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A B S T R A C T 

The objective of this study is to evaluate the effect of different trimline extension of 

aligners and the effect of elastics applied through the slit cutouts and buttons on the 

mandibular dentition using Class II intermaxillary elastics combined with clear 

aligner treatment. Three-dimensional (3D) finite element models that simulate the 

effects of Class II elastics on the mandibular arch in four different scenarios were 

studied, named, straight and high trimline aligner (HTLA) model with elastic applied 

through buttons (Model 1), straight and low trimline aligner (LTLA) model with elas-

tic applied through buttons (Model 2), HTLA model with elastic applied through slit 

cutout (Model 3), LTLA model with elastic applied through slit cutout (Model 4). 3D 

displacements of the teeth, von Mises stress (VMS) in the periodontal ligament (PDL) 

were calculated. In all models, the crown of the mandibular anterior teeth moved la-

bially, the root moved lingually, and the mandibular first molars moved mesially. 

Among all models, labialization of incisors and mesialization of molars was highest 

in Model 2 and lowest in Model 3. In clear aligner treatment combined with Class II 

elastics, HTLA was more effective in controlling mandibular incisor proclination and 

mesial tipping of mandibular molars. The slit cutout models were more effective in 

controlling mesial tipping of mandibular molars. 
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1. Introduction 

Class II malocclusion is one of the most important rea-
sons why patients seek orthodontic treatment and many 
different techniques can be preferred for its treatment; 
the use of intermaxillary elastics is one of these options 
as mentioned by Jones et al. (2008). In a recent study by 
Liu et al. (2022), intermaxillary elastics play an im-
portant role in the correction of many malocclusions, es-
pecially Class II malocclusions. Although CIIe has been 
demonstrated to provide beneficial effects, including an-
chorage support and the prevention of mesialization of 
maxillary posterior teeth, it has also been reported by 
Nelson et al. (2007) and Janson et al. (2013) that it can 
cause undesirable side effects, such as the proclination 
of mandibular anterior teeth. As stated by Patter-son et 

al. (2021), the use of ClIe in fixed orthodontic treatments 
inevitably results in loss of anchorage and reciprocal 
force transmission to the mandibular anterior teeth. This 
may cause side effects such as alveolar defects, fenestra-
tion and dehiscence, especially in patients with thin cor-
tical bone in the lower anterior region, as reported by 
Evangelista et al. (2010). Therefore, to avoid these side 
effects, many researchers (Celikoglu et al 2016; Unal et 
al. 2015; Aslan et al. 2014; Luzi and Luzi 2013; Turk-
kahraman et al. 2016) have used various methods, such 
as utilizing skeletal anchorage devices and increasing 
the anchorage of the dental units involved.  

In recent years, clear aligner treatment (CAT) has 
been preferred among patients seeking orthodontic 
treatment due to its ease and aesthetic features, and its 
treatment efficacy has increased with current develop-
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ments, as reported in a study by Rossini et al. (2015). As 
Patterson et al. (2021) and Caruso et al. (2019) men-
tioned, CIIe can be applied from buttons adhered on the 
teeth or slit cutouts prepared on the aligner in CAT. Ac-
cording to Staderini et al. (2022), the side effects caused 
by CIIe, such as mandibular incisor proclination and pos-
terior rotation of the palatal plane, can be compensated 
to some extent under clinical conditions because the 
aligners cover all teeth as a unit. However, further spe-
cific information is required on the study of the maxillary 
and mandibular dental arch in a force system that is 
complex. 

The clinical results (Elkholy et al. 2019; Elshazly et al. 
2022; Liu and Chen 2015) obtained in CAT are affected 
by many parameters such as the trimline extension of 
the aligner, the aligner material, the thickness of the 
aligner, the use of attachments, and the design of the at-
tachment. Elhazy et al. (2022) found that high trimline 
aligner (HTLA) extending over the gingiva produced 
higher forces on the teeth. However, the trimming lines 
of ClearCorrect® aligners are designed to be straight and 
high, and this design has been scientifically proven to 
provide more accurate tooth movement and effective 
root control in a study by Elshazly et al. (2022). The 
study by Nicera et al. (2022) showed that the use of at-
tachments increased the effectiveness of mesio-distal 
movements and that better anchorage of posterior teeth 
was obtained by increasing the number of attachments 
applied to the posterior teeth. 

