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Alveolar Cortical Bone under

constrained alveolar environment, where cortical bone remodeling capacity is limited
and mechanical responses may be spatially heterogeneous.

Objectives: To characterize the spatial distribution of mechanical fields in adult alveolar
cortical bone under coronal and radicular orthodontic tipping using finite element
analysis.
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Materials and Methods: A finite element model of a maxillary segment was constructed
from cone-beam computed tomography data. Two orthodontic loading configurations
were simulated: coronal tipping induced by aligner displacement and radicular tipping
induced by a pure moment. Equivalent elastic strain, hydrostatic stress and principal
stresses were analyzed to describe the spatial organization of the mechanical
environment within the alveolar cortical bone.

by Athenaeum Scientific Publishers.

This is an open access article distributed
under the terms of the Creative Commons
Attribution 4.0 International License (CC BY
4.0), which permits unrestricted use,
distribution and reproduction in any
medium, provided the original work is

properly cited.

Results: Both loading configurations generated heterogeneous and spatially organized
mechanical fields rather than uniform stress or strain distributions. Coronal tipping
produced localized strain and hydrostatic stress concentrations, predominantly in
cervical cortical regions, whereas radicular tipping resulted in lower peak values and
more evenly distributed mechanical gradients along the root length. In both scenarios,
global strain magnitudes remained within low-to-moderate ranges consistent with an
adult homeostatic context, while local gradients and stress transitions defined distinct
mechanical domains.

License URL: Conclusion: Orthodontic tipping in adult alveolar cortical bone is characterized by

https://creativecommons.org/licenses/by/4.0/

structured mechanical fields governed by spatial gradients rather than by force

magnitude alone. These findings are consistent with a gradient-based mechanical
interpretation of Wolff’s law in adult orthodontics, in which finite element analysis
delineates zones of potential biological relevance without predicting direct remodeling outcomes.

Keywords: Orthodontic Biomechanics; Wolff’s Law; Finite Element Analysis; Alveolar Cortical Bone; Mechanical Gradients;
Adult Orthodontic

Introduction

Orthodontic Tooth Movement (OTM) is a biomechanical process arising from the interaction between applied orthodontic loads,
the Periodontal Ligament (PDL) and the surrounding alveolar bone. Classical orthodontic theory describes this process through
the pressure—tension paradigm, whereby bone resorption predominates on the compression side of the PDL and bone formation
occurs on the tension side, enabling controlled dental displacement. This interpretation has traditionally been regarded as a
clinical application of Wolff’s law and as conceptually aligned with Enlow’s architectural view of craniofacial adaptation [1,2,4].
However, this simplified paradigm assumes a relatively uniform and deterministic relationship between mechanical loading
and bone remodeling. Contemporary mechanobiological evidence increasingly challenges this assumption, particularly in adult
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alveolar bone. Experimental, clinical and computational studies indicate that identical orthodontic force magnitudes may lead
to markedly different biological outcomes depending on anatomical location, loading geometry and patient-specific biological
context [3-15]. These findings indicate that orthodontic bone adaptation cannot be reliably inferred from force magnitude or local
compression-tension states alone.

Beyond the periodontal ligament—centered interpretation, early biomechanical concepts questioned the assumption of a rigid
alveolar housing. Structural theories proposed by Baumrind and later discussed by Grimm suggested that orthodontic forces
may induce elastic bending of the alveolar bone itself, with the tooth acting as a lever within a deformable socket [5,6]. In this
view, alveolar deformation contributes to the redistribution of mechanical stimuli within the bone rather than serving merely as
a passive boundary to tooth displacement (Supplementary Fig. S1) [5,6].

Subsequent histological investigations provided indirect biological support for this structural intuition. Melsen and colleagues,
studying orthodontic tooth movement in adult primates, observed patterns of bone apposition that could be interpreted as a
response to bending-related tensile strain within the alveolar wall, rather than to localized periodontal compression alone [7].
These observations highlighted the constraining role of the alveolar cortical plate in adult patients and underscored the limited
and non-uniform adaptive capacity of mature cortical bone during orthodontic treatment.

