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constrained alveolar environment, where bone remodelling capacity is limited and
biological responses are spatially heterogeneous. A previous finite element study
(Part I) characterised the mechanical environment of orthodontic tipping in adult
alveolar cortical bone as a system of structured spatial gradients rather than uniform
stress or strain distributions. While that description provided a mechanically
rigorous framework, it remained inherently static and did not address how repeated
orthodontic loading may interact with the adaptive capacity of mature alveolar bone
over time.

Objectives: To extend the gradient-based mechanical framework established in Part
I into a time-dependent, iterative mechanobiological formulation; to implement an
automated Python post-processing pipeline for spatial gradient computation and
harmonic mesh deformation; and to validate the computational stability and
geometric robustness of this closed-loop FEA-Python architecture as a prerequisite
for patient-specific software integration (Part III).

Materials and Methods: The finite element geometry described in Part I was reused
as the baseline configuration. A gradient-based stimulus function ® was defined as
a weighted combination of hydrostatic stress, its spatial gradient and the difference
between principal stresses. An iterative pipeline integrating ANSYS Workbench
finite element analysis with external Python post-processing was implemented.
Nodal mechanical variables were exported and indexed via a k-dimensional tree
(KD-Tree) with a 1.5 mm search radius; spatial gradients were computed via inverse-
distance-weighted least-squares regression. Geometric adaptation was resolved

across 30 iterative computational remodelling cycles corresponding to a single aligner activation stage prescribing a total coronal
displacement of 0.25 mm. Each iterative cycle represented a mechanical equilibrium step with incremental density updating
(Ag), rather than a sequential clinical aligner stage. A power-law density-modulus relationship and a linear stimulus-driven
density update were used. Loading conditions were kept constant throughout iterations to isolate the effect of evolving material
properties on the mechanical response.

Results: The iterative pipeline produced stable and convergent evolution of bone density and elastic modulus. Density variation
was spatially organised, with localised increases in compression-dominated regions and relative reductions in tension-
dominated regions, separated by smooth transitions rather than sharp boundaries. The Python post-processing module achieved
100% numerical stability across all benchmark cycles. In a control sample of 500 cortical elements under vestibular tipping,
hydrostatic stress ranged from -0.0767 MPa (maximum focal compression at the cervical margin) to +0.1007 MPa (maximum
tension on the opposing wall), consistent with the low-force regime reported in Part I. The mean spatial gradient magnitude was
0.0061 MPa/mm, of the same order as lacunar pressure differentials implicated in osteocyte mechanosensing. The harmonic
deformation algorithm assimilated gradient-driven displacement vectors without mesh distortion, folding or inverted elements,
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enabling smooth anatomical morphing of the gingival envelope across all 30 increments.

Conclusion: Adult alveolar cortical bone adaptation under sustained orthodontic loading appears to be governed by the spatial
organisation of the mechanical field rather than by absolute stress or strain magnitudes. The proposed iterative framework
extends the static gradient-based interpretation of Wolff's law established in Part I into a temporal mechanobiological
formulation, while demonstrating that a closed-loop FEA-Python pipeline is computationally robust and geometrically stable.
The successful integration of spatial gradient computation, harmonic mesh deformation and iterative material updating provides
a mechanically consistent foundation for the subsequent translation of this framework into orthodontic treatment-planning
software (Part III).

Keywords: Orthodontic Biomechanics; Wolff's Law; Iterative Finite Element Analysis; Bone Remodelling; Mechanical Gradients;
Mechanobiology; Adult Orthodontics; Hydrostatic Stress; Computational Pipeline; Harmonic Mesh Deformation

Introduction

Orthodontic tooth movement in adult patients is a biomechanical process that takes place in a mechanically constrained alveolar
environment, where bone remodelling capacity is reduced and biological responses are highly context-dependent [1-4]. Within
this setting, mechanical stimuli generated by orthodontic forces do not translate into uniform or predictable patterns of
adaptation. Instead, they define spatially heterogeneous mechanical fields whose biological relevance remains conditional,
localised and modulated by patient-specific factors [2-6]. This non-deterministic behaviour challenges classical mechanostat-
based interpretations, which rely on threshold-driven relationships between strain magnitude and remodelling response and
assume a relatively direct coupling between mechanical stimulus and biological outcome [1,7].