Finite element analysis (FEA) is a computational engi-
neering method used to determine tooth displacements 
after the application of external forces. In recent years, 
FEA studies (Wang et al. 2022; Rossini et al. 2020) have 
been used in orthodontics to prove effective means of 
stimulating tooth movement patterns. 

There is a lack of information in the literature regard-
ing the effect of CAT with the use of CIIe, especially on 
the possible mandibular anterior teeth. Therefore, the 
aim of this current study was to evaluate the effects of 
different trimline extensions of the aligners and the ap-
plication of elastic force through button or slit cutouts on 
the mandibular dentition in CAT combined with CIIe us-
ing FEA. 
 

2. Materials and Methods 

2.1. Model creation 

The 3D mesh structure was arranged and mathemat-
ically transformed into a solid mesh structure. The gen-
eration of 3D FEA models and analysis were conducted 
on HP workstations equipped with INTEL Xeon E-2286 
processors operating at a frequency of 2.40 GHz and 64 
GB ECC memory. 

The 3D Slicer Software was used to get the 3D model 
(.stl) of the bone structure using the CBCT data. The AN-
SYS SpaceClaim software was used for reverse engineer-
ing and 3D CAD activities. In addition, the adaptation of 
solid models to the analysis environment and optimized 
mesh creation activities were carried out with ANSYS 
Workbench software. LS-DYNA solver was used to solve 

the finite element models. The dimensions and cutout 
modifications of the aligner were based on the ClearCor-
rect® system. 

2.2. Cortical bone, trabecular bone, teeth, and 
periodontal ligament 

Pre-existing CBCT data from an adult patient with 
Class II malocclusion with complete dentition was used 
to obtain the bone model used in this study. The thick-
ness of every CBCT slice was adjusted to 0.10 mm. The 
CBCT data, formatted as DICOM, was partitioned based 
on suitable Hounsfield values using the 3DSlider pro-
gram. Subsequently, the data was transformed into a 
three-dimensional model by segmentation. The thresh-
old procedure was used to create mask layers of maxil-
lary and mandibular bone, tooth structure, mandible and 
temporomandibular joint (TMJ). 

The 3D model was imported into the ANSYS Space-
Claim software, where the maxillary and mandibular 
cortical bone and tooth geometry were modeled. The 
trabecular bone has been obtained by reference the in-
side of the 3D mandibular cortical bone. The disc was 
modeled using an anatomic structure. A periodontal lig-
ament model with a thickness of 0.25 mm was created 
using the outer surface of the dentin model. All the pre-
pared models were placed in the correct coordinates in 
3D space in ANSYS SpaceClaim software and the model-
ing process was completed (Fig. 1). Vertical rectangular 
attachments (2×3×1 mm) on the buccal surface of the 
lower canine and premolar teeth were added for reten-
tion. 

 

Fig. 1. Different components of the model. 

2.3. Creating analysis models from the original 3D 
model 

The button used in this study was modeled in ANSYS 
SpaceClaim software. Two main models as button and 
slit cutout were designed. Each of the main models were 
designed to the 0.76 mm thick aligners as HTLA (straight 
and high trimline that extends 2 mm above the gingival 
margin) and LTLA (straight and low trimline that ex-
tends 0.5 mm above the gingival margin). Thus, four dif-
ferent models were prepared for analysis (Fig. 2). The 
modifications of the prepared models are given in Table 
1.  
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Fig. 2. Finite element models:  
(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);  
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;  

(c) Model 3 (HTLA model with elastic applied through slit cutout);  
(d) Model 4 (LTLA model with elastic applied through slit cutout).  

The black square areas represent close-up views the aligner cutout and the aligner trimline extension.

Table 1. Modifications of the models. 

