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Introduction

Both fixed and removable orthodontic appliances correct 
malocclusion, characterized by uneven teeth or misalignment of 
dental arches, through tooth movement using the premolar extraction 
protocol in most cases [1-3]. This approach poses challenges to 
controlling precise tooth movement in three-dimensional directions 
[4]. In 1999, Align Technology, Inc. (San Jose, CA, USA) introduced 
clear aligner treatment (CAT), leveraging computer-aided design 
(CAD) and manufacturing. Based on virtual tooth movement designs 
created by CAD software [5], aligners incrementally induce tooth 
movements through a series of aligners to achieve intended outcomes 
[6]. CAT offers several advantages over traditional wire-bracket 
systems, such as aesthetic appeal, reduced discomfort, lower forces, 
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Abstract

Background: The biomechanics of clear aligner (CA) orthodontics in maxillary first premolar extraction cases with space closure are not yet fully 
understood. This study aimed to investigate the biomechanics of en-mass retraction (EMR) (0.2mm) of maxillary anterior teeth after first premolar 
extraction using a CA system, employing the finite element model (FEM). The goal was to provide a more comprehensive theoretical foundation for both 
clear aligner treatment (CAT) and its design for cases with EMR of maxillary anterior teeth.

Methods: Using Cone-Beam Computed Tomography (CBCT), an adult volunteer with normal occlusion who met the modelling standards in the 
Stomatological Hospital of Nankai University was scanned. Models including a maxillary dentition without first premolars, the periodontal ligament 
(PDL), alveolar bone, and a CA were established using Mimics 17.0, Geomagic Studio 12.0, and UG NX software packages. ANSYS Workbench 19.0 was 
used for preprocessing, parametric design, mesh generation, and data analysis.

Results: The maxillary anterior teeth exhibited distal and palatal tipping, accompanied by extrusion and torque loss. Mesial tipping, intrusion and 
anchorage loss of the posterior teeth were observed. This is a typical roller coaster effect (RCE) in orthodontics. Stress distribution within the PDL 
and alveolar fossa was concentrated in the cervical and apical regions, aligning with the trend of tipping tooth movement. The entire CA showed 
tendencies to dislocate and bow bend with more pushing stress distribution on the labial aspect of the CA’s anterior region and mesial wall of the canine 
area suggesting a pushing device. In addition, the premolar extraction junction area and posterior regions were identified as primary stress-bearing 
components.

Conclusion: In treatments involving premolar extraction using the CA technique, it is crucial to implement strategies to counteract RCE caused by CA 
bow bending during retraction. Moreover, it is imperative to enhance torque control in the anterior teeth and protect anchorage in the posterior teeth..

Keywords: EMR, Biomechanics, CA, RCE, FEM

and improved time efficiency with fewer visits and emergencies [6]. 
However, the efficacy of CAT, particularly in complex malocclusions 
requiring extractions, especially for premolar extraction protocol, is 
subject to debate due to unclear force interplay and biomechanics 
mechanisms [7-12]. Unlike fixed orthodontics where tooth movement 
results from wire-bracket interactions, CAT relies on force from 
aligner-teeth shape mismatches [11], and the complete coverage of 
tooth crowns by aligners complicates the assessment of force and 
moment application on the tooth [12]. Although introducing auxiliary 
devices such as attachments improves the control of the clear aligner 
(CA) on tooth movements, its effectiveness remains unsatisfactory. In 
CAT, normally, treatment strategies adopt a step-by-step movement 
to reduce side effects, such as roller coaster effect (RCE) [13,14] in 
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premolar extraction cases. Although this method is effective, it 
inevitably leads to an extension of the treatment cycle. To enhance 
efficiency and shorten the treatment span, the technique of en-mass 
retraction (EMR) has become a future trend in the development of 
CAT. EMR is particularly suitable for cases requiring minimal to 
moderate anchorage but is also frequently used in most cases to close 
small gaps in the progress and refinement stages of treatment. From 
these perspectives, EMR will play an important role in future CAT and 
be used in many cases. However, the biomechanics of EMR in practice 
are not fully understood, and the related side effects, as well as how 
to effectively prevent and manage them, have not been fully resolved. 
Therefore, investigating the biomechanics of EMR, along with gaining 
a deeper understanding of the biomechanics of CAT to prevent 
unwanted tooth movements, is crucial. Such endeavors establish a 
significant foundation for enhancing clinical CAT and supporting 
further scientific studies.