In a previous finite element study, the mechanical environment associated with orthodontic tipping in adult alveolar cortical
bone was characterised as a system of structured spatial gradients rather than uniform stress or strain distributions [8]. Both
coronal and radicular tipping configurations generated heterogeneous fields of strain, hydrostatic stress and principal stresses,
with spatial gradients across cortical thickness and along the root surface defining mechanically distinct domains. Importantly,
global strain magnitudes remained within low-to-moderate ranges consistent with an adult homeostatic context, while local
gradients and stress transitions delineated zones of potential biological relevance without implying deterministic remodelling
outcomes [8]. This field-based description provided a mechanically rigorous framework for understanding orthodontic loading;
however, it remained inherently static and did not address how repeated or sustained orthodontic stimuli may interact over time
with the adaptive capacity of mature alveolar bone. Moreover, the constitutive modelling of the periodontal ligament as a linearly
elastic material in that initial framework did not capture the time-dependent stress relaxation that characterises collagenous soft-
tissue response under sustained mechanical loading. The present study extends the static gradient-based description by
incorporating a viscoelastic periodontal ligament formulation (generalised Maxwell-type: aiG = 0.925, aiK = 0.890, ti = 0.15 s),
thereby allowing the mechanical field to redistribute across the alveolar cortex as the ligament relaxes over the characteristic
time scale of orthodontic force application. This temporal load-transfer mechanism is particularly relevant in adult orthodontics,
where sustained aligner-mediated displacement generates a quasi-static bone stimulus after initial PDL relaxation and where
the spatial organisation of the resulting cortical stress gradients may dominate the biological response.

Bone adaptation under sustained mechanical loading has been the subject of extensive computational investigation. Iterative
finite element approaches have been developed to simulate long-term orthodontic tooth movement by alternating mechanical
computation with bone remodelling steps, in which tissue properties or geometry are updated in response to the calculated
mechanical state [2,9-12]. Most of these formulations rely on strain energy density or strain-magnitude criteria as the driving
variable, assuming a homeostatic equilibrium against which deviations trigger anabolic or catabolic responses [1,9,12]. Although
such approaches have provided valuable insight into long-term tooth displacement, they typically assume a relatively direct
stimulus-response coupling and do not incorporate the spatial organisation of the mechanical field as a primary descriptor of
the mechanobiological environment.

Recent advances in bone mechanobiology indicate that osteocyte responses depend not only on the magnitude of mechanical
loading but also on its spatial organisation and on local gradients of deformation and pressure [5,13-17]. Hydrostatic stress
gradients in particular have been associated with interstitial fluid flow modulation, lacunar pressure build-up and osteocyte
mechanosensing within the lacuno-canalicular network [5,13,16,17]. Mechanosensitive ion channels such as PIEZO1 have been
identified in periodontal ligament cells and bone cells as plausible mediators of such mechanotransduction processes during
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orthodontic tooth movement, although their precise role in adult alveolar bone remodelling remains under investigation
[3,4,7,18,19]. These findings — together with earlier in vivo evidence that strain gradients correlate with sites of periosteal bone
formation, and with continuum models incorporating strain-gradient descriptors in cortical bone adaptation — support the
hypothesis that, under adult orthodontic conditions, the spatial organisation of the mechanical field may play a more relevant
role than absolute stimulus magnitude in defining regions of potential adaptation [2,7,8,13,20,29].

The aim of the present study was to extend the static gradient-based mechanical framework of Part I into a time-dependent,
iterative mechanobiological formulation, in which a closed-loop FEA-Python pipeline drives sequential updates of bone density
and elastic modulus through a spatially organised mechanical stimulus. By explicitly separating mechanical computation from
biological interpretation, this framework is intended to validate the computational stability and geometric robustness required
for its subsequent integration into patient-specific orthodontic treatment-planning software (Part III).

Materials and Methods

A time-dependent computational framework was developed to investigate the evolution of adult alveolar cortical bone
properties under sustained orthodontic loading. The model integrates finite element analysis with an external Python-based
iterative algorithm, enabling sequential updates of bone density and corresponding material properties. This formulation
extends the static mechanical characterisation described in Part I into a dynamic context in which the interaction between
mechanical stimuli and structural properties is evaluated across multiple simulation cycles [8]. The objective is not to reproduce
biological remodelling processes in detail, but to explore how spatially organised mechanical fields may influence structural
evolution within a simplified mechanobiological context [2,9-11].