Models Trimline extension Aligner cutouts 

Model 1 High Button 

Model 2 Low Button 

Model 3 High Slit 

Model 4 Low Slit 

 

2.4. Obtaining mathematical models 

Mathematical models were created by partitioning 
geometric models into discrete and compact parts re-

ferred to as meshes. The modeling procedure was con-
ducted using ANSYS SpaceClaim software, while the 
models were generated mathematically using ANSYS 
Workbench software. Subsequently, the models were 
prepared for analysis. The mathematical models created 
in ANSYS Workbench software were transferred to the 
LS-DYNA solver for analysis. 

2.5. Material properties 

The material properties of the investigated model are 
quantitatively specified in Table 2. The examinations 
used linear material properties, including the elastic 
modulus and Poisson’s ratio.

Table 2. Linear material properties. 

Material Elastic modulus (MPa) Poisson’s ratio (ν) 

Cortical Bone (Liu et al. 2022; Chen et al. 2019) 1.37 x 104 0.26 

Trabecular Bone (Liu et al. 2022; Chen et al. 2019) 1.37 x 103 0.30 

Tooth (Liu et al. 2022, 2023) 1.96 x 104 0.30 

PDL (de Oliveira et al. 2020; Li et al. 2006) 6.9 x 10-1 0.45 

Mucosa (Hohmann et al. 2007) 2.8 0.40 

Button (Liu et al. 2023; Ammar et al. 2011) 1.14 x 105 0.35 

CA (Liu et al. 2022, 2023) 5.28 x 102 0.36 

Attachments (Liu et al. 2022, 2023) 1.25 x 104 0.36 

Condylar cartilage (Liu et al. 2022, 2023) 8 x 10-1 0.30 

Disc (Liu et al. 2022, 2023) 1.8 x 10-1 0.40 

***PDL, periodontal ligament; CA, clear aligner. 
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2.6. Loading and boundary conditions 

A force of 120 g (~1.177 N) was applied to maxillary 
canines and mandibular first molars by CIIe. 

In the slit cutout models; a total force of 120 g was ap-
plied from the slit cutout on the aligner to the button on 
the maxillary canine. In button cutout models; a load rep-
resenting 120 g of force was applied from the button on 
the maxillary canine to the button on the mandibular 
first molar. 

The models were bound at the nodal points in the up-
per part of the maxillary bones, thereby constraining all 
degrees of freedom to prohibit any movement in the 
three axes. A total of six nonlinear static analyses were 
conducted on six analysis models, with the force and 
boundary conditions indicated. Based on the boundary 
criteria, the lower border of the mandible is immobilized 
and the upper region is restricted the movement of the 
maxillary and temporal structures. The attachment con-
tact was set at the interfaces from cancellous bone to cor-
tical bone, cortical bone to PDL, PDL to tooth and tooth 
to attachment. This bonding prevented any movement 
between the contact surfaces. Furthermore, the joints 
between the teeth were not separated at their interfaces, 
allowing some frictionless sliding along the contact sur-
faces. In order to be able to apply the analysis in the 
mathematical models created and to obtain accurate re-
sults, the surface relations between the parts must be de-
fined in the analysis program. 

A nonlinear frictional contact with a coefficient µ = 0.2 
was set at the aligner-tooth and aligner-attachment in-
terfaces. The tooth-PDL, tooth-attachment, and cortical 
and trabecular bone-PDL contact areas were designated 
as bonded-type contact. This approach is based on the 
assumption that the parts move with full correlation 
during their movement. The mesh structure and bound-
ary condition of model were shown in Fig. 3. 

 

 Fig. 3. (a) Mesh structure; (b) Global coordinate and 
boundary condition of model. 

2.7. Outcomes 

The global coordinate system shown in Fig. 3 was cre-
ated for the mandibular tooth structure. In this system, 
the x-axis relates to the coronal plane, with positive val-
ues indicating the left side and negative values indicating 
the right side. The y-axis indicates the sagittal plane, with 
positive values indicating the posterior direction and 
negative values indicating the anterior direction. Lastly, 
the z-axis indicates the vertical plane, with positive val-
ues indicating the superior direction and negative values 
indicating the inferior direction. Each tooth was assigned 
a local coordination system, with the x-axis indicating 
the mesial direction (+) and the distal direction (-), the y-
axis indicating the lingual direction (+) and the buccal di-
rection (-), and the positive direction on the z-axis being 
indicated by the apex of the mandibular teeth and the in-
cisor/occlusal of the mandibular teeth. 