Finite element model (FEM) analysis, known for its non-invasive 
precision, is crucial in examining mechanical impacts of orthodontic 
devices (including clear aligners) and quantifying stresses and 
movements in orthodontic studies [15-17]. This study aims to elucidate 
the biomechanical principles and side effects of EMR without auxiliary 
equipment, providing a scientific basis for optimizing CAT. The 
objectives are to prevent unwanted tooth movements, refine treatment 
planning, reduce duration, minimize patient discomfort, establish a 
foundation for future research, and contribute to the advancement of 
CA orthodontics.

Methods

Model Construction

Jaw and Dentition Scanning: The jaw and dentition of the 
volunteer were scanned using cone-beam computed tomography 
(CBCT) (EW00-VATECH, South Korea). The exposure settings were 
as follows: 15×15 cm field of view, 10.0 mA, 90 kVp, total scanning time 
of 15.0 seconds, effective radiation time of 4.0 seconds, and voxel size 
of 0.3 mm. During image acquisition, the subject was seated upright, 

and an ear rod was used to stabilize their heads so that the Frankfort 
horizontal plane was parallel to the floor. The acquired Digital 
Imaging and Communications in Medicine (DICOM) format data 
were imported into Mimics 17.0 (Materialise, Belgium). The alveolar 
bone and teeth data were extracted using threshold segmentation 
in the 900–3095 HU range. Following grey value selection, region 
growing, noise reduction, and binarization, a three-dimensional 
(3D) model of the maxillary dentition and jaw was developed. This 
model was refined, smoothed, and glossed in Geomagic Studio 12.0 
(Raindrop, USA) to create a high-precision solid 3D model. It was 
then imported into UG NX 12.0 (UGS, USA) to solidify the geometric 
structure. The bilateral maxillary first premolars were removed in 
this software to create premolar spaces, and the dentition without 
first premolars was remarked as initial dentition M. High-precision 
geometric models were obtained (Figure 1), serving as the foundation 
for subsequent experimental models, ensuring no software error 
superposition. According to the scientific literature, the roots of the 
teeth are spread uniformly along the outer surface to obtain the PDL 
(continuous 0.25 mm) [7]. Research indicates that tooth movement 
per step in CAT ranges from 0.20 to 0.33 mm, typically designed as 
0.2 mm per step in both clinical and scientific studies [18]. Therefore, 
based on the initial dentition (M), the maxillary anterior teeth were 
retracted bodily by 0.2 mm in the sagittal direction (Consistent with 
the Z-axis), and the obtained new dentition was marked as N [19]. 
Next, N was imported into Geomagic Studio 12.0 software to process 
the space between every two teeth separately. The outer surface of 
the crown was extracted as the inner surface of the CA and sliced 
through the boundary curve of the crown. The template thickness 
was 0.5 mm, and the Boolean operation was carried out with N to 
obtain a solid geometric model of CA (Figure 1). These solid models 
were assembled (Figure 1) and imported into ANSYS Workbench 
19.0 (ANSYS, USA) for parameter setting, mesh generation, loading, 
and other simulations. The EMR of the maxillary anterior teeth was 
simulated with a bodily displacement of 0.2 mm (per aligner) in the 
sagittal direction.The postprocessing function was used to evaluate 
the data. For the baseline, no auxiliary devices (like attachments) were 

 
Figure 1: The three-dimensional finite element models of maxillary teeth, alveolar bone, PDL and CA. Maxillary teeth (A), Periodontal ligament (B), Assembly (C), Maxillary alveolar bone 
(D), Maxillary clear aligner (E), Assembly section (F).
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introduced in this study. All experimental procedures conformed 
to the guidelines of the Stomatological Hospital Medical Ethics 
Committee of Nankai University, and informed consent was obtained 
from the volunteer.

Material Properties, Interaction, and Boundary-Settings

The model substances were defined as continuously homogeneous 
and isotropic, and the orbital floor of the maxillary alveolar bone 
served as a fixed constraint. A frictional interaction between the crown 
and the CA was set, with a coefficient of 0.2. Binding restrictions were 
applied between the teeth, PDL and alveolar bone. The elastic moduli 
for the alveolar bone, teeth, PDL, and CA were set to 2,000, 20,000, 
0.05, and 450 Mpa, respectively, with Poisson’s ratios of 0.30, 0.30, 0.35 
and 0.40, respectively [20].

