematical Model
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Fig. 1 Eight model groups. (1) NA, (2) HA, (3) GHA, (4) OHA, (5) TNA, (6)
THA, (7) TGHA, (8) TOHA

with dimensions of 3 mm x 2 mm x 1 mm (width x depth
x height) were utilized.

Model grouping
Eight groups were created according to the attachment
configuration, with and without compensatory buccal
root torque (Fig. 1):

Group 1: No attachment (NA).

Group 2: Rectangular horizontal attachment (HA).

Group 3: Gingivally beveled rectangular horizontal
attachment (GHA).

Group 4: Occlusally beveled rectangular horizontal
attachment (OHA).

Group 5: No attachment and buccal root torque (TNA).
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Table 2 Number of nodes and elements in each model
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Table 3 Aligner deformation maximum and minimum values

Model-1 Model-2 Model-3 Model -4 and locations
Total of Nodes 120,121 127,132 123,026 124,315 Maximum deformation Minimum deformation
Total of Elements 390,328 414,019 398,957 402,737 Group Location Amount Location Amount
(mm) (mm)
) NA Palatal cups 0.3388 Buccogingival marjin - 0.1154
Group 6: Rectangular horizontal attachment and buc- of the second of the first molar
cal root torque (THA). molar
Group 7: Gingivally beveled rectangular horizontal Ha Palatal cups 03285  Buccogingival marjin  0.1119
attachment and buccal root torque (TGHA). of the second of the first molar
Group 8: Occlusally beveled rectangular horizontal molar
attachment and buccal root torque (TOHA). GHA Palatal cups 0.3381 Buccogingival marjin = 0.1152
of the second of the first molar
A del inf . molar
Quantitative model in ormatlcrn OHA Palatal cups 0.3253 Buccogingival marjin - 0.1107
Table 2 presents the quantity of nodes and elements of the second of the first molar
within each model. molar
TNA Palatal cups 0.2926 Buccogingival marjin - 0.09946
Loading and boundary conditions of the second of the first molar
To measure the 3D displacement, two points were molar o )
selected at the cusp tip level of the maxillary right first 1A Palatal cups 02772 Buccogingival marjin  0.09416
. . of the second of the first molar
and second molars (mesiobuccal (CMB) and mesiopalatal molar
(CMP)) and two points at the root ‘apex level (mesflObPC' TGHA  Palatal cups 0.2875 Buccogingival marjin  0.09766
cal (AMB) and palatal (AP)). In this study, an activation of the second of the first molar
force of 0.25 mm was applied to the maxillary first and molar
second molars in the opposite direction of the expan-  TOHA  Palatal cups 0.2721 Buccogingival marjin  0.09236
sion movement in all groups. The forces created by the Oftlhe second of the first molar
molar

aligner on each tooth were calculated, and applied to the
model in buccal direction. Furthermore, for Groups 5-8,
a 6° torque compensation was utilized in addition to the
aligner activation force. Eight nonlinear analyses were
conducted on the models, in accordance with the pre-
scribed force and boundary conditions.

The X-axis in the 3D co-ordinate system represented
the buccopalatal direction. A positive value on the X-axis
indicated movement towards the palatal direction,
whereas a negative value indicated buccal movement.
The Y-axis represented a mesiodistal direction. While a
positive value on the Y-axis indicated movement in the
distal direction, a negative value indicated mesial move-
ment. The Z-axis represented the occlusogingival direc-
tion. A positive value on the Z-axis indicated movement
in the gingival direction and a negative value indicated
occlusal movement.

System combination and interconnection of components
A nonlinear friction contact with a coefficient of p=0.2
was set at the aligner-tooth and aligner-attachment inter-
faces. The tooth-PDL, tooth-attachment, and cortical and
trabecular bone-PDL contact areas were designated as
bonded-type contact.

Results

Aligner deformation

The maximum deformation was observed on the pala-
tal cusps of the second maxillary molar tooth occlusal

surface in NA model, whereas the smallest deformation
was observed on the buccogingival surface of the maxil-
lary first molar in TOHA model (Table 3; Fig. 3). Among
the models without torque, the highest degree of defor-
mation was observed in the NA model (0.3388 mm), fol-
lowed by the GHA (0.3381 mm), HA (0.3285 mm), and
OHA (0.3253 mm) models. Among the models with
torque, the maximum deformation occurred in TNA
(0.2926 mm), followed by TGHA (0.2875 mm), THA
(0.2772 mm), and TOHA (0.2721 mm).

Stress distribution

The PDL stress distribution values and regions are pre-
sented in Table 4; Fig. 4. In all models, maximum stress
values were observed at the palatal root of the maxillary
second molar followed by the first molar. The NA model
displayed the highest PDL stress distribution, whereas
the TOHA model had the lowest.

Tooth displacement

The first and second molar 3D displacements are illus-
trated in Fig. 5 along with the corresponding findings
reported in Tables 5 and 6, respectively.