2.8. Quantitative model information 

The mesh properties created in the prepared analysis 
models are given in Table 3. In all models, mesh quality 
was checked for the triangles that have skewness > 80°, 
and minimum length of 0.001. Failed meshes were ed-
ited accordingly. 

Table 3. Nodes and elements. 

Models Nodes Elements 

Model 1 415551 1528465 

Model 2 422270 1553124 

Model 3 412867 1517856 

Model 4 419153 1540841 

 

3. Results 

3.1. Aligner deformation 

During the mesialization of the mandibular arch with 
CIIe force, different behaviors and force systems were 
recorded among the simulations performed. Data for 
maximum and minimum aligner deformation are given 
in Appendix A and Figs. 4(a-d). The maximum aligner de-
formation among the models was observed in Model 3 
(slit cutout-high) in the region of the slit cutout of the 
first molar (0.0817 mm). The maximum aligner defor-
mation was concentrated on the buccal slit cutout region 
of the first molars in Models 3 and 4, on the mesiobuccal 
cusp region of the first molars in Models 1 and 2, while 
the minimum aligner deformation was observed on the 
bucco-gingival region of the canine teeth in all models. 

3.2. Three‑dimensional movement of the mandibular 
dentition 

The displacement of the teeth has been recorded ac-
cording on the global coordinate system. The movement 
of the mandibular dentition occurred mostly in the sag-
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ittal plane toward the y-axis. The mandibular dentition 
of all models moved forward with extrusion tendency of 

molars and intrusion of anterior teeth due to the CIIe 
force (Figs. 5(a-d) and Appendix B).

 

Fig. 4. Clear aligner deformation values:  
(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);  
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button);  

(c) Model 3 (HTLA model with elastic applied through slit cutout);  
(d) Model 4 (LTLA model with elastic applied through slit cutout). 

 

Fig. 5. The directional inclination of the lower teeth in models that received Class II elastics:  
(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);  
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;  

(c) Model 3 (HTLA model with elastic applied through slit cutout);  
(d) Model 4 (LTLA model with elastic applied through slit cutout). 
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3.3. Three‑dimensional displacement of mandibular 
anterior teeth 

The 3D displacements of the mandibular anterior teeth 
in all models are shown in Appendix B and Figs. 6(a-d). 

Mandibular central and lateral incisors;  
In the mesio-distal direction (x-axis), the crown ex-

hibited mesial movement and the root exhibited distal 
movement in all models. Among all models, the highest 
movement was observed in Models 1 and 2 (L1, 0.0010; 
L2, 0.0012 mm), and the least movement was observed 
in Model 4 (L1, 0.0007; L2, 0.0010 mm). 

In the labio-lingual direction (y-axis), the crown ex-
hibited buccal movement and the root exhibited lingual 
movement in all models. Among all models, the greatest 
labial crown movement was observed in Model 2 (L1, 
0.0044; L2, 0.0039 mm), and the least labial movement 
was observed in Model 3 (L1, 0.0032; L2, 0.0027 mm). 

In the supero-inferior direction (z-axis), the crown 
and root moved inferiorly (intrusion) in all groups. 
Among all groups, the highest inferior movement was 
observed in Model 4 (L1, 0.0025; L2, 0.0018 mm), and 
the least in Model 3 (L1, 0.0017; L2, 0.0011 mm). 

Mandibular canines; 
In the x-axis, the crown moved mesially and the root 

moved distally in all models. Among all models, the max-
imum mesial movement of the crown was observed in 
Model 2, (0.0025 mm), and the minimum mesial move-
ment was observed in Model 3 (0.0020 mm). 

In the y-axis, the crown moved buccally and the root 
moved lingually in all models. Among all models, the 
most labial crown movement was observed in Model 2 
(0.0029 mm), and the least buccal crown movement was 
observed in Model 3 (0.0019 mm).  