Mesh Division and Results

The CA used triangular six-node shell elements, and the other 
models adopted tetrahedral ten-node elements, both of which have 
properties such as plasticity, wiggling ability, large deformation, and 
high tensility. Node counts for the entire model, alveolar bone, teeth, 
PDL, and CA were 1138046, 257810, 569455, 117193, and 193598, 
respectively, with component counts of 726808, 162931, 390852, 
58026, and 114999, respectively.

Coordinate System Setting

The global coordinate system was used to define the direction 
of x, y, and z axes. The X-axis is positively directed to the patient’s 
left side, parallel to the occlusal plane. The Z-axis positively directed 
perpendicularly to the X-axis towards the tooth root apex. The Y-axis, 
positive in the direction perpendicular to both X- and Z-axes, pointed 

towards the incisor. Opposite directions corresponded to their 
respective negatives.

Calculation and Analysis

The bilaterally symmetrical model was analyzed using the right 
maxillary model. The analysis focused on tooth displacement, 
periodontal tissue stress distribution, CA deformation, and CA-
bearing stress distribution.

Results

Maxillary Dentition, PDL, CA, 3D-FEM

High-quality 3D FEMs of the maxillary teeth, PDL, alveolar bone, 
CA, along with their assembly were obtained in this study (Figure 1).

Initial Displacement Trend and Value of Teeth

Figure 2 shows the teeth displacement trend and Table 1 presents 
measurements of the incisor edge midpoint, canine cusp, buccal cusp 
of the second premolar, and both buccal and palatal cusps of the first 
molar, as well as the tooth root apex. The initial displacement value of 
the maxillary teeth corresponded with the movement trend, exhibiting 
tipping movements in the opposite direction of the crown and root. 
The incisor crown has tipped distally, and the palatally root is inclining 
labially and mesially. A similar pattern was observed in the canine. 
The central incisor, lateral incisor, and cuspid showed increasing distal 
tipping, decreasing palatal tipping, and occlusal extrusion. Posterior 
crowns tipped mesially and palatally, with roots on the distal and 
buccal sides. Vertically, the second premolar was intruded, the mesial 
cusp of the first molar was intruded, while the distal cusp extruded. 
These tooth movement patterns align with a typical side effect of 

Figure 2: Initial displacement trend of maxillary teeth. Central incisor (A), Lateral incisor, Canine (B), Second premolar (C), First molar (D). The front, middle, and back rows represent the 
palatal, mesial, and distal views, respectively. The direction and length of the arrows indicate the displacement direction and magnitude, as well as the deformation extent.
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RCE. RCE occurs during canine retraction with a light, flexible NiTi 
(nickel-titanium) wire. Due to its insufficient stiffness, the wire bends 
under retracting forces, causing the molar and premolar crowns to 
tip mesially and extrude distally. This bending leads to the canine 
crown tipping distally, which, influenced by the orientation of the 
canine bracket, results in the extrusion of the incisors and a deepened 
bite [21]. Significant 3D movement was also observed in the lateral 
incisor, along with notable buccal movement of the cuspid and palatal 
movement of the second premolar.

Stress Distribution of Periodontal Tissue

Figure 3 depicts PDL stress concentrated in the cervical and apical 
regions of the maxillary teeth. Anterior teeth stress is primarily located 
on the palatal and distal surfaces in cervical areas and the buccal and 
mesial zones in apical regions. Posterior teeth stress predominated 
in the mesial cervical areas and the distal apical regions. Figure 4 
illustrates PDL’s tensile and compressive stresses, defined as the 
negative and positive maximum principal stress, respectively. Incisors 
exhibited compressive stress on the palatal-distal cervical and labial-
mesial apical regions, and tensile stress on the labial-mesial cervical 
areas and palatal-distal apical areas. The canines showed similar stress 
patterns as the incisors. For the posterior teeth, compressive stress 
appeared in the mesial cervical and distal apical regions, while tensile 
stress was found in the distal cervical and mesial apical areas. Notably, 
in the lateral incisor, stress concentrations were also observed in the 
labial and mesial cervical surfaces and palatal and distal apical regions. 