In the transverse (X-axis) dimension, the cusp points of
the first and second molars were displaced in the buccal
direction, and the apex points were displaced palatally.
The models with the greatest buccal crown movement for
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Fig. 3 Aligner deformation. (1) NA, (2) HA, (3) GHA, (4) OHA, (5) TNA, (6) THA, (7) TGHA, (8) TOHA

Table 4 PDL values of the first and second molars

Upper First Molar PDL Stress Values  Upper Second Molar PDL
Stress Values
PDL Stress Maxi- Mini- PDL Maxi- Mini-
mum mum Stress mum mum
(Mpa) (Mpa) (Mpa) (Mpa)
NA 1337 0.00 NA 1515 0.00
HA 1313 0.00 HA 1.500 0.00
GHA 1.334 0.00 GHA 1.511 0.00
OHA 1.252 0.00 OHA 1.446 0.00
TNA 1.231 0.00 TNA 1438 0.00
THA 1222 0.00 THA 1419 0.00
TGHA 1.224 0.00 TGHA 1.429 0.00
TOHA 1.152 0.00 TOHA 1.384 0.00

PDL Periodontal Ligament

the first and second molars respectively were NA (6CMB,
0.232 mm; 6CMP, 0.246 mm; 7CMB, 0.281 mm; 7CMP,
0.312 mm) and GHA (6CMB, 0.230; 6CMP, 0.245; 7CMB,
0.279 mm; 7CMP, 0.311 mm). In all groups, the degree of
buccal tipping on the second molar was higher than on
the first molar tooth.

In the anteroposterior (Y-axis) dimension, the first and
second molars showed mesial tipping in all models. The
highest mesial tipping for the first molar was observed in
the NA (6CMB, 0.059 mm; 6CMP, 0.028 mm) and GHA
(6CMB, 0.059; 6CMP, 0.027) models, respectively, while
the least mesial crown movement was observed in the
TOHA model (6CMB, 0.044 mm; 6CMP, 0.014 mm). The
highest mesial tipping for the second molar was observed
in the NA (7CMB, 0.058 mm; 7CMP, 0.031 mm), while
the least mesial tipping was observed in the TOHA
model (7CMB, 0.050 mm; 7CMP, 0.016 mm) (Tables 5
and 6; Fig. 5B).

In the vertical (Z-axis) dimension, all buccal cusp mea-
surement points relocated gingivally, while the palatal
cusp points were displaced occlusally in all groups. The
greatest vertical movement of the first and second molars
was observed in the NA and GHA models, while the least
vertical movement was observed in the TOHA model.

In all groups, the degree of vertical movements on the
second molar was higher than on the first molar tooth
(Tables 5 and 6; Fig. 5C).

Discussion

In recent years, there has been a notable interest in CAT
which are perceived as an aesthetic and comfortable
treatment option [1, 19]. With more adult patients seek-
ing CAT, the scope of treatments provided with aligners
have changed. Expansion of the dental arches by buccal
tipping of posterior teeth can be achieved with CAT for
mild-moderate discrepancies with moderate predict-
ability [9, 20]. The efficacy of various movement types
have significantly enhanced by the application of various
attachment configurations [2]. To improve outcomes and
reduce side effects during expansion with aligners, utili-
zation of rectangular horizontal attachment and torque
compensation were suggested [8, 10, 11]. The objec-
tive of this study was to evaluate the effect of different
attachment configurations with or without compensa-
tory buccal root torque on molar teeth during maxillary
expansion with CAs using FEA.

Aligner deformation has a significant impact on the
results of CA therapy [3, 6]. According to the results of
our study, the highest degree of aligner deformation was
on the palatal cusp of the second molar tooth, while the
least was on the buccogingival surface of the first molar
tooth, in direct proportion to the increasing PDL stress
values. This finding is similar to Cortona et al. [6] This
is also in line with the finding that the highest degree of
crown tipping also took place at the second molar in the
NA group. Nevertheless, the deformation was found to
be less pronounced in the presence of the attachments, as
observed in the study by Fan et al. [3].

Similar to the study by Gomez et al.,, [18] in which
tooth movement was evaluated in models with and with-
out attachments, this study also found more tipping in
the model without attachments, due to the increase in
tipping movement. Another model with the highest PDL
stress is GHA, which may be related to the decrease in
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aligner thickness in the gingival area and the resulting
decrease in movement predictability [21-23].

When the displacement of the teeth in the buccolin-
gual (X-axis) direction was analysed, the models that
displayed the greatest buccal tipping were the NA and
GHA models, similar to Gomez et al. [18] The occlusally
beveled horizontal attachment and torque compensation
were identified to effectively control the buccal tipping.
These findings emphasize the importance of attach-
ment presence, configuration, and torque compensation
in controlling tooth movement. In addition, the results

of this study supported previous research findings that
the use of occlusally beveled rectangular attachments
reduced tipping by increasing the effective force trans-
ferred to the tooth surface and aligner retention [15, 21,
24].