The finite element model was derived from the geometry previously described in Part I and was used as the baseline
configuration for all simulations [8]. The model represents a segment of the maxillary alveolar bone including the tooth, the
periodontal ligament and the surrounding cortical and trabecular bone compartments. The periodontal ligament was modelled
as a uniform layer of 0.2 mm thickness with a viscoelastic constitutive formulation to capture time-dependent stress relaxation
and load redistribution under sustained displacement-controlled loading. The generalised Maxwell-type viscoelastic behaviour
was parameterised by a relative shear modulus aiG = 0.925 (corresponding to 92.5% shear relaxation), a relative bulk modulus
aiK = 0.890 (corresponding to 89% volumetric relaxation) and a characteristic relaxation time ti = 0.15 s. These values were
selected to approximate the non-linear, strain-rate-sensitive response of collagenous periodontal fibres under orthodontic force
levels in the low-force regime (2-3 N), consistent with the compliant mechanical environment characteristic of aligner-mediated
tooth movement [2,11]. It should be emphasised, however, that the relaxation time ti = 0.15 s adopted here represents a numerical
simplification chosen to ensure computational stability of the viscoelastic solver within a single load step, rather than a
physiological clinical time scale; the biologically relevant relaxation times of the periodontal ligament under sustained
orthodontic loading extend over minutes to hours and are here absorbed by the quasi-static equilibrium assumption enforced at
each iteration cycle. The alveolar cortical bone thickness was set to 1.7 mm based on direct CBCT-derived measurements, as
detailed in Part I [8]. A three-dimensional mesh composed of approximately 65,000 tetrahedral elements and 120,000 nodes was
generated. The alveolar cortical and trabecular bone compartments were modelled as homogeneous, isotropic and linearly
elastic, in line with commonly adopted assumptions in orthodontic finite element studies [2,8,11]. The periodontal ligament was
assigned the viscoelastic formulation described above to represent time-dependent shear and volumetric relaxation, while the
tooth (enamel-dentin complex) was treated as rigid relative to the surrounding soft tissues. All other structural components
(aligner, attachment, gingival envelope) were modelled as linearly elastic with properties consistent with the static baseline
configuration reported in Part I [8]. Although these simplifications do not capture the anisotropic and viscoelastic behaviour of
biological tissues, they provide a controlled environment for analysing mechanical-structural interactions over successive
iterations [1,2]. Contact interfaces between the tooth, periodontal ligament and bone were defined as bonded, while the contact
between the aligner and the tooth surface was modelled as frictionless, allowing relative sliding while transmitting normal
contact forces [8]. A fixed boundary condition was applied at the basal region of the model to prevent rigid body motion.
Orthodontic loading was applied using a displacement-controlled approach consistent with aligner-mediated mechanics,
prescribing a coronal displacement of 0.25 mm at the aligner-tooth interface. The resulting force system was not imposed directly
but emerged from the contact interaction, generating a reaction force in the low-force regime (approximately 2-3 N) consistent
with previously reported aligner-based orthodontic systems [8]. The loading configuration was kept constant throughout all
iterations in order to isolate the effect of evolving material properties on the mechanical response of the system.
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Following each finite element simulation, nodal mechanical variables were exported for external post-processing. The variables
considered in this study included equivalent elastic strain (eeq), hydrostatic stress (ch) and the maximum and minimum
principal stresses (S1 and S3), defined consistently with the descriptors introduced in Part I [8]. In addition to these variables, the
spatial gradient of hydrostatic stress |Voh| was computed numerically from the nodal stress distribution. This gradient term,
defined as the magnitude of the spatial variation of oh, was incorporated as a key descriptor of mechanical heterogeneity within
the alveolar cortical bone, in line with experimental and theoretical evidence indicating that osteocytes are sensitive to spatial
differences in mechanical state rather than to homogeneous loading alone [5,13,14,16,17]. The extraction and processing of these
variables were performed externally using Python, allowing flexibility in the definition of the mechanobiological stimulus and
avoiding the incorporation of biological assumptions within the finite element solver [2].

