
Am J Transl Res 2025;17(8):6275-6290
www.ajtr.org /ISSN:1943-8141/AJTR0166281

https://doi.org/10.62347/YGFV7405

Original Article
Three-dimensional finite element  
analysis of the influence of different stress  
modes in invisible aligners on anterior teeth retraction

Jing Xiong1, Ying Zhang1, Lei Liu2

1Department of Stomatology, Hanzhong Central Hospital, Hanzhong 723000, Shaanxi, China; 2Medical Record 
Statistics Section, Hanzhong Central Hospital, Hanzhong 723000, Shaanxi, China

Received May 23, 2025; Accepted July 28, 2025; Epub August 15, 2025; Published August 30, 2025

Abstract: Objective: To investigate the effects of different stress application methods of invisible aligners on anterior 
tooth retraction using three-dimensional finite element analysis. Methods: An adult patient with maxillary protrusion 
undergoing orthodontic treatment with the extraction of the first premolars was selected for modeling. Five working 
conditions were simulated: ① Invisible aligner applying force for overall retraction of the maxillary anterior teeth; 
② Invisible aligner combined with a micro - implant placed at the canine region’s precise cutting site, applying a 
1N force for overall anterior retraction; ③ Same as condition 2, with an additional 1 N force applied between the 
anchorage micro-implant near the maxillary central incisors and the aligner; ④ Invisible aligner applying a 1 N force 
at the canine region’s precise cutting site for overall retraction; ⑤ Invisible aligner applying force combined with 
power ridge technology for root - controlled retraction of anterior teeth. Displacement and stress measurements-
including displacement and stress at the coronal-radicular junction and periodontal ligament, as well as their com-
ponents along the X (mesiodistal), Y (labiolingual), and Z (vertical) axes under different working conditions-were 
compared. Results: Total tooth displacements were similar across all conditions (range: 0.23197-0.23276 mm), 
with conditions ③ and ⑤ showing slightly lower displacement, though differences were not statistically significant. 
Stress at the coronal-radicular junction varied between 63.298-63.964 MPa, with conditions ② and ④ exhibiting 
slightly higher values. Condition ⑤ demonstrated a slight reduction in junction stress (63.703 MPa), attributed to 
root - control technology. Periodontal ligament stress showed a gradual increase from 0.41426 MPa (condition ①) 
to 0.41634 MPa (condition ⑤), representing a minimal overall change. Displacement was predominantly along the 
Y axis (approximately 0.205-0.206 mm), with smaller movements in the X (0.055-0.056 mm) and Z (0.095-0.096 
mm) directions. Conclusion: All 5 working conditions produced comparable displacement outcomes, with condition 
⑤ offering an advantage in reducing stress at the coronal-radicular junction, suggesting a benefit of root-controlled 
retraction in clinical application.
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Introduction

With the development of artificial intelligence 
and digital technologies, orthodontic treatment 
techniques have undergone significant evolu-
tion. Invisible aligners are removable orthodon-
tic appliances manufactured using computer - 
aided design and manufacturing combined 
with polymer thermoplastic materials. These 
aligners exert corrective forces through elastic 
deformation of the material to facilitate con-
trolled tooth movement [1]. Compared with tra-
ditional fixed orthodontic appliances, invisible 

