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Abstract
Background

To investigate how a canine bite ramp (CBR) in clear aligners affects the three-dimensional
displacement of maxillary anterior teeth during canine distalization under different occlusal forces and
step sizes, and to provide biomechanical insights for extraction space closure.

Methods

A three-dimensional finite element model including the dentition, periodontal ligament, clear aligner, and
CBR was constructed to simulate canine distalization. We designed 20 loading conditions in this
experiment, consisting of a combination of 5 bilateral occlusal force levels (0, 50, 100, 150, 200 N, half
per canine) and 4 step sizes (0.10, 0.15, 0.20, 0.25 mm). To analyze the stress distribution in the tooth
and periodontal tissues, the displacement of the crown and root apex, and the migration behavior of the
instantaneous center of rotation (ICR).

Results

Under occlusal loading, the CBR significantly enhanced root control during canine distalization,
converting tipping movement into near-bodily translation. This tendency was amplified by higher
occlusal loads and smaller step increments. With a 0.10 mm step, synchronous crown-root movement
was achieved at forces ranging from 25 to 50 N per canine. In contrast, a large step (0.25 mm) required
over 75 N to achieve the same effect. Additionally, occlusal forces resulted in vertical intrusion and mild
labial tipping effect on the incisors, and both of which were better constrained when the smaller step
was applied.

Conclusion

During canine distalization, CBR effectively stabilizes root control and may serve as a mechanical aid for
regulating anterior torque and intrusion. Clinically, it is advisable to apply relatively small step sizes (=
0.15 mm) together with moderate occlusal forces (25-50 N per canine) in order to strike a balance
between root control efficiency and anterior anchorage preservation.

Introduction

Clear aligners have gained wide acceptance in clinical practice, largely due to their discreet appearance,
improved comfort, and relatively predictable outcomes '. In complex extraction cases, particularly
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those requiring extensive anterior retraction, the biomechanical performance of these devices is still
limited by several widely acknowledged constraints 2.

Compared with fixed appliances, clear aligners are less rigid and rely heavily on elastic recovery of the
material to close the space. When effective force transmission across the extraction site is lacking, force
continuity is lost, which often produces a characteristic “roller coaster” pattern: distal tipping of the
canine, lingual inclination and subsequent elongation of the incisors, and mesial rotation of the molars >
5. Although staged movement is used, precise root control of the canine is still essential for

achieving bodily retraction and preventing bone fenestration . The difficulty of vertical control is
amplified in deep overbite cases. Two primary factors have been identifiediithe limited efficiency of
incisor intrusion and the bite block effect. The former limits the extent of true intrusion achievable, and
the latter reduces the available vertical space for controlled retraction. As a result, those factors restrict
space closure and affect both periodontal and esthetic outcomes”?2.

The lingual bite ramp on the maxillary canine is already used as a clinical strategy for assisting bite
opening. Furthermore, current evidence suggests that such a ramp may have some effect on improving
torque control and root parallelism during canine distalization. Based on finite element simulations of
force application in clear aligner systemslithe ramp could redirect occlusal forces to influence root
torque control >19. Currently, quantitative studies examining the biomechanical effects of the canine bite
ramp remain limited.

Therefore, this study aims to investigate whether the lingual bite ramp on the maxillary canine can exert
root control during canine distalization under occlusal force in clear aligner treatment, and further
analyze the influence of occlusal force magnitude and movement step on mechanical effects, in order to
clarify its mechanical mechanism and offer a theoretical basis for clinical design.

Materials and Methods

1.1 Study Subjects

A single male subject with normal occlusion was recruited. Inclusion criteria: (1) Angle Class | molar
relationship; (2) presence of permanent dentition with no missing teeth and normal morphology; (3)
good dental and periodontal health; (4) absence of systemic diseases; (5) no history of orthodontic
treatment; and (6) no significant temporomandibular joint abnormalities. This study was approved by the
Ethics Committee of the Affiliated Stomatological Hospital of Nanjing Medical University (Approval No.
NKYEC-PJ2023-163-001). Written informed consent was obtained from the patient's legal
guardian/parent for the publication of this case report and any accompanying images."