A gradient-based stimulus function @ was defined to describe the mechanical environment driving structural adaptation:
@ =wron+ w2 | Vorl +ws (51— S3)

where w1, w2 and ws are weighting coefficients that allow the stimulus function to incorporate volumetric stress states, spatial
heterogeneity and directional asymmetry of loading. Unlike classical formulations based solely on strain magnitude or strain
energy density, this formulation emphasises spatial transitions within the mechanical field rather than absolute values alone, in
agreement with continuum bone remodelling models that explicitly distinguish hydrostatic and deviatoric components of
deformation [7,9,10,12,13]. Bone density evolution was modelled using an incremental update rule applied at each iteration step:

Ap=k-D- At

where k is a remodelling rate constant and At is the time increment between iterations. This formulation provides a simplified
representation of mechanobiological adaptation, in which mechanical stimuli influence structural properties over time [9,10].
The update rule does not represent a biological law but serves as a computational mechanism to explore the coupling between
mechanical fields and material structure. The updated density values were then used to modify the elastic modulus of the bone
according to the standard power-law relationship widely adopted in computational bone mechanics [9,12,22].

E=Eo-(p/ po)

where Eo is the reference elastic modulus, po is the initial density and n is an empirical exponent. This relationship introduces a
feedback mechanism in which local changes in density alter the stiffness of the material, thereby influencing the distribution of
mechanical stresses in subsequent simulations [9,10,21,22]. The computational framework followed a closed-loop iterative
process consisting of: finite element simulation to compute the mechanical field, export of nodal mechanical variables, calculation
of the stimulus function @ in Python, update of bone density g, update of elastic modulus E, reassignment of material properties
in the finite element model and execution of a new simulation cycle. This process was repeated for a predefined number of
iterations, allowing evaluation of the temporal evolution of the system. Representative parameter values were selected to ensure
numerical stability and physiologically plausible behaviour, with a remodelling constant k=2 x 10-* mm3/(MPa-day), an exponent
n =25 and a time step At =1 day. These values were not calibrated against experimental data but were chosen to maintain a
stable and controlled evolution of the model, consistent with parameter ranges previously reported for cortical bone adaptation
studies [9,21,22]. Results were analysed by evaluating the spatial distribution of bone density and elastic modulus across
iterations. Density maps were generated at selected time points to assess the evolution of structural patterns and qualitative
spatial comparisons were performed between regions of high mechanical gradients and regions exhibiting significant density
changes [20,29]. The objective of this analysis was to identify spatial correlations between mechanical heterogeneity and
structural adaptation, without introducing biological thresholds or predictive criteria. The closed-loop iterative architecture
integrating ANSYS Workbench finite element analysis with external Python post-processing is illustrated in Fig. 1.
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Figure 1
Closed-loop iterative FEA-Python pipeline architecture
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Figure 1: Closed-loop iterative FEA-Python pipeline architecture. The cycle alternates between ANSYS Workbench (mechanical
computation) and Python post-processing (gradient indexing, stimulus evaluation, density update). Nodal variables (eeq, oh,
S1, S3) are exported and indexed via KD-Tree (search radius 1.5 mm); spatial gradients Voh are computed via inverse-distance-
weighted regression. Density updates follow Ag = k-®-At and modulus updates follow E = E0-(o/00)". Pipeline architecture
adapted from iterative FEA-remodelling schemes reported in [9,12,22]. Parameters: k = 2x10-3 mm?/(MPa-day), n=2.5, At=1
day, wl=0.3, w2=0.5 w3=0.2, 00 = 1.8 g/cm?, E0 = 13.7 GPa.

To enable the integration of this iterative framework into orthodontic treatment-planning software (Part III), a dedicated Python
post-processing module was developed for spatial gradient computation, nodal indexing and harmonic mesh deformation. The
technical implementation of these geometric algorithms is detailed below.