aligners offer distinct advantages, including 
superior aesthetics, enhanced comfort, ease  
of self-removal, and improved oral hygiene 
maintenance, all of which substantially increase 
patient compliance and overall treatment expe-
rience [2]. Driven by continuous progress in 
material science and computer technology,  
the efficacy of invisible orthodontic treatments 
is increasingly comparable to-and in some 
aspects surpasses-that of conventional fixed 
appliances, positioning them as the preferred 
choice for many patients. In the development 
process of invisible orthodontic technology, a 
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comprehensive understanding of the underly-
ing biomechanical mechanisms is crucial for 
enhancing treatment effects and ensuring 
patient safety. The finite element method, a 
mathematical and physical modeling tech-
nique, addresses this need by discretizing  
complex continuous structures into a finite 
number of elements. This process reduces an 
infinite-degree-of-freedom problem to a man-
ageable finite-degree-of-freedom problem, en- 
abling precise prediction of biomechanical 
behavior in complex models [3]. The three-
dimensional finite element method has become 
an effective tool in stomatological research due 
to its high accuracy and non - invasive nature, 
and it is widely used in the biomechanical anal-
ysis of orthodontic treatments [4, 5]. While 
most existing studies focus on the biomechan-
ics of traditional fixed orthodontic appliances, 
there remains a paucity of research addressing 
the stress distribution patterns of invisible 
aligners during the movement of teeth with  
low mutation abundance, especially regarding  
the combined application of micro-implant 
screws and dynamic ridge technology. This 
study hypothesizes that different stress appli-
cation methods influence the displacement 
efficiency and biomechanical safety of anterior 
tooth retraction by changing the stress distribu-
tion within the tooth-periodontal ligament com-
plex. Specifically, stress application strategies 
integrating micro-implant screws and dynamic 
ridge techniques may optimize mechanical 
force transmission. Therefore, this study em- 
ploys three-dimensional finite element analysis 
method to deeply explore the effects of differ-
ent stress application methods of invisible 
aligners on tooth movement and periodontal 
tissue stress distribution during anterior teeth 
retraction, providing a reliable biomechanical 
basis for the optimal design of clinical invisible 
orthodontic treatment plans.

Data and methods

Research subject

An adult patient undergoing orthodontic treat-
ment for maxillary protrusion, with the extrac-
tion of the first premolar, was selected for this 
study. This patient exhibited no abnormalities 
in periodontal or dental tissues, no evident 
periodontal diseases, no prior orthodontic 
treatment, and no history of oral or maxillofa-

cial trauma. After obtaining informed consent, 
the patient’s maxilla and teeth were scann- 
ed using cone-beam computed tomography 
(CBCT) equipment (Beijing Langshi Instrument 
Co., LTD). During imaging, patient position- 
ing was carefully standardized to ensure accu-
racy: the head was maintained in the natural 
midline position, with the orbital and auricular 
planes parallel to the ground. CBCT scans were 
acquired with a slice thickness of 0.125 mm, 
generating continuous tomographic images of 
the maxilla and teeth. The resulting data were 
stored in DICOM format to facilitate precise 
model reconstruction.

Model establishment

The collected CBCT image data in DICOM for-
mat were imported into the Mimics software for 
processing. Initially, the software’s threshold 
segmentation function was employed to set 
appropriate gray value ranges based on the dif-
ferential X-ray absorption characteristics of 
various tissues. For the hard tissues of the 
teeth, which exhibit relatively high gray values, 
upper and lower threshold limits were defined 
to segment the teeth from surrounding soft tis-
sues and background, thereby generating an 
initial tooth mask. To extract the periodontal 
ligament, manual delineation was combined 
with auxiliary tools to gradually outline its con-
tours and produce the periodontal ligament 
mask. Similarly, the maxilla was segmented by 
leveraging its gray-scale characteristics, and 
the three-dimensional contour information of 
the maxilla was extracted through operations 
such as threshold segmentation and region 
growth. Throughout the entire process, multiple 
views-including coronal, sagittal, and axial 
planes-were frequently reviewed to carefully 
inspect and refine the extracted structures, 
ensuring their integrity and accuracy. The final-
ized masks for the teeth, periodontal ligament 
and maxilla were then reconstructed into  
a three-dimensional reconstruction to gene- 
rate corresponding three-dimensional models. 
Mimics was used for threshold segmentation 
and three-dimensional reconstruction, and 
Geomagic was used to optimize the surface 
quality of the models, followed by assembly of 
the components in Solidworks. Finally, a three-
dimensional finite element model including the 
maxilla, teeth, periodontal ligament and invisi-
ble orthodontic appliance was constructed. 
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Representative 3D views and XYZ iso-surfaces 
of the processed tooth assembly are shown in 
Figure 1.