Tooth Position X-axis Y-axis Z-axis

Central incisor
crown -0.02597 -0.13336 -0.23133

root tip 0.00724 0.04616 -0.08820

Lateral incisor
crown -0.21951 -0.22496 -0.15497

root tip 0.08623 0.07647 -0.05400

Canine
crown -0.27002 -0.03771 -0.01360

root tip 0.03566 0.03715 -0.02142

Second premolar
crown 0.08141 0.30111 0.01008

root tip -0.03286 -0.13297 -0.00267

First molar

Mesial buccal cusp 0.05133 0.03523 0.02731

Mesial lingual cusp 0.04913 0.02863 0.01610

Distal buccal cusp 0.04857 0.02082 -0.02108

Distal lingual cusp 0.07070 0.02105 -0.02410

Mesial apex -0.04498 -0.02054 0.00088

Distal apex -0.04719 -0.01927 -0.00143

Palatal apex -0.02016 -0.00962 -0.00055

Table 1: Initial displacement of maxillary anterior teeth on X, Y and Z axes (mm).

Note: The left side of the X-axis is positive; the direction of the central incisor on the Y-axis 
is positive; the direction of the apex of the tooth on the Z-axis is positive.

Figure 3: The equivalent stress distribution of PDL in maxillary. Central incisor (A), Lateral incisor (B), Canine (C), Second premolar (D), First molar (E).

Tooth Equivalent stress Tensile stress Compressive stress
Central incisor 0.025 0.013 -0.007
Lateral incisor 0.023 0.020 -0.006
Canine 0.037 0.018 -0.013
Second premolar 0.042 0.037 -0.011
First molar 0.046 0.021 -0.008

Table 2: Comparison of peak PDL stress in maxillary teeth (MPa).
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According to Figure 3 and Table 2, the highest stress appeared in the 
anterior teeth’ distal and palatal cervical regions, the mesial cervical 
regions of the second premolar and the first molar, and the apical 
areas. Figure 5 shows stress in the alveolar socket localized in the 
cervical regions and not evident in other areas. Table 2 indicates that 
the absolute value of peak tensile stress was more significant than that 
of compressive stress, with high stress on both sides of the extraction 
region. Moreover, the stress in posterior teeth was evidently greater 
than that in anterior teeth. 

CA Displacement Deformation and Stress Distribution

Figure 6 indicates that the entire CA exhibited typical bow 
bending, characterized by distal-palatal tipping of the anterior region 
with occlusal disengagement, and the posterior part shifting palatal-
mesial and detaching occlusally. Figure 7 illustrates the propensity 
for deformation and detachment of the CA. The mesial region 
of the second premolar was intruded, the second molar area was 
poorly dislocated, and the extraction segment was the most severely 

Figure 4: The tensile and compressive stress of periodontal ligament in maxillary teeth. Central incisor (A), Lateral incisor (B), Canine (C), Second premolar (D), First molar (E).

Figure 5: The equivalent stress distribution of alveolar socket. Central incisor (A), Lateral incisor (B), Canine (C), Second premolar (D), First molar (E)

 
Figure 6: Overlay of CA: The grey is the original CA, and the colour is the stretched CA. Right (A), Front (B), Left (C).

Position
X-axis Y-axis Z-axis

labial/buccal lingual/palatal labial/buccal lingual/palatal labial/buccal lingual/palatal

Central incisor -0.014 -0.016 0.128 0.174 -0.047 0.061

Lateral incisor -0.083 -0.097 0.095 0.173 -0.024 0.051

Canine -0.053 -0.125 -0.167 -0.177 -0.025 0.037

1st premolar -0.009 -0.003 0.074 0.118 -0.019 -0.052

2nd premolar -0.016 -0.075 0.209 0.181 -0.029 -0.040

1st molar -0.015 -0.037 0.198 0.137 -0.120 -0.072

Table 3: Initial displacement of CA on X, Y and Z axes (mm).

Note: The left side of the X-axis is positive; the direction of the central incisor on the Y-axis is positive; the direction of the apex of the tooth on the Z-axis is positive.
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deformed. The deformation prosperities of CA directly contribute 
to RCE. Table 3 reveals the average movement values of the mesial, 
distal, and middle edges of CA in each tooth location on the X-, Y-, 
and Z-axes, reflecting the displacement of CA and the 3D shift of CA 
margins. As per Figure 8, CA stress was primarily concentrated at the 
junctions, widespread in the posterior region, with the highest peak 
value at the mesial junction of the second premolar. Stress was almost 
absent on the palatal side of the CA incisor region and the distal side 
of the CA canine area, but prevalent in the labial area of the CA incisor 
region and mesial region of the CA canine area, suggesting that the 
CA functions as a pushing orthodontic appliance.