In the z-axis, the crown and root moved inferiorly in 
all models. Among all models, the most inferior move-
ment was observed in Model 2 (0.0007 mm), while the 

least inferior movement was observed in Model 3 
(0.0003 mm). 

3.4. Three‑dimensional displacement of mandibular 
molars 

The 3D displacements of the mandibular molars in all 
models are shown in Appendix B and Figs. 6(a-d). 

Mandibular first molars; 
In the bucco-lingual direction (x-axis), lingual tipping 

with mesiolingual rotation was observed in all models. 
Among all models, the highest amount of lingual tipping 
with rotation was observed in Model 2 (0.0100 mm) and, 
the least in Model 3 (0.0083 mm). 

In the mesio-distal direction (y-axis), mesial displace-
ment was observed in all models. The greatest mesial 
displacement was observed in Model 2 (0.0042 mm), fol-
lowed by Model 1 and Model 4, respectively. The least 
mesial displacement was found in Model 3 (0.0028). 

In the supero-inferior direction (z-axis), the crown 
and root moved superiorly (extrusion) in all models. 
Among all models, the highest extrusion movement was 
observed in Model 4 (0.0052 mm), and the least in Model 
3 (0.0015 mm). 

Mandibular second molars; 
In the x-axis, lingual tipping with mesiolingual rota-

tion was observed in all models. The highest amount of 
lingual tipping with rotation was observed in Model 2 
(0.0016 mm), and the lowest in Model 3 (0.0010 mm). 

In the y-axis, the crown and root moved mesially in all 
models, with a higher displacement in the crown. The 
highest mesial displacement was observed in Model 2 
(0.0037 mm), and the lowest in Model 3 (0.0029 mm).  

In the zx-axis, the crown and root were displaced su-
periorly (extrusion) in all models. Among all models, the 
highest extrusion movement was observed in Model 2 
(0.0029 mm) and the lowest in Model 3 (0.0019 mm).

 

Fig. 6. A propensity for three-dimensional displacement of the mandibular dentition in Class II elastic models:  
(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);  
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;  

(c) Model 3 (HTLA model with elastic applied through slit cutout);  
(d) Model 4 (LTLA model with elastic applied through slit cutout).  
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3.5. Stress distribution 

The stress distribution values and regions occurring 
in the PDL are presented in Appendix C and Figs. 7(a-
d). 

In all models, maximum stress values were observed 
at the buccal root of the maxillary first molars and the 
highest PDL stress was found in Model 4 (0.0150 MPa). 

The highest PDL stress was concentrated in the labial 
and cervical region of the incisors, and the highest stress 
was found in Model 2 (L1, 0.0046 MPa; L2, 0.0040 MPa) 
among all models. 

The maximum PDL stress was found to be concen-
trated in the lingual and cervical region of the canines, 
and the highest stress was observed in Model 2 (0.0038 
MPa) among all models.

 

Fig. 7. The stress distribution of PDL:  
(a) Model 1 (straight and high trimline aligner (HTLA) model with elastic applied through button);  
(b) Model 2 (straight and low trimline aligner (LTLA) model with elastic applied through button;  

(c) Model 3 (HTLA model with elastic applied through slit cutout);  
(d) Model 4 (LTLA model with elastic applied through slit cutout).

4. Discussion 

The popularity of CAT has been increasing due to its 
significant advantages, including cosmetic and comfort 
benefits. Along with the developing aligner industry, dif-
ferent aligner designs are also gaining attention in the in-
dustry, and one of these variables is the trimline exten-
sion of the aligners. Previous experimental studies (El-
shazly et al. 2022; Cowley 2012; Brown 2021; Gao and 
Wichelhaus 2017) have also reported the importance of 
the trimline design and extension of aligners for ortho-
dontic treatment planning. 