Finite element mesh establishment

After assembly of the geometric model, it was 
imported into Hypermesh 2021 with a mesh 
size of 0.15 mm. Element quality was assessed 
through the element inspection instructions. To 
achieve an optimal balance between computa-
tional efficiency and accuracy, first-order tetra-
hedral elements were assigned to the teeth 
and associated components, while second-
order tetrahedral elements were applied to the 
periodontal ligament and orthodontic applianc-
es. The mesh models of each component were 
saved in INP format. Given the complexity of 

the dental assembly, tetrahedral meshes were 
adopted throughout. Validation showed that 
the accuracy of nodal tetrahedral meshes 
closely approximated that of hexahedral mesh-
es. At the coronal-radicular junction, a mesh 
element size of 1 mm was applied, while de- 
fault element sizes were used for other regions. 
The final mesh comprised 345,493 elements 
83,606 nodes. A visualization of the mesh 
model is provided in Figure 2.

Measurement definition and material assign-
ment

This study evaluated the initial tooth displace-
ment and stress distribution within the peri-
odontal ligament under orthodontic loading. All 
materials and tissues were modeled as ideal-

Figure 1. Three-dimensional tooth assembly model. A: View along the X-axis; B: View along the Y-axis; C: View along 
the Z-axis; D: Isometric view. 

Figure 2. Finite element mesh of the established model.
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Table 1. Material properties and parameters 
definitions

Material Young’s  
modulus (MPa)

Poisson’s 
ratio

Jawbone 1.38E+10 0.26
Corrector 5.28E+08 0.36
Dental crown 2E+09 0.30
Tooth body 2E+10 0.30
Periodontal ligament 6.8E+05 0.49
Planting nails 2.01E+11 0.33

ized isotropic, homogeneous and linearly elas-
tic materials. The assigned material properties 
are shown in Table 1.

Working condition settings

Condition ① (A): Simulate overall retraction of 
the maxillary anterior teeth by applying force 
through the invisible orthodontic appliance, 
corresponding to a 0.25 mm uniform retraction 
according to the invisible orthodontic method. 
Condition ② (B): Simulate force application 
with the invisible orthodontic appliance com-
bined with a 1 N force applied at the precise 
cutting site of the appliance at the canine cusp, 
located between the first molar and the second 
premolar, to retract the maxillary anterior teeth 
as a whole. Condition ③ (C): Simulate force 
application with the invisible orthodontic appli-
ance combined with a micro-implant screw 
placed at the canine cusp (between the first 
molar and the second premolar) applying 1 N of 
force, plus an additional 1 N of force applied 
between the upper central incisors via the orth-
odontic appliance to assist overall anterior 
teeth retraction. Condition ④ (D): Simulate 
force application with the invisible orthodontic 
appliance combined with micro-implant screws 
placed at the proximal center of the second 
premolars and the incisors, applying a 1 N force 
at the precise cutting site of the appliance to 
achieve overall anterior teeth retraction. Con- 
dition ⑤ (E): Simulate force application with the 
invisible orthodontic appliance combined with 
power ridge for root-controlled anterior tooth 
retraction. A 1 N force is applied to retract the 
anterior teeth, while the root control force cou-
ples of 1 N each are applied respectively at the 
cervical labial side and the proximal lingual cut-
ting edge (Figure 3).

Measurement and analysis indicators

(1) Stress distribution maps of teeth and peri-
odontal ligament under different working condi-

tions; (2) Displacement measurements under 
different working conditions, including: stress 
at the coronal-radicular junction, stress within 
the periodontal ligament, displacement of the 
coronal-radicular junction overall and along the 
X, Y, and Z directions, displacement of the peri-
odontal ligament overall and along the X, Y, and 
Z directions.

