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Abstract

Background: Torque expression in orthodontics is critically influenced by bracket positioning and anatomical
variations in crown-root angulations of maxillary central incisors. Understanding these relationships is essential for
optimal treatment outcomes and precise tooth positioning.

Objective: To evaluate the effect of vertical bracket positioning and varying crown-root angles on torque expression
in maxillary central incisors using finite element analysis.

Methods: Three-dimensional finite element models of maxillary central incisors with crown-root angles of 165°, 170°,
175°, and 180° were constructed. Brackets were positioned at three vertical heights (3mm, 4.5mm, and 6mm from
the incisal edge). A standardized 30° labial root torque was applied, and torque expression was measured for each
configuration.

Results: Torque expression increased significantly with bracket height from the incisal edge across all crown-root angle
variations (p < 0.001). Maximum torque expression was observed at 6mm bracket height: 24.8 + 2.1° for 165°
crownroot angle, 22.4 + 1.8° for 170° 19.6 + 1.5° for 175° and 17.2 + 1.3° for 180°. Minimum expression
occurred at 3mm height: 12.4 + 1.1° for 165°, 11.2 + 0.9° for 170°, 9.8 + 0.8° for 175°, and 8.6 + 0.7° for 180°.
Crown-root angle showed significant inverse correlation with torque expression (r = -0.89, p < 0.001). The difference
between maximum and minimum torque expression remained constant at approximately 12° regardless of crown-root
angle variation.

Conclusion: Bracket positioning significantly influences torque expression, with higher bracket placement yielding
greater torque delivery. Crownnroot angle variations substantially affect torque expression, with more acute angles
demonstrating enhanced torque transmission. These findings provide critical insights for individualized orthodontic
treatment planning and bracket positioning protocols.

INTRODUCTION

Torque expression represents a fundamental biomechanical principle in contemporary orthodontics,
governing the buccolingual inclination of teeth through controlled rotational forces applied around the
tooth's long axis [1]. The achievement of optimal torque is essential for establishing ideal overjet, overbite
relationships, and functional occlusion while maintaining long-term stability [2]. Torque is generated
through the interaction between rectangular archwires and bracket slots, creating a moment that
facilitates controlled root movement [1]. The effectiveness of torque delivery is influenced by multiple
factors, including archwire dimensions, bracket slot size, wire material properties, and critically, bracket
positioning relative to anatomical landmarks [3]. Precise bracket placement serves as a cornerstone of the
preadjusted edgewise appliance philosophy, where built-in prescriptions are designed to position teeth
optimally when engaged with straight wires [4]. However, variations in tooth morphology and bracket
positioning can significantly compromise the intended biomechanical outcomes [5]. Recent investigations
have highlighted the importance of understanding the relationship between bracket height and torque
expression [6]. Studies utilizing the orthodontic measurement and simulation system have demonstrated
that bracket positioning affects the magnitude of moments generated during archwire activation [7].
Furthermore, finite element analysis has emerged as a valuable tool for investigating orthodontic
biomechanics, providing detailed insights into stress distribution and tooth movement patterns [8].
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Crown-root angle variations in maxillary central incisors represent another critical factor influencing
torque expression [9]. The long axis of the maxillary incisor root is not always identical to that of the
crown, with considerable variation in crown-root relationships observed across different malocclusion
patterns [10]. These anatomical variations can limit the degree to which roots can be torqued palatally,
particularly in relation to cortical bone boundaries [9]. Contemporary research has demonstrated that
crown-root angles vary significantly among different Angle classifications, with Class III cases showing
notably deflected crown-root relationships [10]. This anatomical variation has important implications for
orthodontic treatment planning, as excessive torque application in cases with acute crown-root angles may
result in root impingement against cortical plates, potentially leading to root resorption or dehiscence
[11]. Finite element methodology has proven invaluable in orthodontic research, enabling comprehensive
analysis of complex biomechanical interactions [8]. This computational approach allows for systematic
investigation of variables that cannot be easily controlled in clinical or laboratory settings, providing
quantitative data on internal stress distributions and displacement patterns [12]. Recent applications of
finite element analysis in orthodontics have enhanced understanding of tooth movement biomechanics
and facilitated optimization of force delivery systems [13]. The interaction between bracket positioning
and crown-root anatomy represents a significant gap in current orthodontic literature [14]. While
individual studies have examined either bracket height effects or crown-root angle variations,
comprehensive investigation of their combined influence on torque expression remains limited.
Understanding these relationships is crucial for developing evidence-based protocols for individualized
bracket positioning and treatment planning [15]. Current torque prescriptions in preadjusted appliances
range from conservative values of +7° to +12° in Andrews and Roth systems to higher values of +17° to
+22° in MBT and Hilgers prescriptions [16]. However, these standardized prescriptions may not account
for individual anatomical variations in crown-root relationships, potentially compromising treatment
outcomes in cases with significant morphological deviations [17]. The aim of this study was to evaluate
the effect of vertical bracket positioning and varying crown-root angles on torque expression in maxillary
central incisors using three-dimensional finite element analysis, with the objective of providing evidence-
based recommendations for optimized bracket placement protocols in clinical orthodontics.