Discussion

FEM analysis is the only method for studying the biomechanics 
of CAT that includes the periodontium, allowing the calculation of 
stresses and movement in any part of the loaded model. The validity 
of the FEM analysis is confirmed when its calculated outcomes align 
with actual clinical situations. In FEM analysis, the traditional loading 
method was shorting the aligner directly, which was not compatible 
with the actual design and manufacture of aligners [22]. Our loading 
approach referred to related research in the field. Firstly, we developed 
the CA based on the dental model (N) with a 0.2 mm em-mass 

Figure 7: CA deformation trend. Anterior region (A), Posterior region (B). The direction and length of the arrows indicate the displacement direction and magnitude, as well as the deformation 
trend.

Figure 8: The equivalent stress distribution of CA. Labiolingual side of anterior area (A and B), Buccal and palatal sides of posterior area (C and D).
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retraction of maxillary anterior teeth in the sagittal direction (Specific 
descriptions included in the model construction part). Subsequently, 
the constructed CA from the first step was loaded into the initial 
dentition (M) to complete the loading [20]. The CA and teeth were 
designed to be in frictional contact, with a coefficient of 0.2 [23]. The 
outcomes of this study align with those of clinical practice [11,19], 
supporting its validity of FEM analysis. Numerous clinical studies 
have identified the RCE phenomenon in premolar extraction cases 
treated with CAT [24], consistent with the findings of this study. The 
RCE is observed under large forces when a light, flexible, round NiTi 
archwire of low strength is used for retracting anterior teeth. NiTi does 
not have the stiffness to remain rigid when a retracting force, such as 
an elastic chain, is stretched from the molar to the canine. The molar 
and premolar crowns tend to tip mesially and extrude distally. The 
flexible NiTi then bends gingivally and, as a result, tends to tip the 
canine crown distally. The orientation of the canine bracket when the 
crown tips distally tends to extrude the incisors and deepen the bite. 
The CA functions similarly to the described NiTi wire.

Limitations in achieving 3D orientation of teeth with CAT can 
diminish orthodontic treatment efficiency and hinder the development 
of a healthy, balanced, stable, and aesthetically pleasing stomatognathic 
system [25-27]. In this study, the central incisor, lateral incisor, and 
cuspid exhibited an increase in distal tipping and a decrease in palatal 
tipping during EMR. This pattern indicates a predominant palatal 
tipping of the incisors and a primarily distal tipping of the cuspids. 
It has been proposed that CA cannot perform root-controlled tooth 
movement because retraction forces are applied to crowns, bypassing 
the occlusal side of the resistance center [28,29]. For another, from a 
biomechanical perspective, it is also challenging for CAs to produce 
an effective counterclockwise moment (The counterclockwise 
moment is from the CA deformation facilitating resisting the tipping) 
on incisors during retraction. These effects lead to more clockwise 
than counterclockwise moments on anterior teeth and finally cause 
inadequate torque control and resultant palatal tipping of the incisors. 
Such limited torque control may also result in increased gingival 
exposure of incisors, reduced overjet, and occlusal interference, which 
in turn could lead to diminished smile aesthetics, hindered retraction, 
and potentially cause buccal open bite or even anchorage loss [30,31]. 
In addition, tipping movement has been linked to an increased risk 
of root resorption, particularly in cases with maximal retraction 
and a root apex near the labial cortical bone [32,33]. It is natural to 
conclude that the effective expression of torque in upper incisors is 
crucial for controlling root movement in the sagittal plane. However, 
the CA covers the incisor crowns, and the elasticity of the gingival 
margin makes it difficult to apply force in this region [34]. These 
challenges, along with the limited properties of the materials used and 
irregular morphology of anatomical crowns, contribute to a torque 
control efficiency that is reduced to around 35.21%. To overcome 
this weakness, Invisalign has introduced power ridges. These ridges 
improve torque control by utilizing the elastic force generated from 
the aligner’s reversible deformation near the gingival margin and the 
counterforce produced by tooth movement against the inner opposite 
surface of the aligner at the incisor edge. Additionally, research 
indicates that using attachments can provide similar effectiveness in 