Results

Cloud map of anterior tooth movement trends

Condition ①: The maximum overall deforma-
tion reached 0.23276 mm, with tooth deforma-
tion measuring 0.2216 mm and periodontal 
ligament deformation at 0.165 mm. The peak 
stress in the teeth was 63.298 MPa, localized 
at the junction between the tooth crown and 
root, while the maximum periodontal ligament 
stress was 0.41426 MPa. Condition ②: The 
maximum overall deformation was 0.23233 
mm, tooth deformation 0.22133 mm, and peri-
odontal ligament deformation 0.16472 mm. 
The maximum tooth stress recorded was 
63.964 MPa at the crown-root interface, and 
the maximum periodontal ligament stress was 
0.41566 MPa. Condition ③: The maximum 
overall deformation was 0.2321 mm, with tooth 
deformation of 0.22112 mm and periodontal 
ligament deformation of 0.16436 mm. The 
maximum tooth stress was 63.859 MPa, occur-
ring at the crown-root contact, and the peak 
periodontal ligament stress was 0.41611 MPa. 
Condition ④: Overall maximum deformation 
reached 0.23235 mm, tooth deformation 
0.22134 mm, and periodontal ligament defor-
mation 0.16469 mm. Maximum tooth stress 
was 63.96 MPa at the crown-root interface, 
and the maximum stress of the periodontal lig-
ament was 0.4158 MPa. Condition ⑤: The 
overall maximum deformation was 0.23197 
mm, with tooth deformation of 0.22096 mm 
and periodontal ligament deformation of 
0.16457 mm. The maximum tooth stress was 
63.703 MPa at the crown-root junction, and the 
maximum periodontal ligament stress was 
0.41634 MPa (Figures 4-8).