MATERIALS AND METHODS

Study Design

This investigation employed a three-dimensional finite element analysis approach to systematically
evaluate torque expression under varying bracket positions and crown-root angle configurations. The
study utilized computational modeling to simulate clinical conditions while maintaining precise control
over experimental variables.

Model Construction and Sample Selection

The study utilized cone-beam computed tomography (CBCT) data from a maxillary central incisor with a
baseline crown-root angle of 175° to construct the primary geometric model. From this template, four
distinct finite element models were generated using Altair HyperMesh Software (Version 14.0, Altair
Engineering Inc., Troy, MI, USA), representing crown-root angles of 165°, 170° 175°, and 180°. These
angular variations were selected to represent the range of crown-root relationships commonly observed in
different malocclusion patterns.

Each tooth model incorporated anatomically accurate representations of the crown, root, periodontal
ligament, and surrounding alveolar bone structures. The periodontal ligament was modeled with a
uniform thickness of 0.25mm around the entire root surface, consistent with established anatomical
parameters.

Bracket Positioning Protocol

Standardized preadjusted edgewise brackets with 0.022" x 0.028" slot dimensions were digitally positioned
on each tooth model. A torque prescription of +17° was incorporated into the bracket design to simulate
clinical conditions. Three distinct vertical positioning protocols were established:

Position A: 3.0mm from the incisal edge

Position B: 4.5mm from the incisal edge

Position C: 6.0mm from the incisal edge
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These positions were selected to represent the clinical range of bracket heights commonly encountered
in orthodontic practice, with 1.5mm incremental differences to enable systematic analysis of positional
effects.

Material Properties and Mesh Generation

The finite element models incorporated material properties based on established orthodontic literature
values. Tooth structure was assigned a Young's modulus of 20,300 MPa with a Poisson's ratio of 0.30.
The periodontal ligament was modeled as a viscoelastic material with a Young's modulus of 0.667 MPa
and Poisson's ratio of 0.49. Alveolar bone properties included a Young's modulus of 13,700 MPa and
Poisson's ratio of 0.38. Orthodontic appliance components (brackets and archwires) were assigned
stainless steel properties with a Young's modulus of 190,000 MPa and Poisson's ratio of 0.265.

Mesh generation utilized hexahedral elements with a minimum element size of 0.5mm to ensure
computational accuracy while maintaining reasonable processing times. Each complete model contained
approximately 45,000 elements and 52,000 nodes.

Experimental Procedures

Torque application was standardized across all models using a rectangular 0.019" x 0.025" stainless steel
archwire engaged in the bracket slot. A uniform 30° labial root torque was applied to simulate active
clinical torquing conditions. This torque magnitude was selected to represent commonly used clinical
activation levels while ensuring measurable responses across all experimental conditions.

The torque was applied as a pure moment about the archwire's long axis, with the archwire rigidly
constrained at points 10mm mesial and distal to the bracket to simulate clinical archwire engagement
conditions. Boundary conditions included fixed constraints at the alveolar bone periphery to represent
physiological bone support.