1.2 Finite Element Model Preparation

Cone beam computed tomography (CBCT) was used to scan the volunteer's maxilla. The DICOM data
were imported into Mimics software (Materialise Software, Leuven, Belgium) for reconstruction into a
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three-dimensional point cloud and generation of an STL model. Geomagic Studio software (Geomagic
Company, NC, USA) was used for denoising, hole filling, smoothing, and mesh optimization to obtain a
high-quality maxillary dentition model. The periodontal ligament model was generated by expanding 0.2
mm outward from the root surface using Boolean operations '"; he limitations of the uniform thickness
assumption are discussed later.

Using FEBio software (Musculoskeletal Research Laboratories, University of Utah, USA) and
incorporating the material properties of clear aligners, a 0.5-mm-thick appliance model was constructed.
Distal movement of the canine was simulated in step sizes of 0.10, 0.15, 0.20, and 0.25 mm. A bite ramp
guide (base area: 5 x 4 mm?) was designed in CATIA, attached to the canine, and saved as an STL file
after surface optimization. Displacement loading was then applied using a geometric preset
displacement combined with a penalty contact algorithm.

The model was iteratively refined until displacement changes were reduced to less than 5%. The final
mesh consisted of 10,349 surface nodes, with 4,044 on the canine, 2,950 on the lateral incisor, and 3,355
on the central incisor, discretized using second-order tetrahedral elements (C3D10). The displacement

trends of the model were consistent with published literature under comparable conditions'?.

1.3 Material Properties

Based on previous literature '3, all structures are modeled as isotropic, homogeneous, and linearly
elastic materials (Table 1). Notably, this simplified assumption characterizes the instantaneous loading
response.

Material Elastic Modulus (MPa)  Poisson'’s Ratio
Alveolar bone 1.73 x10° 0.30
Tooth 1.96 x 104 0.30
Periodontal ligament  6.82 x 10-2 0.45
Clear aligner 5.82 x 102 0.36

Table 1. Material Parameters

1.4 Contact and Constraint Conditions

The contact properties among the structural interfaces are defined in FEBio as follows '#: (1) The
appliance-tooth contact is modeled as frictional surface-to-surface contact (u=0.2); (2) The tooth root-
periodontal ligament and periodontal ligament—alveolar bone interfaces are defined as frictionless
bonded contacts to simulate physiological adhesion; (3) The maxilla and alveolar bone are subjected to
a six-degree-of-freedom fully fixed constraint. This full constraint assumption may overestimate the
anchorage stiffness, and its directional influence is analyzed in the discussion. The tooth and
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periodontal ligament system remains unconstrained along the X, Y, and Z axes, allowing unrestricted
displacement and deformation.

1.5 Establishment of Spatial Coordinate System

The intersection of the palatal suture with the midpoint of the line segment connecting the adjacent
contact points of the maxillary first molar and second premolar on both sides serves as the coordinate
origin to establish a global three-dimensional coordinate system: X-axis (left-right, positive toward the
patient's right), Y-axis (mesiodistal, positive toward the mesial), and Z-axis (vertical, positive upward).
Subsequently, a local anatomical coordinate system, where the first principal component (PC1) defines
the tooth's long axis, is independently established for each tooth via principal component analysis (PCA).
Unlike the global coordinate system, the local coordinate system is employed to mitigate the influence of
variations in the initial spatial orientation of teeth on ICR calculations.

1.6 Loading Conditions and Working Condition Design

Two sets of independent variables were established: (1) Displacement increment: 0.10, 0.15, 0.20, 0.25
mm; (2) Total bilateral occlusal force: 0, 50, 100, 150, 200 N (where the unilateral force equals half the
total value: 0, 25, 50, 75, 100 N), applied perpendicularly to the bottom surface of the plane guide

plate. Twenty loading scenarios were defined by combining these variables (Figure 1).

The applied occlusal force ranged from light occlusion (25 N per side) to maximum clenching (100 N per
side). The upper limit of 100 N per side corresponds to the maximum occlusal force reported in adults'>.
In clinical practice, orthodontic patients typically wear the appliance in a passive state, so the actual
average occlusal force is lower than the maximum. Accordingly, the force values used in this study
represent a parametric exploration of upper boundaries. Clinical application should be individually
adjusted.