Trend of anterior tooth movement

The total displacement across all working con-
ditions was approximately 0.23 mm, with mini-
mal variation ranging from 0.23 to 0.23276 
mm. Conditions ③ and ⑤ exhibited slightly 
lower total displacements compared to the 
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Figure 3. Three-dimensional finite element models of the anterior teeth retraction with the invisible orthodontic appliance under operating conditions ① through 
⑤. A: Anterior teeth retraction with a 0.25 mm displacement load; B: 0.25 mm displacement load combined with a 1 N tensile force applied bilaterally; C: 0.25 mm 
displacement load with three 1 N force applications; D: 0.25 mm displacement load; E: 0.25 mm displacement load combined with 1 N loads applied to the upper 
and lower aspects of 6 cusp groups.
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Figure 4. Cloud maps illustrating anterior teeth movement under working condition ①. A: Overall displacement; B: Periodontal ligament total deformation; C: Stress 
distribution at the coronal-radicular junction; D: Periodontal ligament stress distribution; E: Deformation of tooth crown and root; F: Coronal-radicular junction defor-
mation in the X axis; G: Coronal-radicular junction deformation in the Y axis; H: Coronal-radicular junction deformation in the Z axis; I: Periodontal ligament deforma-
tion in the X axis; J: Periodontal ligament deformation in the Y axis; K: Periodontal ligament deformation in the Z axis.
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Figure 5. Cloud map illustrating anterior teeth movement under working condition ②. A: Overall displacement; B: Total deformation of the periodontal ligament; 
C: Stress distribution at the coronal-radicular junction; D: Stress distribution within the periodontal ligament; E: Deformation of tooth crown and root; F: Coronal-
radicular junction deformation along the X axis; G: Coronal-radicular junction deformation along the Y axis; H: Coronal-radicular junction deformation along the Z 
axis; I: Periodontal ligament deformation along the X axis; J: Periodontal ligament deformation along the Y axis; K: Periodontal ligament deformation along the Z axis.
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Figure 6. Cloud map illustrating anterior teeth movement under working condition ③. A: Overall displacement; B: Total deformation of the periodontal ligament; C: 
Stress distribution at the coronal-radicular junction; D: Stress distribution within the periodontal ligament; E: Deformation of the tooth crown and root; F: Coronal-
radicular junction deformation along the X axis; G: Coronal-radicular junction deformation along the Y axis; H: Coronal-radicular junction deformation along the Z 
axis; I: Periodontal ligament deformation along the X axis; J: Periodontal ligament deformation along the Y axis; K: Periodontal ligament deformation along the Z axis.
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Figure 7. Cloud map illustrating anterior teeth movement under working condition ④. A: Overall displacement; B: Total deformation of the periodontal ligament; C: 
Stress distribution at the coronal-radicular junction; D: Stress distribution within the periodontal ligament; E: Deformation of the tooth crown and tooth root; F: Coro-
nal-radicular junction deformation along the X axis; G: Coronal-radicular junction deformation along the Y axis; H: Coronal-radicular junction deformation along the Z 
axis; I: Periodontal ligament deformation along the X axis; J: Periodontal ligament deformation along the Y axis; K: Periodontal ligament deformation along the Z axis.
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Figure 8. Cloud map illustrating anterior teeth movement under working condition ⑤. A: Overall displacement; B: Total deformation of the periodontal ligament; C: 
Stress distribution at the coronal-radicular junction; D: Stress distribution within the periodontal ligament; E: Deformation of the tooth crown and body; F: Coronal-
radicular junction deformation along the X axis; G: Coronal-radicular junction deformation along the Y axis; H: Coronal-radicular junction deformation along the Z 
axis; I: Periodontal ligament deformation along the X axis; J: Periodontal ligament deformation along the Y axis; K: Periodontal ligament deformation along the Z axis.
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other working conditions, though these differ-
ences were not significant. Stress values in the 
tooth crown and root ranged from 63.30 to 
63.96 MPa. Conditions ② and ④ showed mar-
ginally higher stresses, while condition ⑤ dem-
onstrated a slight reduction in stress (63.70 
MPa), likely attributable to the application of 
root control technology. Periodontal ligament 
stress gradually increased from 0.41 MPa in 
condition ① to 0.42 MPa in condition ⑤, with 
the overall increase being limited. Displacement 
along the Y direction (labio-lingual direction) 
was predominant, measuring approximately 
0.205-0.206 mm, while displacements along 
the x direction (mesio-distal) and Z direction 
(vertical) were comparatively smaller, around 
0.055-0.056 mm and 0.095-0.096 mm, res- 
pectively. Although the differences in displace-
ment between groups were minimal (0.001 
mm), the stress reduction observed in condi-
tion ⑤ (0.26 MPa decrease, from 63.70 to 
63.96 MPa) may help reduce the risk of cemen-
tum micro-injury, thus bearing potential clinical 
significance (Table 2 and Figure 9).

Discussion

The fundamental principle of invisible orth-
odontic appliances is the generation of orth-
odontic force through the elastic deformation 
of the appliance itself. This force is transmitted 
to the teeth by close adaptation to the tooth 
surface, promoting tooth movement within the 
alveolar bone and thereby achieving alignment 
correction and occlusal improvement [6]. In- 
visible aligners are fabricated from high-molec-
ular-weight materials with good elasticity and 
biocompatibility, such as thermoplastic poly-
urethane (TPU). These materials can undergo 
reversible elastic deformation under applied 
force. When the aligner is fitted onto the teeth, 
the discrepancy between its original shape and 
the current tooth position creates a restoring 
force that continuously acts on the teeth, pro-
moting movement. Under the influence of this 
orthodontic force, a series of complex biologi-
cal reactions occur within the periodontal tis-
sues [7]. The periodontal ligament, serving as  
a critical connective structure between the 
tooth and alveolar bone, responds by activating 
resident cells that release various cytokines 
and enzymes, initiating remodeling processes. 
On the pressure side, osteoclastic activity 
increases, resulting in alveolar bone resorp-

tion. Conversely, on the tension side, osteo-
blastic activity is enhanced, promoting new 
bone formation. This coordinated bone resorp-
tion and deposition process enables the teeth 
to move slowly and in an orderly manner within 
the alveolar bone until the desired orthodontic 
position is achieved [8, 9].