Over the past decade, advances in imaging, animal experimentation and computational biomechanics have substantially refined
the understanding of orthodontic force transmission. High-resolution micro-computed tomography and histomorphometric
studies have suggested that bone resorption and formation during OTM are spatially heterogeneous and frequently occur in
adjacent regions rather than in strictly opposing compression and tension zones [8-10]. These findings are particularly
pronounced in adult models, where orthodontic force-mediated bone remodeling is attenuated and bone turnover is reduced
[16].

Finite element analyses further support this heterogeneity by revealing spatially non-uniform stress and strain fields within both
the periodontal ligament and alveolar bone under orthodontic loading. Importantly, such analyses describe the mechanical
environment generated by orthodontic forces without implying deterministic biological outcomes [13]. These results challenge
mechanostat-inspired interpretations based on fixed mechanical thresholds, which assume predictable biological responses once
a given strain magnitude is exceeded [1].

In this context, a gradient-based interpretation of orthodontic biomechanics offers a more coherent mechanical framework.
Mechanical gradients describe the spatial variation of stress, strain and volumetric deformation within bone, rather than their
absolute magnitudes. From a mechanobiological perspective, such gradients are particularly relevant because osteocyte
networks are sensitive to spatial differences in deformation and associated fluid-induced shear, rather than to homogeneous
static loading [14,15]. Importantly, the presence of mechanically plausible gradients does not imply guaranteed remodeling,
especially in adult alveolar bone, where biological response remains conditional and patient-specific.

Therefore, the aim of this study was to characterize the spatial organization of strain and stress fields in adult alveolar cortical
bone under coronal and radicular tipping using finite element analysis.

Materials and Methods

Finite Element Model

The finite element geometry was derived from a representative adult maxillary Cone Beam Computed Tomography (CBCT)
dataset. Imaging parameters included a Field of View (FOV) of 8.19 x 8.19 x 8.19 cm and a voxel size of 0.16 mm. Reconstructed
panoramic thickness was 5 mm with a slice interval of 1 mm. The dataset corresponded to a high-resolution dental CBCT volume.
All image data were anonymized and used exclusively for modeling purposes. A representative maxillary segment including
the tooth of interest and surrounding alveolar bone was isolated from the volumetric dataset. Semi-manual segmentation and
trimming of the CBCT-derived geometry were performed using Meshmixer to obtain a geometrically consistent and numerically
manageable region of interest suitable for finite element analysis. The segmentation and geometric processing workflow followed
established finite element modeling approaches in orthodontic biomechanics [13].
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The Periodontal Ligament (PDL) and alveolar bone layers were not directly segmented as independent anatomical entities from
the CBCT. Instead, they were generated as offset structures based on clinically realistic thickness values, following established
finite element modeling approaches in orthodontics [13]. The PDL was modeled with a uniform thickness of 0.2 mm, consistent
with values commonly used in computational studies, while the alveolar cortical bone thickness was set to 1.7 mm [12]. This
value was determined by direct inspection of cross-sectional CBCT slices using BlueSky software and lies within the reported
range for adult alveolar cortical bone [13]. The resulting surface meshes were imported into ANSYS SpaceClaim, where mesh
simplification and geometric refinement were performed to ensure numerical stability and compatibility with ANSYS
Workbench. Boolean operations were applied to generate distinct solid bodies and to define contact interfaces between the tooth,
periodontal ligament, alveolar bone and surrounding structures The modeling workflow and definition of contact interfaces
followed standard procedures described in orthodontic finite element studies [13,16]. A horizontal attachment was designed and
positioned on the tooth surface to enable controlled radicular tipping in the corresponding simulation scenario. The finalized
solid geometry was then transferred to ANSYS Workbench for finite element analysis. Material properties were assigned in
ANSYS Workbench to the tooth, periodontal ligament, cortical bone, alveolar bone, gingiva, attachment and aligner. All materials
were modeled as homogeneous, isotropic and linearly elastic, as commonly assumed in orthodontic finite element analyses [13].
The finite element mesh consisted of tetrahedral elements. Contact interactions between solid bodies were defined as bonded,
except for the contact between the aligner and the tooth surface, which was modeled as frictionless to allow relative sliding while
transmitting normal contact forces, consistent with previous aligner-related finite element studies [16]. A fixed boundary
condition was applied at the basal region of the maxillary sinus to prevent rigid body motion, following commonly adopted
constraints in orthodontic finite element modeling [13]. Two loading configurations were simulated. In the coronal tipping
configuration, tooth movement was induced by prescribing a lingual displacement of 0.25 mm at the aligner—tooth interface. No
external force was directly applied; instead, contact pressure developed between the aligner and the tooth surface as a
consequence of the imposed displacement. The resulting normal contact pressure reached values of approximately 0.14 MPa
(compressive), leading to a reaction force of approximately 2.8 N transmitted through the aligner—tooth contact. This reaction
force emerged naturally from the contact formulation and depended on the effective contact area rather than being imposed as
an external load, in line with displacement-controlled orthodontic simulations [1]. The resulting force-moment system produced
coronal tipping of approximately 2°. In the second scenario, radicular tipping was simulated by applying a pure moment of 30
N-mm, producing approximately 2° of vestibular root tipping with negligible net reaction force. This configuration was designed
to isolate moment-dominated loading conditions, as commonly implemented in finite element studies of orthodontic mechanics
[13]. The final finite element model consisted of approximately 65546 elements and 120421 nodes. The final finite element model
is shown in Fig. 1.