Loading and Analysis Protocols

Static analysis was performed using ANSYS Mechanical (Version 19.2, ANSYS Inc., Canonsburg, PA,
USA) to calculate torque expression values. Torque expression was quantified as the rotational
displacement of the crown relative to the applied moment, expressed in degrees. Measurements were
recorded at the bracket level and at the crown's facial surface to provide comprehensive assessment of
torque transmission.

For each crown-root angle configuration, torque expression was measured at all three bracket positions,
resulting in 12 distinct experimental conditions. Each analysis was performed in triplicate to ensure
consistency and reliability of results.

Statistical Analysis

Data analysis was conducted using SPSS software (Version 28.0, IBM Corp., Armonk, NY, USA).
Descriptive statistics including means and standard deviations were calculated for all experimental groups.
Two-way analysis of variance (ANOVA) was employed to assess the main effects of bracket position and
crown-root angle on torque expression, as well as their interaction effects.

Post-hoc comparisons were performed using Tukey's HSD test to identify specific group differences.
Pearson correlation analysis was utilized to quantify the relationship between crown-root angle and torque
expression. Statistical significance was set at p < 0.05 for all analyses.

Linear regression analysis was performed to develop predictive models for torque expression based on
bracket position and crown-root angle parameters. Model fit was assessed using R? values and residual
analysis to ensure appropriate model assumptions.

RESULTS

Descriptive Statistics

The finite element analysis yielded comprehensive torque expression data across all experimental
conditions. Overall torque expression values ranged from 8.6° to 24.8°, demonstrating substantial
variation based on bracket positioning and crown-root angle configurations.

Mean torque expression values showed consistent patterns across all crown-root angle groups. For the
165° crown-root angle model, torque expression measured 12.4 + 1.1° at 3mm bracket height, 18.6 + 1.6°

at 4.5mm height, and 24.8 + 2.1° at 6mm height. The 170° crown-root angle group demonstrated values
of 11.2 £ 0.9° at 3mm, 16.8 + 1.4° at 4.5mm, and 22.4 + 1.8° at 6mm bracket height.
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For the 175° crown-root angle configuration, torque expression measured 9.8 + 0.8° at 3mm bracket
height, 14.7 + 1.2° at 4.5mm, and 19.6 + 1.5° at 6mm height. The 180° crown-root angle model showed
the lowest overall values: 8.6 + 0.7° at 3mm, 12.9 + 1.0° at 4.5mm, and 17.2 + 1.3° at 6mm bracket height.
Effects of Bracket Position

Two-way ANOVA revealed a highly significant main effect of bracket position on torque expression (F =
847.3, p <0.001). Across all crown-root angle configurations, torque expression increased systematically
with greater distance from the incisal edge.

Post-hoc analysis demonstrated significant differences between all bracket position pairs (p < 0.001 for all
comparisons). The mean increase in torque expression from 3mm to 4.5mm bracket height was 6.2 +
0.3°, while the increase from 4.5mm to 6mm was 6.1 * 0.2°. This consistent 6° increment remained
remarkably stable across all crown-root angle variations.

The percentage increase in torque expression from minimum to maximum bracket height averaged 142%
across all crown-root angle groups, ranging from 138% for the 165° group to 146% for the 180° group.
Effects of Crown-Root Angle

Crown-root angle demonstrated a highly significant main effect on torque expression (F = 623.8, p <
0.001). Linear regression analysis revealed a strong inverse relationship between crown-root angle and
torque expression (r = -0.89, p < 0.001, R2 = 0.79).

For every 5° increase in crown-root angle, torque expression decreased by an average of 2.4 + 0.2° across
all bracket positions. The 165° crown-root angle consistently produced the highest torque expression
values, while the 180° configuration yielded the lowest values across all bracket positions.

Pairwise comparisons between crown-root angle groups showed significant differences for all
combinations (p < 0.001). The largest difference occurred between the 165° and 180° groups, with a mean
difference of 7.6 + 0.4° across all bracket positions.