In aligner therapy of some complex cases, additional 
mechanics such as ClIe may be required for additional 
anchorage. At this point, the factor of where to apply the 
intermaxillary elastics comes to the fore; the elastics can 
be applied through the precision cutouts designed on the 
aligner or through the buttons added on the teeth. Liu et 
al. (2022) also reported that CIIe applied through slit 
cutouts transfers the force directly through the aligner 
and elastic force applied through buttons transfers the 
force directly to the tooth where the button is applied 
and then spreads it to the other teeth. In addition, inter-
maxillary elastics combined with CAT can effectively 
correct the sagittal relationship and have many positive 

contributions in terms of anchorage and treatment time. 
However, the number of studies investigating the effects 
of CAT combined with CIIe on the mandibular dentition 
is quite limited. In the light of all this information, our 
study investigates the effects of the area of application of 
the elastics and the trimline extension of the aligners on 
the mandibular arch in CAT combined with CIIe. 

FEA is a mathematical method that can precisely eval-
uate the changes in complex geometric shapes and the 
stresses and strains that occur on them, which is fre-
quently used in orthodontics. Studies in the literature 
(Kucukkurt 2019; Knop et al. 2015) have also indicated 
that FEA is an effective method for precisely measuring 
changes in teeth and VMS. 

In previous research conducted by Liu et al. (2023), it 
was demonstrated that correcting the molar relationship 
using CIIe combined with CAT involved moving the max-
illary molars posterior and the mandibular molars for-
ward. In our study, mesialization was observed in man-
dibular molar teeth with the effect of the force applied 
with CIIe. The force vector of CIIe applied through the 
button on the buccal side of the mandibular molar or 
through the slit cutouts on the aligner can be divided into 
lingual and superior components, with the mesial force 
being greater in the study by Liu et al. (2022). Therefore, 
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lingual tipping with mesio-lingual rotation was observed 
in mandibular molars in this study. Liu et al. (2022) 
found that CIIe applied through the button provided 
more effective molar mesialization than those applied 
through the slit cutout. They attributed this to the fact 
that mandibular molar mesialization was greater with 
the force applied directly to the tooth from the button. 
Furthermore, the results obtained in the present study 
are consistent with these findings. It was seen that mod-
els with slit cutout and high trimline extension provided 
more control over mesial tipping and rotation during 
mesial movement of the first molars. The improved con-
trol of tooth movement observed in the high trimline and 
slit cutout models can be attributed to the optimization 
of forces resulting from the expanded surface area over 
which the force is transmitted by the high trimline align-
ers, as well as the utilization of elastics through the slit 
cuts to ensure that the force is not directly applied to the 
tooth, thereby optimizing force distribution. Moreover, 
the increased mesial rotation observed in the button 
models can be attributed to the presence of a gap be-
tween the aligners and teeth. This gap is further exacer-
bated when the aligner fit is inadequate particularly in 
patients where the aligners are not tracking properly. 
Hence, this gap would prevent the aligner to overcome 
the mesial rotation effect of Clle, when applied through a 
button. It can be proposed that greater control over 
overturning in the slit-cutout and high trimline model 
can be attributed to the fact that the force applied by the 
CIIe is directed towards the centre of resistance of the 
tooth. 

Previous studies (Nelson et al. 2005; Janson et al. 
2013) have shown that the use of CIIe causes some side 
effects such as undesirable proclination of the mandibu-
lar anterior teeth. In our study, labial tipping of the man-
dibular incisors was observed to varying degrees in all 
models and it was found that labial tipping of the man-
dibular incisors was higher in models with a low trimline 
extension. This information allows us to interpret that 
incisor proclination may be more controllable in treat-
ment with aligners with a high trimline extension. In ad-
dition, Liu et al. (2022) reported that additional opti-
mized torque designs can be planned for the control of 
the proclination of the mandibular anterior teeth.  

The proclination of the mandibular anterior teeth 
leads to the concentration of strains on the periodontal 
ligament (PDL) and alveolar bone in the cervical region 
of the labial surface. Some investigators reported an in-
creased risk of root resorption due to the pressure on the 
PDL exceeding the capillary pressure in the area and im-

paired blood flow. Furthermore, previous studies 
(Hohmann et al. 2007; Dorow and Sander 2005) showed 
that the PDL pressure threshold involved in root resorp-
tion is 0.047 MPa. Although none of the models ex-
ceeded this threshold for PDL stress, this threshold was 
relatively close, especially in the low LTLA and button 
cutout model (0.0046 MPA). This may be attributed to 
the fact that low trimline extension aligners are less ef-
fective in controlling the proclination of mandibular an-
terior teeth. Moreover, PDL stress values were meas-
ured to be lower in slit cutout models than in button 
models. 