1.7 Kinematic Analysis and Local Coordinate System Definition

1.7.1 Establishment of Local Coordinate System

To minimize the influence of initial tooth posture on the calculation of the Center of Rotation (CR) 6, a
local coordinate system was established for each canine using Principal Component Analysis (PCA). All
4,044 surface nodes per canine tooth were used as input data. We extracted the first principal
component (PC1) to represent the long axis of the tooth. The vector orientation was then adjusted via
sign correction to ensure its angle with the positive Z-axis was less than 90°. Compared with manual
anatomical landmark identification, this method eliminates subjective errors and shows greater
robustness against variations in tooth morphology.

1.7.2 Rigid Body Transformation and Rotation Parameter Solving
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In orthodontic biomechanics, tooth displacement under varied force systems can be modeled as rigid

body motion, that is what we have done in this simulation '”. We used the Kabsch algorithm to compute
18

the rigid transformation parameters between the pre- and post-displacement positions'© .

Then we constructed a covariance matrix H = Pcenteredil x Qcentered after aligning the centroids.
Singular value decomposition(SVD) of H (H = UXVH) yielded the rotation matrix R = VUl (if det(R) < 0, the
third column of V is flipped). This approach follows the standard Kabsch algorithm, which has been
employed in previous biomechanical studies for extracting rotation axes from point-cloud data’®. Next,
we performed eigenvalue decomposition of R, extracting the eigenvector corresponding to eigenvalue 1,
which defines the direction vector of the rotation axis. The rotation angle 6 was computed as 6 =
arccos((tr(R) - 1) / 2). To fully determine the axis in space, we applied the Moore—Penrose generalized
inverse to the linear system derived from the rigid-body condition, yielding the coordinates of the center
of rotation (CR).To mitigate numerical noise, we omitted the ICR calculation when |displacement| < 10-7
mm, and instead performed the computation on a PCA-reduced point set. By linking CR points across
successive force magnitudes under the same loading condition, we generated a migration trajectory that
quantitatively captured the dynamic transition from tilt-dominated motion to overall translation.

1.8 Data Processing and Calculation of Biomechanical Indicators

We imported the nodal displacement data from FEBio in batches; these three-dimensional vectors
represented the response of roughly 4,000 to 8,000 nodes per loading condition. To build a master
database for subsequent analysis, we integrated these displacement data with the initial coordinates of
the tooth surface nodes, resulting in a consolidated dataset of 848,618 records. For the 20 loading
conditions applied to the cuspid under centric occlusion, we then individually calculated key
biomechanical indicators:

1. Crown-Root Displacement RatioliThe ratio of absolute mesiodistal (Y-axis) displacement of
reference noded at the crown and root apices. A ratio >1 defines tipping; =1, bodily movement; <1,
predominant root movement.

2. ICR spatial localization: We used the PCA local coordinate system and the Kabsch rigid
transformation algorithm to compute the optimal rotation matrix for the 4,044 surface nodes of
each canine. From this rotation matrix, we then extracted the rotation axis direction and the spatial
coordinates of the center of rotation, which yielded the projection height h_cr_pca of the ICR onto
the tooth long axis (PC1) and the rotation angle 6.

3. The h_cr_pca threshold defined movement types as follows: bodily translation (h > 10 mm),
controlled tipping (0 < h = 10 mm), uncontrolled tipping (-2 mm < h < 0), and root movement (h < -2
mm). We set the center of resistance (CRes) at h = -2.0 mm, corresponding to the middle third of
the root.

We eliminated initial posture differences by using PCA. For each canine, we computed the optimal
rotation matrix via the Kabsch algorithm and SVD. Then we applied the Moore—Penrose generalized
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inverse to determine the rotation axis. To mitigate numerical noise, we excluded any rigid body motion
below 10-7 mm from the ICR analysis.

Results

2.1 Tooth Stress Distribution

As shown in Figure 2, the von Mises stress fields in the maxillary canine were qualitatively similar across
loading conditions, with stress hotspots consistently arising at the cervical region of the tooth and the
lingual surface of the crown. The shared MPa scale applied to all subplots.