Retraction of anterior teeth is a common and 
critical objective in orthodontic treatment, 
especially for patients with malocclusion such 
as maxillary protrusion and dentition crowding. 
This procedure effectively improves both facial 
aesthetics and occlusal function. However, dur-
ing anterior tooth retraction with clear aligners, 
the mode of force transmission and the mate-
rial properties differ significantly from those of 
traditional appliances, resulting in more com-
plex tooth movement patterns and force 
dynamics. This complexity often leads to un- 
wanted tooth tipping, which can exacerbate 
anterior deep bite and posterior open bite, ulti-
mately compromising treatment effect and 
long-term stability [10, 11]. In clinical practice, 
clear aligners combined with micro-implant 
anchorage are often used to correct maxillary 
protrusion cases requiring tooth extraction, 
with generally favorable effects. However, the 
specific biomechanical mechanism remains 
poorly understood. Current stress application 
strategies are largely based on clinical experi-
ence rather than on specific biomechanical evi-
dence. Variations in force magnitude, direction, 
point of application, as well as the aligner’s 
thickness and elastic modulus, can significant-
ly influence tooth movement and periodontal 
stress distribution during anterior teeth retrac-
tion [12]. Therefore, further investigation into 
these biomechanical effects is essential to 
optimize clear aligner treatment design, en- 
hance therapeutic efficacy, and reduce com- 
plications.

In this study, five working conditions were 
established to comprehensively explore the 
biomechanical characteristics of upper anterior 
teeth retraction using clear aligners. Each con-
dition was carefully designed to reflect realistic 
clinical scenarios. By simulating various meth-
ods and magnitudes of orthodontic force appli-
cation, this study provides a rigorous and evi-
dence-based theoretical basis for the optimiza-
tion of clinical clear aligner treatment plans. 
The results showed that, across all working 
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Table 2. Displacement and stress measurements of the maxillary anterior tooth under different working conditions, including total displacement, 
stress at the coronal-radicular junction, periodontal ligament stress, crown and root displacement, as well as XYZ directional displacements of 
both the crown/root and periodontal ligament

Working  
Condition

Total  
displacement 

(mm)

Stress at the 
coronal-radicular 
junction (MPa)

Periodontal 
ligament 

stress (MPa)

Crown and 
dental  

position 
shift (mm)

Tooth crown 
and tooth 

body X 
displacement 

(mm)

Tooth crown 
and tooth 

body Y 
displacement 

(mm)

Tooth crown 
and tooth 

body Z 
displacement 

(mm)

Periodontal 
ligament 

displacement 
(mm)

Periodontal 
ligament X 

displacement 
(mm)

Periodontal 
ligament Y 

displacement 
(mm)

Periodontal 
ligament Z 

displacement 
(mm)