Figure 1: Finite element model geometry. Three-dimensional finite element model of the right maxillary first molar and
surrounding supporting tissues. (A) Tooth (enamel-dentin complex). (B) Periodontal ligament (PDL) uniformly modeled
around the root surface. (C) Alveolar bone compartment included in the model domain. (D) External soft-tissue envelope

(gingiva/mucosa) retained for geometric continuity and excluded from mechanical analysis. (E) Alveolar cortical bone layer
defined for stress and strain evaluation.
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Mechanical Stimulus Definition (Gradient-Based Framework)

Equivalent Elastic Strain as A Scalar Field Descriptor

The following variables were defined to characterize the mechanical stimulus as a spatially organized field within adult alveolar
bone. These descriptors were applied during post-processing and visualization and do not constitute biological thresholds,
remodeling laws or predictors of tissue adaptation.

Mechanical deformation within the alveolar bone was characterized using equivalent elastic strain (e_eq), defined as the von
Mises strain derived from the principal strains, as commonly adopted in finite element analyses of bone mechanics [13,17].

Eeq — \/% [(51 i &'2)2 -+ (82 = 53)2 e = (&'3 — 51)2]

Equivalent elastic strain was used as a scalar descriptor of deformation intensity, allowing comparison of relative magnitudes
within the alveolar cortical bone. In this study, e_eq was not interpreted as a direct predictor of bone remodeling. Its role was to
define a continuous mechanical field from which spatial gradients, contrasts and heterogeneities could be identified.

Particularly in adult alveolar bone, strain magnitude alone is insufficient to infer biological response [3,11]. Instead, the spatial
organization of the strain field its gradients across cortical thickness, along the root axis and between vestibular and lingual
plates was considered the primary mechanically meaningful feature [14,17]. The equivalent strain field distribution is illustrated
in Fig. 2.

CAD preparati FE model setup Post-processing

CBCT acquisition Segmentation & Mesh editing (ANSYS Space cnlaim) (ANSV§ Mechanical) eeq, $1/53, contact

surface export Surface cleanup % Material pressure
DICOM data R z —= Boolean operations |—

Tooth, alveolar bone, Decimation / repair assignment Reaction forces and
Adult case q Domain partitioning S

gingiva MeshMbuer PDL offset: 0.2 mm Cantact

STL export set: 0. Meshing CSV export (Python)

Figure 2: Finite element model construction. (A)Workflow from CBCT-based geometry reconstruction to finite element post-
processing; (B) Bonded interfaces defined between the periodontal ligament and alveolar bone. (C) Orthodontic attachment
and aligner geometry included to define mechanical interaction prior to load application.
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Homeostatic Reference Strain as A Contextual Baseline

To contextualize the strain field within adult alveolar cortical bone, a reference strain level () was introduced. This value
represents a homeostatic mechanical context characteristic of adult cortical bone under sustained loading, rather than a biological
activation threshold [1,17].

go = 300 e

In adult bone, mechanical stimuli often operate close to equilibrium and deviations from this state do not necessarily result in
active remodeling [1]. Accordingly, €y does not represent a remodeling trigger or mechanostat threshold, but a contextual
reference reflecting the mechanically constrained structural configuration characteristic of adult alveolar cortical bone [17].