FEA revealed that step size and occlusal force jointly modulated stress distribution. Under external
loading (ON), stresses primarily localized on the lingual crown surface and cervical region. When a
vertical occlusal force was applied, the peak stress migrated toward the mid-root and adjacent alveolar
crest. As force increased, the high-stress area (warm-color region) expanded, producing a more uniform
distribution. This pattern was consistent with the biomechanical resistance during distal movement.
Compared with larger movement steps, we observed that smaller steps resulted in a flatter stress
gradient and less pronounced local stress concentrations.

2.2 Crown and root apex displacement of central and lateral incisors

To assess load transfer to the anterior segment, we quantified crown and root apex displacements of the
maxillary central and lateral incisors—the primary anchorage units. The displacement patterns are
summarized in Figure 3. As the applied force increased, the teeth exhibited a primarily vertical intrusion
pattern, with the magnitude increasing proportionally. On average, the maxillary central incisors
displayed more intrusion than the lateral incisors. And this differential intrusion pattern functionally
counteracts the elongation component of the “roller coaster” effect in clear aligner therapy.

By contrast, labial tipping of the incisors reflected a more complex interaction. As established by the
occlusal load, tipping increased nonlinearly with displacement magnitude. Specifically, larger step sizes
were associated with greater labial displacement and an elevated risk of anchorage loss; in contrast,
smaller step sizes preserved torque more effectively. Step size then amplified this effect—greater
increments further promoted labial tipping, particularly in the central incisors relative to the lateral ones.

Figure 3 thus demonstrates that anterior intrusion could be achieved while maintaining labial tipping
within a physiologic range, but only under the combined conditions of a small step size and moderate
occlusal force. Such an approach effectively avoided the risk of anterior anchorage loss.

2.3 Spatial Evolution of the Instantaneous Center of Rotation and Rotation Axis

Without occlusal force, the maxillary canine underwent primarily tipping movement. The ICR resided near
the root apex, far below the center of resistance (CRes) in the middle third of the root. This pattern
showed that the clear aligner solely delivered an unbalanced force concentrated at the crown.
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As occlusal force increased, the ICR shifted occlusally along the tooth’s long axis, making the rotation
axis increasingly horizontal and driving the motion from tipping toward near-bodily movement. When the
applied force exceeded a critical threshold, the ICR shifted toward infinity, indicating that the tooth had
entered a state of near-pure translation (rotation angle approaching 0°)20.

The step size influenced this transition and interacted with occlusal force in a nonlinear manner
(summarized in Table 2). For example, under a small step (0.10mm), the ICR relative to CRes evolved
with load as follows: from +5.25mm at ON to -3.78 mm at 25N, then to +0.52mm at 50N, and finally to
+10.58-15.13mm at 75-100N. These data showed a continuous shift from tipping to root movement
and finally to controlled translation.

We found that the 25-50N induced the most pronounced shift of the ICR, indicating that under a small
step size the system was highly sensitive to force magnitude at low thresholds. Contrastly, when using
the largest step (0.25mm), the ICR was initially located occlusal to CRes (h=+2.24mm at ON). As the
occlusal load rose to 100N, it migrated apically to h=-4.58 mm, yet remained confined to the apical
region. Notably, although the rotation axis angle (8) decreased from 0.28° to 0.18°, an inertial locking
effect emerged, likely because the excessive initial tipping moment prevented full transition to
translation. The intermediate step sizes (0.15-0.20 mm) showed a transitional pattern between these
two extremes.

Table 2. Projection height and rotation angle of maxillary canine ICR along the long axis of the tooth
under different working conditions (CRes located at h = -2.0 mm / middle 1/3 of the root; h > 0 indicates
ICR is occlusal to the centroid, h < -2 indicates ICR is apical to CRes)

Moving Step  Parameter ON 25N 50N 75N 100 N
0.10 mm h (mm) 525 -3.78 0.52 10.58 15.13
Angle (°) 0.10 0.08 0.08 0.10 0.13
0.15mm h (mm) 339 -344 -1.80 5.08 9.87
Angle (°) 0.16 0.14 0.15 0.18 0.23
0.20 mm h (mm) 258 -136 -465 -0.92 3.60
Angle (°) 022 0.19 0.19 0.22 0.25
0.25 mm h (mm) 224 1.90 -1.13 -3.63 -4.58