In the mesiodistal direction (Y-axis), similar to the
findings of Mao et al.,, [22] this study also observed a
straightening tendency of the aligners, buccal move-
ment, and mesial displacement of the molar teeth due to
shortening and widening of the appliances with a more
flattened dental arch curve. When the movement in the
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Fig. 5 Displacements of upper first and second molar teeth in x (A), y (B), z (C) axes. (1) NA, (2) HA, (3) GHA, (4) OHA, (5) TNA, (6) THA, (7) TGHA, (8) TOHA

occlusogingival direction (Z-axis) was evaluated, due
to tipping, there was gingival displacement of the buc-
cal cusps while the palatal cusps moved occlusally. This
was noted in all models after expansion [25]. In the no-
attachment model, the greatest movement in the vertical
direction also indicated a greater tendency for uncon-
trolled tipping [18]. The occlusally beveled attachment
and torque compensation were found to reduce tipping
movements [21]. In addition, similar to the findings of
prior studies, the increase in movement inconsistencies
from first molar to second molar observed in this study
may be related to a decrease in aligner retention in the

posterior region and an increase in the width and flexibil-
ity of the aligner-tooth gap [22, 26].

This study has several limitations. These effects and
values reflect one timepoint and the differences between
models are small and may be considered clinically insig-
nificant. Accumulative effects of these with every aligner
change is not tested. Additionally, only the molar teeth
were evaluated and the effects of expansion on other
teeth should be investigated in future studies. We also
did not investigate the effect of initial torque value or dif-
ferent values of compensatory torque on the behavior of
molars. Furthermore, as with any FEA study, this study
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Table 5 Displacement of the upper first molar tooth in X, Y, Z axes

Displacement Groups

Axis Measurement Point NA HA GHA OHA TNA THA TGHA TOHA

X 6AP 0.072 0.070 0.072 0.067 0.018 0.015 0.003 0.011
6AMB 0.076 0.073 0.076 0.072 0.024 0.022 0.012 0.019
6CMB -0.232 -0.222 -0.230 -0.216 -0.180 -0.169 -0.165 -0.155
6CMP -0.246 -0.236 -0.245 -0.229 -0.194 -0.182 -0.179 -0.168

Y 6AP 0.042 0.040 0.042 0.040 0.045 0.043 0.048 0.042
6AMB -0.007 -0.007 -0.007 -0.007 -0.007 -0.007 -0.008 -0.007
6CMB -0.059 -0.056 -0.059 -0.055 -0.051 -0.047 -0.049 -0.044
6CMP -0.028 -0.026 -0.027 -0.024 -0.019 -0.017 -0.014 -0.014

Z 6AP 0.059 0.057 0.059 -0.056 -0.040 -0.038 -0.035 -0.035
6AMB 0.060 0.057 0.060 0.056 0.042 0.039 0.036 0.035
6CMB 0.044 0.042 0.044 0.040 0.030 0.028 0.025 0.025
6CMP -0.026 -0.026 -0.026 -0.025 -0.016 -0.015 -0.014 -0014

Note X-axis: (+) for palatal and (-) for buccal; Y-axis: (+) for distal and (-) for mesial; Z-axis: (+) for intrusion and (-) for extrusion; 6AP: the palatal apex of the first molar;
6AMB: the mesiobuccal apex of the first molar; 6CMB: the mesiobuccal cusp of the first molar; 6CMP: the mesiopalatal cusp of the first molar

Table 6 Displacement of the upper second molar tooth in X, Y, Z axes

Displacement Groups

Axis Measurement Point NA HA GHA OHA TNA THA TGHA TOHA

X 7AP 0.073 0.069 0.072 0.068 -0.008 0.007 0.008 0.005
7AMB 0.065 0.063 0.064 0.062 -0.004 0.004 0.006 0.004
7CMB -0.281 -0.271 -0.028 -0.267 -0.237 -0.022 -0.230 -0.216
7CMP -0312 -0.302 -0311 -0.298 -0.262 -0.025 -0.255 -0.240

Y 7AP 0.034 0.034 0.034 0.034 0.031 0.031 0.033 0.032
7AMB 0.004 0.003 0.003 0.003 -0.001 -0.001 -0.002 -0.002
7CMB -0.058 -0.056 -0.057 -0.056 -0.053 -0.051 -0.052 -0.050
7CMP -0.031 -0.029 -0.031 -0.028 -0.021 -0.019 -0.018 -0.016

z 7AP -0.078 -0.075 -0.078 -0.074 -0.060 -0.056 -0.058 -0.054
7AMB 0.042 0.041 0.042 0.040 0.026 0.025 0.026 0.024
7CMB 0.056 0.055 0.056 0.054 0.035 0.033 0.035 0.032
7CMP -0.058 -0.055 -0.057 -0.055 -0.043 -0.041 -0.042 -0.039

Note X-axis: (+) for palatal and (-) for buccal; Y-axis: (+) for distal and (-) for mesial; Z-axis: (+) for intrusion and (-) for extrusion; 7AP: the palatal apex of the second molar;
7AMB: the mesiobuccal apex of the second molar; 7CMB: the mesiobuccal cusp of the second molar; 7CMP: the mesiopalatal cusp of the second molar
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