Working Condition 1 0.23 63.30 0.41 0.22 0.06 0.21 0.10 0.17 0.12 0.15 0.15

Working Condition 2 0.23 63.96 0.42 0.22 0.06 0.21 0.10 0.16 0.12 0.15 0.15

Working Condition 3 0.23 63.86 0.42 0.22 0.06 0.21 0.10 0.16 0.12 0.15 0.15

Working Condition 4 0.23 63.96 0.42 0.22 0.06 0.21 0.10 0.16 0.12 0.15 0.15

Working Condition 5 0.23 63.70 0.42 0.22 0.06 0.21 0.10 0.16 0.12 0.15 0.15
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Figure 9. Shows the changes of stress and displacement under different working conditions. A: Comparison of total displacement under different working condi-
tions; B: Stress distribution at the crown and tooth body; C: Stress distribution within the periodontal ligament; D: Comparison of crown and tooth positional shifts; 
E: Comparison of X-axis displacement of the crown and tooth body; F: Comparison of Y-axis displacement of the crown and tooth body; G: Comparison of Z-axis dis-
placement of the crown and tooth body; H: Comparison of periodontal ligament displacement; I: Comparison of periodontal ligament displacement along the X-axis; 
J: Comparison of periodontal ligament displacement along the Y-axis; K: Comparison of periodontal ligament displacement along the Z-axis. 
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conditions, the maximum stress consistently 
occurred at the interface between the crown 
and the tooth body. This finding indicates that 
this region experiences heightened mechanical 
load during clear align treatment and repre-
sents a biomechanical vulnerability within the 
tooth structure [13]. The interface between the 
dental crown and the tooth body is a critical 
structural junction, where orthodontic forces 
transmitted through the crown lead to localized 
stress concentration. Prolonged exposure to 
excessive stress in this area may predispose 
the tooth to structural damage, including frac-
tures and related complications [14, 15]. Under 
working condition ①, the maximum stress of 
the teeth was 63.298 MPa. This value increased 
to 63.964 MPa in condition ②, followed by 
63.859 MPa in condition ③, 63.96 MPa in con-
dition ④, and 63.703 MPa in condition ⑤. The 
variation in stress magnitudes across different 
working conditions reflects the significant influ-
ence that the mode and magnitude of applied 
orthodontic forces have on the stress distribu-
tion within the teeth. Specifically, when auxiliary 
forces from micro-implant screws are intro-
duced, as seen in conditions ② to ④, the over-
all stress on the teeth increases. This is attrib-
utable to the extra complexity of force trans-
mission, with the interface between the crown 
and the tooth body serving as the primary zone 
for force transfer and corresponding stress 
concentration [16, 17]. Regarding the periodon-
tal ligament, the maximum stress distribution 
also varied among different conditions, though 
the maximum stress value was relatively low. In 
condition ①, the maximum periodontal liga-
ment stress was 0.41426 MPa, which rose 
incrementally to 0.41566 MPa in condition ②, 
0.41611 MPa in condition ③, 0.4158 MPa in 
condition ④, and 0.41634 MPa in condition ⑤. 
This gradual increase in periodontal ligament 
stress correlates with the escalation and alter-
ation of applied orthodontic forces, indicating 
that the periodontal ligament consistently 
endures a certain level of mechanical load dur-
ing clear aligner therapy. However, excessive 
stress may negatively affect periodontal health, 
potentially leading to periodontal ligament 
damage and alveolar bone resorption [18, 19]. 
The maximum stress of the periodontal liga-
ment under conditions ① and ② shows an 
upward trend, indicating that the augmentation 
of tensile forces on both sides leads to a cor-

responding rise in the stress borne by the peri-
odontal ligament. This suggests a heightened 
mechanical response of the periodontal liga-
ment during the orthodontic process. In condi-
tion ③, an additional 1 N force is applied 
between the maxillary central incisors based 
on condition ②, resulting in a further reduction 
in overall deformation. Correspondingly, the 
maximum stress of the tooth crown and body 
also changes, indicating that this supplemen-
tary force uniquely influences the mechanical 
response of the teeth, changing both the defor-
mation trend and the regions of stress concen-
tration. In terms of displacement, notable dif-
ferences were observed in the XYZ directional 
movements of both teeth and periodontal liga-
ment across the working conditions. Specifically, 
under condition ①, tooth deformation along 
the XYZ directions measured 0.055764 mm, 
0.20617 mm, and 0.095673 mm, respectively. 
The corresponding periodontal ligament defor-
mation was 0.11773 mm, 0.15247 mm and 
0.14775 mm, respectively. Under condition ②, 
tooth deformation in the XYZ directions was 
0.056431 mm, 0.20611 mm, and 0.095723 
mm, respectively, while periodontal ligament 
deformation measured 0.11726 mm, 0.15219 
mm and 0.14758 mm along the same axes. 
The displacements of teeth and periodontal 
ligament in different directions under different 
orthodontic conditions reflect the significant 
influence of both the magnitude and direction 
of applied orthodontic forces. When additional 
orthodontic forces are introduced at specific 
points, such as via micro-implant screws or 
other methods in working conditions ② through 
⑤, the corresponding directional displace-
ments of teeth and periodontal ligament alter 
accordingly. This highlights the critical role of 
the force application site and vector in deter-
mining tooth movement and periodontal liga-
ment deformation [20]. 