A contrast measure @ was defined as:
® = €eq — €0

This relative formulation is consistent with gradient-based mechanical descriptions used in continuum bone modeling [1,17]. ©®
serves as an indicator of spatial deviation from the adult mechanical baseline, identifying regions where strain intensity locally
departs from the contextual reference state. It is introduced as a descriptive mechanical metric and does not imply a deterministic
prediction of bone remodeling.

Hydrostatic Stress and Gradient-Based Interpretation
Hydrostatic stress (ch) was computed from the stress tensor as:

1
op = 5(01 + 03 + 03)
following standard continuum mechanics formulations applied in bone mechanobiology [17].

Hydrostatic stress was used to distinguish compressive-dominated (o_h < 0) and tensile-dominated (o_h > 0) domains within
the alveolar cortical bone [18]. Rather than focusing on absolute o_h values, the analysis emphasized spatial variations and
gradients of hydrostatic stress, particularly across cortical thickness and along the root surface. Recent finite element studies
indicate that increased bone density and cortical stiffness may amplify hydrostatic stress under orthodontic loading without
conferring adaptive advantage, highlighting that stress magnitude may reflect mechanical confinement rather than biological
responsiveness [19]. These hydrostatic stress gradients are of specific mechanobiological relevance, as they reflect transitions
between volumetric compression and dilation, which are known to influence interstitial fluid flow, vascular perfusion and
osteocyte mechanosensing. In adult alveolar cortical bone, particularly within the thin buccal and lingual plates, such gradients
may delineate regions of biological vulnerability or adaptation without implying a guaranteed remodeling response [14,15,17].

Characterization of Loading Nature Using Principal Stresses (S1-53)

Because ¢_eq and o_h do not fully capture loading directionality, the nature of the mechanical stimulus was further characterized
using principal stresses. Maximum (S1) and minimum (S3) principal stresses were extracted at the element level:

e S1 >0 identifies tensile-dominated regions

e 53 <0 identifies compressive-dominated regions

This separation allowed the mechanical environment to be described along two complementary dimensions:
1. Magnitude and spatial contrast (¢_eq, @)
2. Loading nature and directionality (S1, S3, o_h)

By combining these descriptors, the analysis captures not only how intense the mechanical stimulus is, but also how it is
organized spatially and mechanically, which is central to a gradient-based interpretation of Wolff’s law [11,20].

Physiological Filtering of Numerical Singularities
Finite element simulations may exhibit localized stress or strain concentrations arising from geometric discontinuities or contact
formulations that are not physiologically representative. To avoid overinterpretation of such numerical artifacts, a conservative

upper physiological reference strain was introduced:
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Emaz = 2000 pe

This value does not represent a remodeling or damage threshold. Instead, it serves as a conservative upper bound for
physiological cortical bone strain ranges, consistent with mechanostat-based interpretations of bone mechanics [1].

Elements exceeding this value were excluded from mechanobiological interpretation but retained in the mechanical solution.
This filtering step does not define a damage or remodeling threshold; rather, it ensures that gradient analysis reflects
representative mechanical fields rather than isolated numerical peaks [1,11].

A percentile-based distribution analysis was performed as a descriptive post-processing check to verify that filtering did not
alter the global spatial organization of the strain field.

Scope of the Mechanical Stimulus Framework

The variables defined above describe the spatial structure of the mechanical environment within adult alveolar bone under
orthodontic loading. No remodeling law, temporal evolution or biological outcome is implied. By emphasizing strain gradients,
hydrostatic stress transitions and tension—compression asymmetry, this framework provides a mechanically rigorous basis for
identifying regions of potential biological relevance while explicitly acknowledging the constrained, non-deterministic nature of
adult alveolar bone adaptation [3,17,20].

Mechanical stimuli were interpreted using a field-based framework in which hydrostatic and deviatoric components of
deformation are treated as mechanically and energetically distinct quantities, consistent with continuum remodeling
formulations proposed in non-orthodontic bone models (Fig. 3) [20].

Figure 3: Boundary conditions and loading setup. (A) Fixed constraint applied to the basal surface of the bone segment; (B)
Resultant contact force system generated by displacement-controlled aligner—tooth interaction; (C) Pure root-tipping moment
(30 N'mm) applied to simulate radicular tipping.