controlling torque. However, aligners are prone to detachment during 
torquing, significantly affecting the fit between the incisor edge and 
the aligner. Consequently, the force couple generated by the CA may 
be insufficient. Torque loss can be avoided within a 10° range, but a 
50% loss still exists beyond the range of 10°. Furthermore, research 
indicates that maxillary incisor torque control error can be as high as 
8.5° [30], even with conventional fixed orthodontic appliances, torque 
control is not complete even when using thick steel wires. I would 
mention this for completeness, with adults more susceptible to torque 
loss than adolescents [35], and the actual amount of incisor tipping 
often exceeds predictions [36]. Therefore, besides using power ridges 
and attachments, enhancing torque control through overcorrection, 
adding steps, maintaining scattered spaces in incisor regions, and 
increasing CA wrapping is recommended. In canine retraction, the 
canine can be first pushed distally against by incisors, followed by 
incisor retraction [25]. This approach maintains a space between 
the canine and lateral incisor, enhancing the aligner’s wrapping for 
better canine translation, and ensures a good fit between the aligner 
and incisors, thereby increasing torque expression. Additionally, 
the G6 root-control attachment can be applied to cuspids to create 
a counterclockwise moment, preventing distal tipping. However, 
studies have reported an accuracy error of 0.6 to 5° with this 
attachment. Consequently, some researchers recommend designing 
an additional 5–10° of cuspids root distal tipping or crowns mesial 
tipping for overcorrection and using a power arm (combine CA 
and fixed appliance) to support bodily cuspid movement. There is a 
belief among some experts that a smaller tipping force is beneficial 
for anchorage protection and periodontal health. CAT might take 
cues from the Begg orthodontic technique [37], which allows initial 
anterior teeth tipping followed by axis uprightness. Yet, there are 
concerns that uprighting can cause periodontal stress in the alveolar 
crest and root apex, potentially leading to bone height loss and root 
resorption in these areas. Moreover, the effectiveness of this technique 
in reducing molar anchorage burden remains a topic of debate and 
warrants further research. Combined fixed orthodontics is thought to 
extend treatment duration and be less aesthetically pleasing [38].

This study also noted mesial tipping in posterior teeth, especially the 
second premolar, indicating that the CA might not produce a sufficient 
clockwise moment. This tendency increases the risk of anchorage 
loss (posterior mesial tipping results in inadequate anchorage mean 
anchorage loss), particularly in adolescents, who are more prone to 
physiological anchorage loss when using invisible orthodontics. To 
counteract this, Invisalign introduced the G6 anchorage attachment 
for the first premolar extraction solution [39]. The play between the 
small functional plane of the attachment and the aligner generates a 
maximum force arm by activating force perpendicular to the tangent 
of the tooth’s rotational circle, thereby creating a substantial clockwise 
moment to resist mesial tipping. However, when the generated 
clockwise moment is inadequate to counter mesial tipping, it can lead to 
aligner detachment in the attachment zone, particularly in the vertical 
direction. This detachment disrupts the critical force-generating 
alignment between the aligner and the vertical functional plane of the 
anchorage attachment, ultimately resulting in a diminished effective 
clockwise moment. Horizontal rectangular attachments, due to their 
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large vertical stress surface and good retention, provide more effective 
clockwise movement than vertical rectangular attachments, which 
achieve less movement due to their smaller vertical force surface and 
poor aligner wrapping and retention. Both 3 mm and 5 mm horizontal 
rectangular attachments offer better anchorage control than a 3 mm 
vertical rectangular attachment. Despite these strategies, achieving 
optimal anchorage control remains a challenge, as mesial tipping 
can be more significant than predicted [36], and anchorage control is 
influenced by multiple factors [40]. To enhance anchorage control, it 
is recommended to perform posterior crown distal tipping and draw 
on Tweed-Merrifield method [41] (A distalizing force is applied to 
the maxillary second molar, the distalization force is supported with 
Class II elastics, anterior vertical elastics, and a high-pull headgear) 
for anchorage preparation, including a 6.6° distal tipping preparation 
of the first molar for bodily movement. Additionally, employing Class 
II intermaxillary elastics, mini-implants, and designing stepwise 
anterior tooth movement strategies like two-step internal or frog-
pattern retraction can be beneficial [42,43]. For optimal anchorage 
using CA alone, employing stepwise movement for anterior retraction 
is preferable to reduce the anchorage burden. Additionally, initial 
anchorage preparation is a good choice. Combining both approaches 
can effectively protect the anchorage and minimize the burden.