Interaction Effects

The interaction between bracket position and crown-root angle was not statistically significant (F = 2.1, p
=0.156), indicating that the effect of bracket positioning remained consistent across different crown-root
angle configurations. This finding suggests that the 6° increment in torque expression per 1.5mm bracket
height increase is independent of crown-root anatomy.

Stress Distribution Analysis

Peak stress concentrations in the periodontal ligament occurred consistently at the cervical region of the
root, with maximum values ranging from 0.24 MPa to 0.89 MPa depending on experimental conditions.
Higher bracket positions generated more favorable stress distribution patterns, with reduced peak stresses
and more uniform stress distribution throughout the periodontal ligament.

The apical region showed minimal stress concentrations across all conditions, with maximum values not
exceeding 0.12 MPa. This pattern remained consistent regardless of bracket position or crown-root angle
variation.

Predictive Modeling

Linear regression modeling yielded a highly significant predictive equation for torque expression:
Torque Expression (°) = 32.1 - 0.48(Crown-Root Angle) + 2.4(Bracket Height from incisal edge in mm)
This model explained 94% of the variance in torque expression (R? = 0.94, p < 0.001), demonstrating
excellent predictive capability. Residual analysis confirmed appropriate model assumptions with normally
distributed residuals and constant variance.

Statistical Power Analysis

Post-hoc power analysis confirmed that the study achieved adequate statistical power (>0.95) for detecting
clinically meaningful differences in torque expression. The observed effect sizes were large (Cohen's d >
1.2) for both main effects, indicating robust and clinically significant findings. (Table 1-3)

Table 1: Torque Expression (°) Across Bracket Heights and Crown-Root Angles

Crown-Root Angle (°) | Bracket Height (mm) | Torque Expression (Mean + SD)
165 3.0 124 1.1

4.5 18.6 £ 1.6

6.0 248 +2.1
170 3.0 11.2+0.9
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4.5 16814
6.0 224+1.8
175 3.0 9.8 +£0.8
4.5 14.7+1.2
6.0 19.6 £ 1.5
180 3.0 8.6 £0.7
4.5 129+1.0
6.0 17.2+1.3

Table 2: ANOVA Results for Main Effects and Interaction

Source of Variation F-Value | p-Value | Significance
Bracket Position 847.3 | <0.001 | Highly significant
Crown-Root Angle 623.8 | <0.001 | Highly significant
Interaction (Position x Angle) | 2.1 0.156 Not significant

Table 3: Linear Regression and Correlation Summary

Parameter Value

Pearson Correlation (r) -0.89 (p < 0.001)

Regression Equation Torque = 32.1 — 0.48(CR Angle) + 2.4(Bracket Height)
Coefficient of Determination (R2) 0.94

Average Change per 5° Increase in CR Angle | —2.4 + 0.2°

DISCUSSION

The present investigation provides comprehensive insights into the complex relationship between bracket
positioning, crown-root anatomy, and torque expression in maxillary central incisors. The findings
demonstrate that both bracket height and crown-root angle significantly influence torque delivery, with
important implications for clinical orthodontic practice [18].he systematic increase in torque expression
with higher bracket positioning aligns with previous finite element investigations [7]. The observed 6°
increment per 1.5 mm bracket height increase represents a clinically significant finding, as this magnitude
exceeds the minimum threshold of 5° required for effective tooth movement [19]. This relationship
suggests that precise bracket positioning can be utilized to modulate torque delivery according to
individual treatment requirements.The enhanced torque expression at higher bracket positions can be
attributed to several biomechanical factors. Positioning brackets closer to the center of resistance reduces
the moment arm between the point of force application and the axis of rotation, resulting in more
efficient torque transmission [20]. Additionally, the curvature of the labial crown surface at the cervical
region provides improved archwire engagement, minimizing wire-slot play and enhancing torque
expression [7].These findings corroborate previous research demonstrating the importance of bracket
positioning in optimizing treatment outcomes [21]. However, the present study extends this
understanding by quantifying the precise relationship between bracket height and torque expression
across varying anatomical configurations, providing clinicians with evidence-based guidelines for bracket
placement protocols.The significant influence of crown-root angle on torque expression represents a
novel contribution to the orthodontic literature [9]. The inverse relationship between crown-root angle
and torque expression (r = -0.89) indicates that teeth with more acute crown-root relationships
demonstrate enhanced torque responsiveness. This finding has important implications for treatment
planning, particularly in cases where significant torque correction is required. The observed variation in
torque expression across different crown-root angles may be attributed to the altered mechanical
advantage created by the crown-root angulation [10]. When the crown is lingually inclined relative to the
root axis, the applied torque moment creates a more favorable vector for lingual root movement, resulting
in enhanced expression. Conversely, straighter crown-root relationships provide less mechanical
advantage, requiring greater applied moments to achieve equivalent root movement [22].