Angle(") 028 024 022 019 0.18

As shown in Figure 4, three-dimensional analysis in the frontal, lateral, and occlusal views reveals that
the movement occurs mostly in the sagittal and coronal planes, with negligible vertical rotation. On the
occlusal view, the ICR translates linearly along the long axis of the tooth, showing no buccolingual or
mesiodistal deviation.
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Figures 5B and 5C quantify how ICR projection height and rotation angle change under load. Two
anatomical references anchor the analysis: the CRes line (h = -2.0) and the centroid line (h = 0). The
0.10mm group exhibited a characteristic "V-shaped rebound" in the ICR trajectory: a brief apical dip at
25N, succeeded by a sharp coronal rebound and corresponding to controlled translation. In contrast, the
0.25mm group showed a monotonic apical shift, with the ICR remaining confined to the apical region.
Regarding rotation angles, 6 remained below 0.3° across all loading conditions. In the 0.25mm group, 6
decreased from 0.28° to 0.18° as force increased. This indicates that, even when the ICR remained
confined to the apical region, higher occlusal force effectively mitigated the unwanted rotation induced
by aligner deformation.

Figures 5B and 5C show how ICR projection height and rotation angle change under load. The analysis
uses two anatomical references: the CRes line (h = -2.0) and the centroid line (h = 0). In the 0.10mm
group, the ICR showed a characteristic V-shaped rebound — a brief apical dip at 25N followed by a sharp
coronal rebound, consistent with controlled translation. In contrast, the 0.25mm group shifted
monotonically apically, with the ICR remaining confined to the apical region throughout.

As for rotation angles, 6 remained below 0.3° under all loads. In the 0.25mm group, 6 decreased from
0.28° t0 0.18° as force increased. Thus, even with the ICR pinned to the apex, higher occlusal force
obviously reduced the unwanted rotation caused by aligner deformation.

Discussion

FEA was first applied to orthodontics by Thresher et al. in 1973 2?2 and has since been established as a
key approach for simulating how the tooth—periodontal ligament—bone complex responds mechanically.
In the present study, we built a computational model that discretized the maxillary incisors, supporting
tissues, and the clear aligner to simulate displacement patterns and stress distributions under defined
loading conditions?3. This approach is especially valuable for addressing tricky clinical scenarios—such
as extraction space closure, root control, and vertical adjustment—as it provides a theoretical basis for
optimizing aligner mechanics and tailoring treatment plans'324.

The maxillary flat bite plate—typically bonded to the lingual surface of the incisors or canines—is a
common device for bite opening in clear aligner extraction cases. When managing moderate to severe
deep overbite that involves substantial anterior retraction or high torque demands, we extended the bite
plate coverage to both canines. This eliminated the occlusal interference that maintains the deep bite
lock, thereby creating the space needed for bite opening, anterior retraction, and mandibular

repositioning?°.

The experimental data showed that combining a canine lingual bite plate with occlusal force converted
distal canine movement from tipping toward bodily movement. We applied occlusal forces from 25 N to

100 N—spanning light to heavy biting '°. FEA showed that under appliance-only activation (0 N), the ICR
sat near the root apex, producing crown-distal and root-mesial tipping. Adding a vertical upward occlusal
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force shifted the rotation axis; at certain force levels, it ran nearly parallel to the tooth's long axis —
consistent with bodily translation. The vertical component counteracted the torque generated by aligner
deformation, synchronizing crown and root distalization. Higher occlusal forces induced controlled root
overcorrection — that is, root displacement exceeded crown displacement.

A notable issue with the largest step size (0.25 mm) was the "inertial locking" effect. Even a 100 N
occlusal force could not overcome the initial tipping torque induced by aligner deformation, restricting
the type of tooth movement. This highlights a clinical limitation: high-intensity biting alone cannot fully
offset the mechanical constraints of an excessively large step size.Our model suggests that forces over
75 N may facilitate better root control, but clinical application warrants caution. Considering the gap
between simulated peak forces and patients’ actual occlusal forces, we recommend moderate forces
(25-50 N per side) combined with active bite training during treatment. This strikes a reasonable
balance between periodontal safety and effective tooth movement.