Results

Two distinct orthodontic loading scenarios were simulated: coronal tipping induced by an imposed coronal displacement and
radicular tipping induced by an applied pure moment. In the coronal tipping configuration, a horizontal displacement of 0.25
mm was imposed at the coronal region of the tooth. Despite this prescribed unidirectional displacement, the resulting total
deformation reached 0.38 mm, reflecting the contribution of rotational components and secondary displacements arising from
tooth—aligner contact and geometric constraints. This confirms that the imposed boundary condition generated a combined
translational-rotational movement rather than a rigid body translation. The prescribed displacement generated a compressive
contact pressure of approximately 0.14 MPa at the aligner—tooth interface, resulting in a reaction force of approximately 2.8 N.
This force arose from the contact interaction and was not imposed directly, confirming that the simulated loading conditions
reflect aligner-mediated mechanics rather than force-controlled orthodontic systems. In the radicular tipping configuration, a
pure moment of 30 N-mm was applied. The resulting displacement field showed a rotational pattern characterized by limited
coronal translation and a predominant angular response, consistent with a root-controlled tipping mechanism. These results
confirm that the two loading configurations produced mechanically distinct movement patterns (Fig. 4) [14].
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A B

Figure 4: Kinematic outcome of the simulated orthodontic tipping scenarios. A) Displacement field generated by coronal
tipping induced by an imposed horizontal displacement at the crown, showing a combined translational-rotational response;
(B) Displacement field generated by radicular tipping induced by a pure moment of 30 N-mm, showing predominant angular

displacement with minimal coronal translation.

Reaction forces and moments were extracted at the constrained boundary conditions to characterize the global force system
generated by each simulation. In the radicular tipping scenario, the resultant reaction force was approximately zero, indicating
the absence of net translational loading and confirming that the applied load acted as a pure couple. In contrast, the reaction
moment balanced the applied moment, with a magnitude close to 30 N-mm, as expected from static equilibrium.

In the coronal tipping scenario, 2.4 N force was observed due to the imposed displacement and contact interactions, reflecting a
combined force-moment system. These results validate the mechanical consistency of both simulations and confirm that the
intended loading conditions were correctly implemented. Contact pressure at the aligner-tooth interface was spatially non-
uniform in both loading configurations. Peak pressures were localized around the attachment edges and decreased rapidly with
distance from the contact region. Overall, contact pressure magnitudes remained low and broadly distributed, reflecting the
compliant nature of the aligner material and the displacement-controlled loading strategy, in agreement with previous finite
element analyses of aligner biomechanics [20].

In the coronal tipping simulation, contact pressure was distributed over a contact area of approximately 37.0 mm?, with peak
pressures on the order of 0.14 MPa. The pressure distribution was spatially coherent with the imposed coronal displacement and
exhibited no localized high-pressure peaks. The radicular tipping simulation showed a distinct contact pattern consistent with
moment-driven loading, characterized by opposing regions of contact pressure corresponding to the generated couple. Overall,
contact pressures remained low in both configurations, consistent with the distributed and compliant nature of aligner-mediated
force application.

Both coronal and radicular tipping configurations generated heterogeneous mechanical fields within the alveolar cortical bone.
Rather than exhibiting uniform stress or strain distributions, the simulations revealed spatially organized patterns of deformation
intensity that varied across cortical thickness and along the root surface, a characteristic feature of orthodontic finite element
models [11,17].

Equivalent elastic strain values predominantly remained within low-to-moderate ranges relative to adult cortical bone, with no
extensive regions exceeding the contextual baseline reference strain. This finding is consistent with experimental and imaging
studies reporting reduced remodeling activity and constrained adaptive capacity in adult alveolar bone [16,13].

Analysis of the strain field revealed consistent cortical gradients, with higher deformation intensities localized near the alveolar
crest and progressive attenuation toward the basal cortical regions. These gradients were present in both loading configurations,
although their spatial orientation and magnitude differed between coronal and radicular tipping, supporting a gradient-based
interpretation of orthodontic loading [17,18].