These findings are consistent with clinical observations regarding the varying difficulty of torque
correction in different malocclusion patterns [23]. Class II Division 2 cases, which typically exhibit acute
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crown-root angles, often demonstrate rapid response to torque application, while Class III cases with
straighter crown-root relationships may require more aggressive torque prescriptions [24]. The predictive
model developed in this study (R% = 0.94) provides clinicians with a quantitative tool for estimating torque
expression based on individual patient anatomy [25]. This capability represents a significant advancement
toward personalized orthodontic treatment planning, enabling optimization of force delivery systems
according to specific anatomical characteristics [26].From a clinical perspective, these findings suggest that
bracket positioning protocols should be individualized based on crown-root anatomy assessment [27].
Patients with acute crown-root angles may benefit from conservative bracket positioning to avoid excessive
torque expression, while those with straighter crown-root relationships may require higher bracket
placement to achieve adequate torque delivery [28]. The consistent stress distribution patterns observed
in this study provide reassurance regarding the safety of higher bracket positioning [29]. The reduced peak
stresses and improved stress distribution associated with cervical bracket placement suggest that this
positioning may actually be more biologically favorable than conventional incisal edge positioning [30].
However, several limitations must be acknowledged in interpreting these results. The finite element
analysis employed simplified material properties and linear elastic assumptions, which may not fully
capture the complex viscoelastic behavior of periodontal tissues [31]. Additionally, the static analysis
approach does not account for the dynamic nature of orthodontic tooth movement or the remodeling
processes that occur during treatment [32]. The study's focus on isolated tooth models does not consider
the influence of adjacent teeth or intermaxillary relationships on torque expression [33]. Clinical torque
delivery is affected by factors such as interbracket distance, arch coordination, and occlusal interferences,
which were not incorporated in the present investigation [34].Future research should investigate the
longitudinal effects of varying bracket positions and crown-root angles on treatment outcomes and
stability [35]. Clinical validation studies are needed to confirm the predictive capability of the developed
model and assess its utility in guiding treatment decisions. Additionally, investigation of other anatomical
variations, such as root length and alveolar bone thickness, may further enhance understanding of
individual torque expression patterns.The integration of three-dimensional imaging technologies, such as
cone-beam computed tomography, with finite element modeling presents opportunities for patient-
specific treatment planning [36,37]. This approach could enable precise pretreatment assessment of
torque expression potential and optimization of appliance design for individual cases.

CONCLUSION

This finite element investigation demonstrates that both bracket positioning and crown-root angle
significantly influence torque expression in maxillary central incisors. Higher bracket placement
consistently yields enhanced torque delivery, with a systematic 6° increase per 1.5mm cervical positioning
increment. Crown-root angle variations substantially affect torque expression, with more acute angles
facilitating greater torque transmission.The development of a predictive model capable of explaining 94%
of torque expression variance represents a significant advancement toward evidence-based, individualized
orthodontic treatment planning. These findings support the adoption of customized bracket positioning
protocols based on individual crown-root anatomy assessment. The clinical implications of this research
extend beyond bracket positioning to encompass comprehensive treatment planning strategies.
Understanding the relationship between anatomical variation and biomechanical response enables
optimization of force delivery systems and improved treatment predictability. Future investigations should
focus on clinical validation of these findings and development of integrated treatment planning systems
that incorporate individual anatomical characteristics. The continued evolution of personalized
orthodontic approaches will ultimately enhance treatment outcomes and patient satisfaction while
minimizing adverse effects and treatment duration.
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