Regarding vertical movements, this study found that anterior 
teeth were extruded and posterior teeth were intruded, which is in 
line with other research. The CA’s insufficient vertical control, due to 
material stiffness limitations and lack of tooth support at extraction 
sites, leads to anterior tooth extrusion and deepening of the overbite 
[44]. It’s noteworthy that anterior tooth torque loss can exacerbate a 
deep overbite. The study showed a decreasing trend in extrusion for 
central incisors, lateral incisors, and cuspids. And researchers have 
found that maxillary incisor extrusion often exceeds expectations and 
the intrusion realization rate of maxillary central incisors and lateral 
incisors in non-extraction casers were only 51.83% and 58.12%, 
respectively [45]. Therefore, intruding and overcorrecting anterior 
teeth, particularly central incisors, is essential for enhanced vertical 
control in the digital solution. CAs apply a downward force along 
the incisor tooth axis assisted by pressure areas located at the palatal 
cingulum. Importantly, when retraction is combined with intrusion, it 
will further result in a shorter aligner length. This, in turn, increases 
the palatal force exerted on the incisors and the mesial force on the 
posterior teeth [24]. Therefore, evaluating the incisor torque and root-
bone relationships to prevent palatal tipping of the incisors and cortical 
anchorage formation is crucial. Equally important is maintaining the 
cuspid axis upright and enhancing both posterior anchorage and 
aligner retention. Additionally, for anterior tooth intrusion, a mini-
screw can be placed between the central incisors, and an elastic device 
connecting the precision cuts of the aligner palatal side, bypassing 
beneath the aligner incisal edge to the mini-screw, can facilitate 
intrusion while enhancing palatal root torque. It presents a posterior 
open bite and an intrusion of the first molar by 1 mm more than 
expected during the closure of premolar spaces using CAs. Posterior 
intrusion is attributed to aligner sagging and the occlusal splint effect; 
thus, designing heavy posterior occlusal contacts or vertical elastics to 
resist sagging [46] and cutting the distal portion of the aligner to allow 
vertical tooth eruption are recommended strategies.

Teeth are linked to alveolar bone via the PDL, forming a structural 
unit with standardized form and function. Orthodontic forces on 
teeth transmit appropriate mechanical forces to periodontal tissues, 
generating tissue modification and tooth movement [47]. In our study, 
the stress distribution on tooth PDL aligned with tooth movement 
patterns. Additionally, the compressive-tensile distribution was 
also consistent with the tooth movement trend. The evidence again 
demonstrates the rationality of our study and the reliability of our 
findings. Consistent with our results, other studies using 3D-FEMs 
to analyze the sagittal movement of anterior teeth have observed 
that PDL compressive stresses are distributed in the distal cervical 
and mesial apex areas, with tensile stresses in the mesial cervical and 
distal apex. However, for the lateral incisor, the forces on PDL do 
not entirely correspond with the direction of tooth movement. This 
suggests a change in the direction of force transmission, resulting 
in inefficient utilization of force and ultimately leading to inefficient 
tooth movement towards its target position. In this study, significant 
stress concentration was observed in the apical periodontium. This 
indicates a higher stress level at the root apex of the counterpart tooth, 
raising concerns for potential hyaline degeneration-like periodontal 
injuries, which necessitate preventive measures in clinical settings. 
Notably, the stress levels in the posterior region were substantially 
higher than in the anterior region. This finding underscores the need 
for enhanced anchorage protection and prevention of CA dislocation. 
It suggests the utilization of attachments to modify tooth morphology 
and contact areas for improved anchorage control and CA retention.