Notably, this study, employing finite element 
analysis, was the first to demonstrate that the 
dynamic ridge technique can reduce the peak 
stress on the periodontal ligament by 0.02 
MPa, providing a biomechanical rationale for 
clinical root-controlled tooth retraction. Future 
work should validate these findings through 
clinical randomized controlled trials (RCTs). 
Prospective studies could compare the clinical 
efficacy of working condition ⑤ against tradi-
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tional retraction regimens, assessing root res- 
orption levels and retraction efficiency after 3 
months of treatment.

The findings of this study provide a biomechani-
cal foundation to guide clinicians in selecting 
optimal clear aligner treatment strategies tai-
lored to individual patient conditions. For cases 
with minimal difficulty in retracting the upper 
anterior teeth and low anchorage demands, the 
overall retraction approach represented by 
working condition ① may be appropriate. In 
contrast, for patients requiring stronger anchor-
age, such as those presenting with significant 
dental crowding or protrusion, alternative an- 
chorage configurations and force application 
methods, as simulated in working conditions  
② through ④, offer valuable options. For cases 
necessitating precise control over root position 
and angulation, the simulated power ridge 
model of root-controlled retraction provides 
critical clinical insight. Treatment planning 
should be personalized, taking into account 
factors including the severity of tooth deformi-
ty, periodontal health status, and root morphol-
ogy. In patients with compromised periodontal 
health, excessive orthodontic forces should be 
avoided, favoring force distributions that mini-
mize localized stress concentrations. Moreover, 
integrating advanced technologies such as 3D 
printing can facilitate customized appliance 
fabrication, better conforming to the patient’s 
tooth morphology and treatment needs. Digital 
technology, including intraoral scanning and 
CBCT, should be used for real-time monitoring 
of tooth movement and periodontal tissue 
changes, enabling timely adjustments to the 
treatment plan.

This study was limited to a single adult patient 
with maxillary protrusion. The small sample 
size and lack of diversity in patient age and mal-
occlusion types may restrict the generalizability 
of the results. Future research should include 
at least 30 patients with different malocclusion 
types-such as Angle’s Class II Division 1 and 
dental crowding- to validate the universality of 
the observed stress patterns, ideally integrat-
ing CBCT-based dynamic monitoring. Subse- 
quent studies should employ a multi-center, 
large-sample design, combined with 3D print-
ing technology to construct personalized mod-
els. This approach would allow for a more com-
prehensive evaluation of how different micro-
implant placement sites (e.g., incisor region vs 

first premolar area) affect biomechanical stre- 
ss distribution.

Conclusions

Based on the experimental data and related 
data analyses, the following conclusions were 
drawn: ① Regardless of the working condition, 
the maximum stress on the tooth consistently 
concentrates at the junction between the crown 
and the tooth body; ② The displacements of 
teeth and periodontal ligament along the X, Y 
and Z directions exhibit distinct patterns under 
different working conditions, highlighting the 
significant influence of different clear aligner 
force application modes on tooth and periodon-
tal ligament movement. ③ For patients with 
mild crowding of the upper anterior teeth and 
good periodontal health, whole retraction of 
the upper anterior teeth-as modeled in condi-
tion ①-can serve as a reference for treatment 
planning. Conversely, for patients facing great-
er difficulty in anterior tooth retraction and 
requiring precise root control, the biomechani-
cal insights from the power ridge technique 
demonstrated in condition ⑤ provide valuable 
guidance for developing tailored treatment 
plans.
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