Hydrostatic stress analysis further refined the characterization of the mechanical environment. Regions of compressive-
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dominated volumetric stress were spatially confined and closely associated with areas of increased geometric constraint.
Elevated hydrostatic stress emerged preferentially in dense cortical regions, reflecting mechanical confinement rather than
applied force magnitude, a pattern previously linked to non-adaptive biological responses in orthodontic loading [21,22].
Elements exceeding a conservative upper physiological reference strain were sparse and spatially isolated. Exclusion of these
elements from gradient analysis did not alter the overall spatial organization of the mechanical field, supporting the
interpretation that the observed patterns reflect representative mechanical behavior rather than numerical singularities [1]. Taken
together, these results suggest that orthodontic tipping generates structured mechanical fields characterized by spatial gradients,
stress transitions and directional asymmetry, rather than uniform deformation states, reinforcing a non-deterministic mechanical
description of orthodontic loading (Fig. 5) [17,3].

Figure 5: Hydrostatic stress distribution and volumetric stress transitions in adult alveolar cortical bone. Hydrostatic stress (on)
distribution within the alveolar cortical plate under orthodontic loading, illustrating spatial transitions between compressive
and tensile volumetric stress domains across cortical thickness and along the root axis. Results correspond to the coronal
tipping configuration.

To characterize the nature of the mechanical stimulus, maximum and minimum principal stresses were analyzed. Regions
dominated by compressive loading (S3 < 0) were primarily located at the cortical alveolar plate toward which the tooth rotated,
whereas tensile-dominated regions (S1 > 0) were observed on the opposing side. This spatial separation of compressive and
tensile domains was consistent across both tipping configurations, although their extent and localization differed between
coronal and radicular tipping. This distribution is consistent with classical biomechanical interpretations of alveolar deformation
under orthodontic loading, in which the alveolar bone behaves as a deformable structure rather than a rigid housing [5,6]. The
radicular tipping scenario produced a more balanced distribution of compressive and tensile regions along the root length,
whereas coronal tipping resulted in more localized stress concentrations near the cervical cortical bone (Fig. 6).

Figure 6: Principal stress domains in the alveolar cortical bone under orthodontic loading. (A) Minimum principal stress (S3)
distribution identifying compressive-dominated regions in the alveolar cortical bone; (B) Maximum principal stress (S1)
distribution identifying tensile-dominated regions on the opposing cortical surface.

Taken together, the results suggest that coronal and radicular tipping generate distinct global force systems, contact mechanics
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and alveolar bone stimulus distributions. While both configurations operate within a low-force, low-pressure regime compatible
with aligner mechanics, their strain and stress patterns differ in spatial organization and relative dominance of compressive
versus tensile loading. These differences provide a mechanical basis for interpreting distinct biological responses under adult
orthodontic conditions, without assuming proportional or guaranteed bone adaptation. These findings underscore those
orthodontic biomechanics in adult bone are governed by spatial organization of the mechanical field rather than by force
magnitude alone [3].

Discussion

The present finite element simulations provide a mechanical interpretation of coronal and radicular tipping under aligner-
mediated orthodontic loading in an adult scenario. Rather than assuming a direct proportional relationship between applied
loads and bone adaptation, the results describe the distribution and nature of the mechanical stimulus acting on the alveolar
bone, in line with a constrained and age-dependent interpretation of Wolff’s law [1,3,15].

Both tipping configurations generated mechanically coherent movement patterns, as confirmed by the kinematic outcomes and
global reaction forces and moments. Coronal tipping induced by an imposed displacement resulted in a combined force-moment
system, whereas radicular tipping induced by a pure moment produced negligible net reaction forces and a balanced moment
response. This distinction is fundamental, as it suggests that similar clinical tooth movements may arise from fundamentally
different mechanical loading regimes at the tooth-bone interface [14,20].

The present results indicate that, in the adult alveolar bone context, the mechanical environment generated by orthodontic
tipping is best understood in terms of spatial organization and gradients, rather than absolute stimulus magnitude [3,17,18].

Equivalent elastic strain values remained predominantly within low-to-moderate ranges across both loading configurations.
However, in the framework adopted in this study, this observation is not interpreted as evidence of insufficient stimulation for
bone adaptation. Instead, it reflects the fact that adult alveolar cortical bone operates close to a mechanical homeostatic state, in
which global strain magnitudes are tightly regulated and large deviations are uncommon under clinically realistic orthodontic
loading [1,15,16].