Although FEA is a widely used technology for biome-
chanical analysis of applied forces in orthodontics, it is 
inevitable to say that it has some limitations. Although it 
is possible to optimally adjust the magnitude and vector 
of the applied force initially, the direction and intensity 
of the force are constantly changing with tooth move-
ment during clinical practice. Furthermore, these models 
cannot take into account complex masticatory pressures 
and bone remodeling. On the other hand, in this FEA 
study (Tanne et al. 1987), the PDL thickness was as-
sumed to be constant; however, the PDL varies in thick-
ness along the tooth root. In their study, Hohmann et al. 
(2011) suggested that this nonlinear change in PDL 
thickness changes the elastic modulus of the PDL, which 
in turn affects the VMS values. Therefore, clinical studies 
evaluating the effects of CIIe applied with aligners on 
mandibular anterior teeth are needed and future studies 
should investigate the dynamic behavior of the dentition 
when using CAT in combination with CIIe. 

In terms of the clinical importance of these findings, it 
can be stated that utilizing a Clle with buttons is a pref-
erable option for patients with short crowns. However, 
it does have the drawbacks of inducing tipping and me-
sial rotation. Hence, it might be imperative to incorpo-
rate anti-rotation movement to the lower molars in pa-
tients who would necessitate prolonged use of Clle. 

 

5. Conclusions 

Clear aligners with high trimline extension were 
found to be more effective in controlling lower anterior 
teeth. Less mesial movement was observed in mandibu-
lar molars due to increased aligner deformation by ClIe 
applied through slit cutouts. The presence of high trim-
line aligners and the application of CIIe from the slit cut-
out were found to increase the control of mesial tipping 
of mandibular molars.

 

Appendix A. Aligner deformation and location 

Aligner 
deformation 

Maximum 
deformation (mm) 

Localization 
Minimum 

deformation (mm) 
Localization 

Model 1 0.0119 Mesio-buccal cusp of mandibular first molar 0 Bucco-gingival edges of canine 

Model 2 0.0127 Mesio-buccal cusp of mandibular first molar 0.0013 Bucco-gingival edges of canine 

Model 3 0.0817 Slit cutout region of mandibular first molar 0 Bucco-gingival edges of canine 

Model 4 0.0157 Slit cutout region of mandibular first molar 0 Bucco-gingival edges of canine 
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Appendix B. Three-dimensional displacement of mandibular teeth 

Tooth 
Axes x-axis y-axis z-axis 

Models 1 2 3 4 1 2 3 4 1 2 3 4 

Central  
incisor 

C 0.0010 0.0010 0.0008 0.0007 -0.0040 -0.0044 -0.0032 -0.0036 -0.0023 -0.0025 -0.0017 -0.0018 

R -0.0003 -0.0003 -0.0002 -0.0002 0.0014 0.0015 0.0010 0.0012 -0.0008 -0.0008 -0.0005 -0.0005 

Lateral  
incisor 

C 0.0012 0.0012 0.0010 0.0010 -0.0035 -0.0039 -0.0027 -0.0031 -0.0016 -0.0018 -0.0011 -0.0013 

R -0.0003 -0.0003 -0.0025 -0.0002 0.0008 0.0009 0.0006 0.0007 -0.0005 -0.0005 -0.0002 -0.0003 

Canine 
C 0.0024 0.0025 0.0020 0.0020 -0.0026 -0.0029 -0.0019 -0.0024 -0.0006 -0.0007 -0.0003 -0.0003 