Using the flat guide plate to alter canine movement also introduced unintended effects on the anterior
segment. In conventional clear aligner treatment for extraction cases, inadequate vertical and torque
control often leads to a "roller coaster pattern"—characterized by lingual tipping and extrusion of the
anterior teeth32%27_Qur results showed that the canine bite ramp improved root control during
distalization. The transmitted occlusal force also induced vertical intrusion while producing labial tipping
of the incisors, thereby partly counteracting the undesired effect?®. However, this compensatory
mechanism proved double-edged. Excessive occlusal force (= 75 N) or step size (= 0.20 mm)
exacerbated incisor labial tipping, potentially compromising anterior anchorage—a risk consistent with
prior observations of proclination in clear aligner treatment?®. Conversely, reducing the step size
improved predictability, and enabled more controlled tooth movement. Thus, clinicians must strike a
balance: counteracting the roller coaster effect while avoiding excessive labial tipping of the incisors.

We simulated four movement step sizes (0.10, 0.15, 0.20, and 0.25 mm) to evaluate how step size
affects the mechanical environment. The 0.10 mm step performed best: it required less occlusal force to
achieve the same bodily translation and also systematically reduced incisor labial tipping. Our analysis
suggests that smaller steps reduce the initial interference between the aligner and the tooth, making
force delivery more predictable. Importantly, the intermediate step sizes represent a practical
compromise between the efficiency of the conventional 0.25 mm step and the biological control offered
by the 0.10 mm step. Clinicians should therefore tailor step size across different treatment phases,
weighing efficiency against periodontal safety.

Our FEA models showed that the canine lingual bite plate promoted bodily movement during canine
distalization, and the effect got stronger as we increased occlusal force. Smaller steps reduced
unwanted incisor flaring and helped maintain anterior anchorage. Because this was a computational
simulation, certain factors — dynamic occlusion, salivary dynamics, periodontal biological responses —
lie beyond what FEA models can simulate. Clinical validation is needed to confirm whether these
biomechanical trends hold true across different malocclusion types and attachment configurations.
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Abbreviations

CBR: Canine Bite Ramp

ICR: Instantaneous Center of Rotation
CBCT: Cone Beam Computed Tomography
PCA: Principal Component Analysis

CRes: Center of Resistance
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Experimental design
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Figure 2

Von-Mises stress distribution on the lingual surface of maxillary canines under varying occlusal forces
and movement strides

Page 15/18



0.1 mm 0.1 mm 0.1 mm 0.1 mm 0.1 mm
ON 25N SON 75N 100N
0.104 | | 1 b
i i d |
005 : ® o @ @
&ao . : ' @
0.004 .:_._:.. e ':‘.L' 1] e | -
0.15 mm 0.15 mm 0.1 mm 0.15 mm 0.15 mm
ON 25N S0 N 75N 100N Tooth
| 1 I i_i
0.101 l ! D PY I o .11
0.05 6 1 S) R - _ 2 .12
000' . ‘1"’ ”””” ”7”.":'-”””’ ”’.'_': ””””” ik B - - = “":”’- ””” . 13
\ 0.2 mm 0.2 mm 0.2 mm 0.2 mm 0.2 mm
ON 25N 50N 75N 100N
0.10. | | - . B
: : e o : ®
0.054 v @ ®° @ : }
; e 'a | ; * Root
) | 1 ® Crown
0.25 mm 0.25 mm 0.25 mm 0.25 mm 0.25 mm
ON 25N SON 5N 100N
o10] g R olle- }
0.054 @ ‘ O :
I N | |
u.uo._:l. ! ’ S—1 T - ;- . v
N EEEENEEENEEEEEEEEEEEEEEEEE
-Y

Figure 3
Displacement distribution of maxillary anterior tooth crowns and root apices under different conditions

(Y-axis: horizontal displacement, positive — mesial / negative — distal; Z-axis: vertical displacement,
positive — extrusion / negative — intrusion; unit: mm).
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Figure 4

3D visualization of maxillary canine ICR and rotation axis under varying occlusal forces and movement
steps. (Gray outline: canine shape; black dashed line: tooth long axis/PC1; black cross: CRes; colored
dots: ICR under each condition; colored line segments: corresponding instantaneous rotation axis.)
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Figure 5

Line charts of quantitative indicators under increasing occlusal force. (A) Crown-root displacement ratio;
(B) ICR projection height; (C) Rotation angle.
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