Spatial Gradient Computation and Geometric Post-Processing

To translate the three-dimensional mechanical fields computed by the finite element solver into a format suitable for iterative
visualisation and subsequent integration into orthodontic treatment-planning software (Part III), an automated Python post-
processing module was implemented. Following each simulation cycle, nodal hydrostatic stress values (ch) were exported from
the cortical bone domain and indexed in a spatial data structure. A k-dimensional tree (KD-Tree) was constructed over the
centroid cloud of the cortical mesh elements to enable efficient neighbourhood queries. A critical search radius of 1.5 mm was
selected to capture the local lacuno-canalicular interaction domain while preserving computational tractability, consistent with
the spatial scales reported for osteocyte mechanosensing and lacunar pressure propagation [5,16,17].

For each volumetric element i, the spatial gradient of hydrostatic stress (Von) was approximated via an inverse-distance-weighted
least-squares regression over the local neighbourhood:

Von® = ( Xjwj- (onh —on®) - dij ) 1 ( Xjwj)

where djj represents the inter-centroid distance vector and wj= | I djj| |2 acts as a geometric penalty factor. This formulation yields
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a three-dimensional vector field representing the direction and magnitude of pressure flux across the alveolar cortex, consistent
with the gradient-based mechanical descriptors introduced in Part I and with continuum frameworks in which hydrostatic-stress
gradients are treated as a primary remodelling descriptor [8,13,20,29]. For geometric adaptation across the 30 aligner activation
increments (0.25 mm per stage), a harmonic mesh-deformation algorithm was implemented. The displacement field was
formulated as a Dirichlet boundary-value problem governed by the discrete Laplace-Beltrami operator (AU = 0). The Laplacian
matrix L was assembled using cotangent weights to preserve anatomical smoothness and prevent mesh folding or geometric
singularities:

Lij=(1/2Ai) (cot aij + cot Bi)

The resulting linear system L U = B was solved with the mechanical gradient vectors incorporated as deformation drivers at the
mobile boundary nodes, yielding the updated three-dimensional vertex coordinates for each soft-tissue and cortical mesh. This
geometric update step is performed externally to the finite element solver, maintaining the explicit separation between
mechanical computation and biological or geometric interpretation advocated in the present framework [2,13,28,29].

For qualitative visualisation purposes within the post-processing interface, the hydrostatic stress field was partitioned into three
descriptive bands: compression-dominant regions (ch < -0.02 MPa), homeostatic-equilibrium regions (—0.02 MPa < ch < 0.05
MPa) and tension-dominant regions (ch > 0.05 MPa). These bands are used for colour-mapping and clinical orientation only;
they do not constitute biological remodelling thresholds and are not incorporated into the quantitative density update rule (Ao
=k-O-At).

The algorithmic implementation of the localised spatial neighbour queries was written in Python 3.8 using the SciPy library. The
source code and processed datasets supporting the findings of this study are available from the corresponding author upon
reasonable request.

Results

The implementation of the iterative finite element-Python pipeline resulted in a stable and reproducible evolution of bone density
and elastic modulus across successive simulation cycles. All simulations were performed under constant boundary conditions,
allowing isolation of the effects of material property updates on the mechanical field. The iterative process produced
progressively modified mechanical environments, reflecting the coupling between local stiffness and load distribution.
Progressive changes in bone density were observed across iterations. During early iterations, density changes were spatially
localised and closely followed the regions of high mechanical gradient identified in the initial configuration described in Part I
[8]. As iterations progressed, density redistribution became more structured, with coherent regions of increased and decreased
density emerging across cortical thickness and along the root surface. In late iterations, the system approached a quasi-stationary
configuration, with the magnitude of density updates between successive cycles decreasing progressively. Density variations
remained within moderate ranges throughout the simulation, without abrupt or unstable transitions. The system did not diverge
or exhibit oscillatory instabilities, in line with previous reports on the convergence behaviour of similar density-based
remodelling algorithms [9,11,21,22]. The temporal evolution of bone density across successive remodelling cycles, from the
homogeneous baseline to the quasi-stationary configuration, is shown in Fig. 2.