Within this near-homeostatic context, the mechanically relevant information is conveyed by local contrasts and gradients within
the strain and stress fields, rather than by peak values. The finite element results suggested that deviations from the adult
contextual baseline were spatially confined and organized into coherent patterns, particularly across cortical thickness, along the
root axis and between vestibular and lingual cortical plates [17,18]. From a mechanobiological perspective, this organization is
consistent with current evidence indicating that adult bone adaptation is not driven by the magnitude of sustained mechanical
loading alone, but by the heterogeneity and directional structure of the mechanical field [3,17]. In adult alveolar bone, sustained
loading near equilibrium may preserve structural stability, while localized gradients may delineate zones of potential biological
sensitivity or vulnerability, depending on the local biological context [16].

Importantly, the absence of widespread high-magnitude strain does not imply mechanical irrelevance. Rather, it underscores the
constrained adaptive capacity of adult alveolar bone, where mechanical loading primarily modulates existing structural
equilibrium rather than inducing robust anabolic remodeling [1,15,16]. Accordingly, the present findings support a shift away
from interpreting adult orthodontic biomechanics through the lens of strain sufficiency or deficiency. Instead, they favor a
gradient-based view in which mechanical loading defines a spatial map of constrained possibilities, within which biological
response remains conditional, localized and highly dependent on patient-specific factors [3,17,18].

The analysis of principal stresses revealed a clear spatial organization of compressive and tensile domains within the alveolar
cortical bone. Regions dominated by compressive loading (S3 < 0) were consistently located on the cortical plate toward which
the tooth rotated, whereas tensile-dominated regions (S1 > 0) appeared on the opposing side. This arrangement reflects the
asymmetric transfer of orthodontic loads across the alveolar socket and is consistent with classical mechanical descriptions of
tooth movement [5,6]. Importantly, in the present framework, compression and tension are not interpreted as binary biological
triggers leading directly to bone resorption or apposition. Instead, they are considered mechanical descriptors of loading nature,
whose biological relevance depends on their spatial distribution, gradients and interaction with local tissue context [3,7]. In the
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adult alveolar bone scenario examined here, compressive and tensile regions were not uniformly distributed nor sharply
delimited. Rather, they formed continuous spatial transitions, particularly across cortical thickness and along the root surface.
Such transitions are mechanically significant because they define gradients in volumetric deformation and stress state [17,18,22].
Accordingly, the presence of compressive- or tensile-dominated regions should be understood as defining mechanically distinct
environments, not guaranteed biological outcomes. In adult patients, age-related reductions in bone plasticity and adaptive
capacity further constrain the translation of these mechanical cues into effective remodeling (Fig.7) [15,16].

A B C

Figure 7: Integrated spatial organization of mechanical gradients in adult alveolar cortical bone. (A) Compressive-dominated
regions derived from minimum principal stress (S3); (B) Tensile-dominated regions derived from maximum principal stress
(S1); (C) Integrated schematic illustrating the spatial organization of mechanical gradients across the alveolar cortical bone.

The comparison between coronal and radicular tipping highlights that distinct mechanical strategies lead to different alveolar
bone stimulus distributions, even when the resulting tooth movement appears clinically similar. Coronal tipping tended to
concentrate mechanical effects near the cervical cortical bone, whereas radicular tipping produced a more distributed pattern
along the root length.

From a biomechanical standpoint, this distinction may be particularly relevant in adult patients, where cervical cortical bone is
often thin and vulnerable to maladaptive responses [13,16,21]. The results suggest that root-controlled tipping, achieved through
moment-dominant loading, may offer a more spatially balanced mechanical environment, potentially reducing localized cortical
overload [14,20]. The present findings support a conditional and spatially constrained interpretation of Wolff’s law in adult
orthodontics. This interpretation is strictly mechanical in nature and does not propose a biological remodeling law or
deterministic adaptive mechanism. Mechanical loading remains a necessary driver of alveolar bone response; however, its
biological effects cannot be inferred from stimulus magnitude alone, nor assumed to operate uniformly across the loaded
structure [1,3].