R -0.0007 -0.0007 -0.0006 -0.0006 0.0008 0.0009 0.0005 0.0007 -0.0003 -0.0003 -0.0000 -0.0001 

First  
molar 

CMB 0.0093 0.0100 0.0083 0.0088 -0.0032 -0.0033 -0.0020 -0.0025 0.0042 0.0046 0.0043 0.0049 

CML 0.0080 0.0086 0.0071 0.0076 -0.0003 -0.0003 0.0005 0.0001 0.0016 0.0018 0.0020 0.0025 

CDB 0.0059 0.0063 0.0051 0.0054 -0.0040 -0.0042 -0.0028 -0.0034 0.0048 0.0052 0.0042 0.0049 

CDL 0.0035 0.0038 0.0030 0.0033 -0.0007 -0.0007 0.0000 -0.0003 0.0019 0.0021 0.0015 0.0022 

AM -0.0031 -0.0031 -0.0020 -0.0022 -0.0033 -0.0033 -0.0042 -0.0043 0.0043 0.0046 0.0043 0.0049 

AD -0.0065 -0.0068 -0.0051 -0.0054 -0.0048 -0.0049 -0.0056 -0.0057 0.0053 0.0058 0.0044 0.0053 

Second  
molar 

CMB 0.0013 0.0016 0.0010 0.0013 -0.0033 -0.0035 -0.0027 -0.0031 0.0015 0.0019 0.0011 0.0016 

CML 0.0009 0.0011 0.0007 0.0009 -0.0016 -0.0017 -0.0011 -0.0014 0.0017 0.0021 0.0013 0.0018 

CDB -0.0003 -0.0003 -0.0005 -0.0003 -0.0035 -0.0037 -0.0029 -0.0033 0.0022 0.0026 0.0017 0.0023 

CDL -0.0009 -0.0008 -0.0010 -0.0008 -0.0016 -0.0017 -0.0012 -0.0014 0.0025 0.0029 0.0019 0.0025 

AM 0.0003 0.0003 0.0002 0.0003 -0.0011 -0.0013 -0.0010 -0.0012 0.0019 0.0024 0.0015 0.0020 

AD -0.0006 -0.0007 -0.0006 -0.0006 -0.0013 -0.0015 -0.0012 -0.0013 0.0024 0.0029 0.0018 0.0024 

C, crown; R, root; CMB, mesiobuccal cusp; CML, mesiolingual cusp; CDB, distobuccal cusp;  

CDL, distolingual cusp; AM, Mesial root apex; AD, distal root apex. 

 

Appendix C. von Mises stress values and distribution in the mandibular dentition 

Models PDL stress 
Maximum 

value (MPa) 
Localization 

Minimum 
value (MPa) 

Localization 

Model 1 

Central Incisor 0.0042 Bucco-gingival root surface 0 Disto-apical root surface 

Lateral Incisor 0.0036 Bucco-gingival root surface 0 Disto-lingual root surface 

Canine 0.0034 Linguo-gingival root surface 0 Buccal root surface 

First Molar 0.0136 Buccal root surface 0.001 Cervico-lingual root surface 

Second Molar 0.0067 Disto-gingival root surface 0.001 Mesio-lingual root surface 

Model 2 

Central Incisor 0.0046 Bucco-gingival root surface 0 Disto-apical root surface 

Lateral Incisor 0.0040 Bucco-gingival root surface 0 Disto-lingual root surface 

Canine 0.0038 Linguo-gingival root surface 0 Buccal root surface 

First Molar 0.0146 Buccal root surface 0.001 Cervico-lingual root surface 

Second Molar 0.0075 Disto-gingival root surface 0.001 Mesio-lingual root surface 

Model 3 

Central Incisor 0.0034 Bucco-gingival root surface 0 Disto-apical root surface 

Lateral Incisor 0.0029 Bucco-gingival root surface 0 Disto-lingual root surface 

Canine 0.0028 Linguo-gingival root surface 0 Buccal root surface 

First Molar 0.0139 Buccal root surface 0 Cervico-lingual root surface 

Second Molar 0.0055 Disto-gingival root surface 0 Mesio-lingual root surface 

Model 4 

Central Incisor 0.0036 Bucco-gingival root surface 0 Disto-apical root surface 

Lateral Incisor 0.0032 Bucco-gingival root surface 0 Disto-lingual root surface 

Canine 0.0030 Linguo-gingival root surface 0 Buccal root surface 

First Molar 0.0150 Buccal root surface 0.001 Cervico-lingual root surface 

Second Molar 0.0065 Disto-gingival root surface 0.001 Mesio-lingual root surface 
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