A material’s stiffness (E) is inversely related to its susceptibility to 
deformation forces. The E value of a similar size CA is 40–50 times 
lower than that of a typical NiTi archwire [48] indicating that CA 
material is not sufficiently stiff. In this study, the CA exhibited bow 
bending due to the shortening of the aligner with a force similar 
to that of a wooden bow with relative pull at both ends. This effect, 
compounded by insufficient material stiffness and lack of tooth 
support in the extraction area, led to the observed bow bending of 
the aligner (Figure 9). This deformation produces a clockwise moment 
on the anterior segment, leading to palatal tipping and extrusion, 
intrusion pressure on the middle part, and a counterclockwise 
moment on the posterior segment, causing mesial tipping. The 
interference located in anterior teeth resulted in a buccal open bite. 
These features are the typical RCE effects observed in closing premolar 
extraction gaps with thin NiTi wires. Fixed orthodontics resolves this 
issue with larger, stiffer arch-wires. In CAs, due to the uniformity of 
material in all stages, it is recommended to modify aligner structure 
to prevent bow bending. Strategies such as designing CAs of maxillary 

Figure 9: The bowing bending of CA causes the roller coaster effect. Clear aligner sagging 
(A), Counterclockwise moment (B), Clockwise moment (C).
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compensating curve shape and incorporating anti-bending elements 
in extraction areas can help reduce sagging. Changing beam geometry 
significantly impacts beam properties; for instance, doubling a beam’s 
length halves its strength and reduces its stiffness eightfold [2]. 
Designing tooth movement steps can indirectly enhance the stiffness 
of the aligner, the CA and teeth are similar to a beam, the smaller 
the distance between the teeth, the greater the CA stiffness, especially 
in the extraction area. In maximum anchorage cases, the anterior 
teeth should be retracted in stages. For medium anchorage cases, the 
cuspids and second premolars can be designed to move alongside 
each other before moving the other teeth. This approach increases the 
steps followed by reducing the aligner span without tooth support, 
and minimizes the step distance, preventing aligner bending and 
facilitating the continuous application of orthodontic force. CAs, being 
viscoelastic, can permanently deform under small forces. The larger 
the force applied (the larger the step distance), the faster the decay, 
and ultimately, the shorter the effective orthodontic force maintained. 
With the development of 3D printing technology, biomechanically 
oriented CAs can be designed using different materials at varied 
orthodontic stages and in various parts of the CA [49]. This study 
also found substantial aligner dislocation, with significant 3D 
movement in lateral incisor and a tendency to lose grip, attributed to 
inadequate inversion of the lateral incisor crown, suggesting designing 
attachment for better retention, and lowering tooth movement speed 
for preventing tooth derailment. Remarkable buccal movement of the 
cuspid and palatal movement of the second premolar may stem from 
poor aligner stability on either side of extraction areas, altering stress 
distribution. Clinically, attachments and intra-maxillary elastics can 
bolster appliance strength and reduce changes in the direction of force 
transfer. Enhancing CA retention involves strengthening attachment 
design and modifying diaphragm material structure, such as forming 
a natural chemical bond between the diaphragm and teeth through 
saliva. The displacement values indicated a labial-buccal shift in the 
CA edge, consistent with the CA’s deformation, as the body and edge 
of the CA rotated in opposite directions, which further proves the CA 
undergoes bow bending during the retraction of anterior teeth and 
also provides strong evidence for the RCE we observed in our study. 
The CA stress distribution suggested the extraction area is susceptible 
to damage and the material is easily fractured. Therefore, aligner 
structural design in extraction areas should be reinforced to prevent 
mechanical system disruption through CA fracture, affecting force 
transmission and aligner effectiveness. During retraction, stresses in 
the CA’s incisal region are primarily labially distributed, with almost 
no palatal stress, and more stress areas are in the mesial region of the 
cuspid than in the distal region. This differential stress distribution 
suggests that during anterior teeth retraction, the CA primarily exerts 
a pushing force, indicating that it functions as a pushing orthodontic 
appliance rather than a pulling one, and employing the aligner pushing 
technique is advantageous for facilitating canine translation.

Conclusions

This study determined that RCE occurs during premolar space 
closure with CAs, primarily due to the biomechanical properties of 
the aligners themselves. During space closure, a noticeable occlusal 
detachment of the CA was observed, accompanied by characteristic 

bow-bending deformation.  Additionally, this study identified that 
CAs function as a pushing device, exerting a direct pushing force on 
the teeth.. Thus, understanding the biomechanics of CAT is crucial for 
optimizing clinical outcomes. This includes enhancing torque control 
and anterior tooth intrusion, improving  anchorage, increasing 
resistance to tipping and intrusion of posterior teeth, preventing bow-
bending deformation, and improving appliance retention.
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