In adult alveolar bone, mechanical adaptation appears to occur within a restricted homeostatic regime, where sustained
orthodontic forces primarily redistribute mechanical fields rather than induce widespread anabolic remodeling [1,15,16]. Within
this regime, the spatial organization of mechanical gradients including strain heterogeneity, hydrostatic stress transitions and
tension—compression asymmetry defines regions of potential biological relevance without prescribing a specific remodeling
outcome [17,18,22]. Rather than conceptualizing bone response in terms of fixed adaptive windows or threshold-driven
transitions, the present framework emphasizes gradient-limited adaptation [17]. Mechanical gradients delineate zones of
differential mechanical context, within which biological response remains conditional, localized and modulated by patient-
specific factors such as age, vascularity and inflammatory status [15,16]. This reinterpretation aligns Wolff’s original principle of
functional adaptation with contemporary mechanobiological evidence, while avoiding deterministic predictions [1,3]. From a
mechanobiological perspective, the gradient-based mechanical environments identified in this study may be interpreted as
permissive contexts for organized bone adaptation, (Supplementary Fig. S2). This framework does not propose a new biological
law, but a mechanical interpretation consistent with existing mechanobiological evidence. While the present study does not
attempt to model biological remodeling, recent advances in mechanobiology provide insight into how mechanically computed
stimuli may be sensed at the cellular level. Mechanosensitive ion channels such as PIEZO1 have been identified as key mediators
of cellular responses to mechanical loading in bone and periodontal tissues, providing a plausible mechanistic link between
spatial strain and stress distributions and downstream biological signaling [19]. Importantly, the presence of such
mechanotransduction pathways does not imply a deterministic remodeling outcome, particularly in adult alveolar bone [3,15].
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A key methodological contribution of this work lies in the explicit separation between mechanical computation and biological
interpretation. Finite element analysis was used solely to compute mechanical fields, while the definition of remodeling-relevant
variables was performed through post-processing, in line with recommendations to avoid embedding speculative biological laws
within numerical solvers [11,17]. Clinically, the results underscore the importance of understanding not only the magnitude of
orthodontic forces but also their mechanical nature and spatial distribution. In adult orthodontics, strategies that minimize
localized compressive overload while maintaining controlled movement may be preferable to aggressive force application
[14,21].

Limitations

This study is subject to several limitations. The finite element simulations were static and did not include temporal evolution,
biological feedback or remodeling algorithms. Material properties were assumed to be homogeneous, isotropic and linearly
elastic. No histological or clinical validation was performed. Accordingly, the results should be interpreted as a description of
mechanical field organization rather than as predictors of biological response or clinical outcome.

The present study establishes a mechanically rigorous description of the spatial organization of stress and strain gradients in
adult alveolar cortical bone under orthodontic tipping. By deliberately separating mechanical field computation from biological
interpretation, this work defines the boundary conditions within which any adaptive response may occur, without assuming
remodeling as an inevitable outcome. Building on this mechanical foundation, a subsequent study (Part II) will extend the present
framework by introducing a time-dependent, mechanobiological formulation aimed at exploring how spatially organized
mechanical gradients may interact with cellular mechanotransduction pathways and bone turnover dynamics under adult
orthodontic conditions.

Conclusion

Orthodontic tipping in adult alveolar cortical bone generates heterogeneous and spatially organized mechanical fields rather
than uniform stress or strain distributions. Finite element analysis shows that coronal and radicular tipping strategies produce
distinct patterns of strain, hydrostatic stress and principal stress organization, despite similar macroscopic tooth movements. In
the adult context, global strain magnitudes remain close to a homeostatic range, while local gradients and stress transitions define
mechanically distinct domains. These findings support a non-deterministic, gradient-based interpretation of Wolff's law in adult
orthodontics, in which mechanical loading delineates zones of potential biological relevance rather than guaranteeing
remodeling. This framework emphasizes spatial organization over force magnitude when interpreting orthodontic biomechanics
in mature alveolar bone.
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Supplementary Figure S1: Conceptual representation of alveolar bone deformation under orthodontic loading, contrasting the

traditional rigid alveolar housing assumption with a deformable bone bending model. The schematic highlights the emergence
of spatially heterogeneous mechanical fields within the alveolar complex and provides a conceptual basis for the gradient-
based interpretation adopted in this study.
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Supplementary Figure S2: Schematic representation of the gradient-based mechanical framework, integrating equivalent

elastic strain (¢_eq), hydrostatic stress (o_h) and principal stress asymmetry (S1-53) within an adult cortical bone homeostatic
context. The diagram illustrates how spatial gradients, rather than absolute magnitudes, define mechanically distinct domains

without implying deterministic biological remodeling.
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