Figure 2. Temporal evolution of bone density (p) across iterative remodelling cycles
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Figure 2: Temporal evolution of bone density () across iterative remodelling cycles. (A) Iteration 0: homogeneous baseline (00

https://doi.org/10.46889/J]DHOR.2026.7227 https://athenaeumpub.com/journal-of-dental-health-and-oral-research/


https://doi.org/10.46889/JDHOR.2026.7227
https://athenaeumpub.com/journal-of-dental-health-and-oral-research/

= 1.8 g/cm?). (B) Iteration 10: early localised changes in compression-dominated regions (green, cervical margin) and tension-
dominated domains (purple, opposing wall). (C) Iteration 20: structured redistribution with smooth transitional zones. (D)
Iteration 30: quasi-stationary configuration. Tooth root (grey) and PDL (blue dashed, 0.2 mm) are excluded from the
remodelling map. Scale: mm. Colormap: PiYG.

Density evolution was not uniform. Instead, the model generated spatially organised remodelling patterns, characterised by
localised increases in density in regions associated with compression-dominated stress states (S3 < 0), relative reductions in
density in regions associated with tension-dominated domains (S1 > 0) and smooth transitions between these regions rather than
sharp boundaries. These patterns were consistent with the spatial organisation of mechanical gradients rather than with absolute
stress or strain magnitudes, in agreement with the heterogeneous and non-uniform behaviour of adult alveolar cortical bone
reported under orthodontic loading conditions [2,5,6,8].

A clear spatial correspondence was observed between regions of high hydrostatic stress gradients (| Von|) and regions exhibiting
the greatest density variation (Ag). Specifically, zones with elevated gradient magnitude showed higher rates of density change,
whereas mechanically homogeneous regions exhibited minimal or negligible density updates. This spatial relationship remained
consistent throughout the iterative process. From a mechanobiological perspective, this is compatible with current evidence
indicating that osteocyte responses are modulated by interstitial fluid flow and local pressure differentials rather than by
homogeneous strain alone [5,13,16,17]. Changes in bone density resulted in corresponding updates of the elastic modulus
distribution, with regions of increased density exhibiting local stiffening and regions of decreased density showing relative
compliance. These changes altered the load transfer within the alveolar bone, producing secondary modifications in the
mechanical field at subsequent iterations. The iterative framework therefore revealed a bidirectional coupling between
mechanical fields and material structure, in which the initial mechanical field drove density changes, density changes modified
the local elastic modulus and changes in modulus in turn altered the mechanical field. This feedback loop progressively
reorganised the internal distribution of stress and strain. Comparison between the initial and final configurations showed
preservation of the overall spatial organisation of mechanical domains, redistribution of stress intensity in response to local
stiffness changes and attenuation of extreme local variations through iterative adaptation. The final configuration maintained a
gradient-based structure, although with modified intensity and distribution. No uniform or global increase or decrease in density
was observed; rather, the model consistently produced localised, gradient-driven changes characterised by heterogeneous
adaptation patterns.

Notably, regions sharing similar absolute ch values but differing in local | Von| magnitude exhibited markedly different density
evolution: high-gradient zones underwent measurable Ag while mechanically homogeneous zones with comparable o remained
essentially unchanged. This dissociation between absolute magnitude and adaptive response supports the interpretation that,
within the present formulation, structural evolution depends on the spatial context of the mechanical field rather than on its
global magnitude. Taken together, the iterative simulations demonstrate that bone density evolution in this model is governed
by spatial gradients of mechanical variables; that the system evolves towards a mechanically balanced, non-uniform
configuration; that adaptation occurs in a localised manner rather than as a homogeneous global response; and that global force
magnitude alone does not determine the resulting remodelling pattern. The spatial distribution of hydrostatic stress, the
corresponding gradient vector field and the harmonic deformation of the gingival envelope are illustrated in Fig. 3.

Figure 3. Computational validation of the Python post-processing pipeline
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Figure 3: Computational validation of the Python post-processing pipeline. (A) Hydrostatic stress on (RdBu_r: blue
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compression, red tension) ranging from -0.0767 MPa (cervical compression) to +0.1007 MPa (opposing wall tension); green line
marks on = 0. (B) Gradient vector field Von (arrows) with log-scaled magnitude background (hot); mean |Vonl| = 0.0061
MPa/mm. (C) Harmonic mesh deformation of the gingival envelope after 30 increments, showing smooth adaptation without
distortion. Scale: mm.

These results extend the static gradient-based framework described in Part I into a time-dependent mechanobiological context,

showing how spatially organised mechanical fields may influence the evolution of bone properties under sustained orthodontic
loading [8].

Pipeline Validation and Computational Benchmark

The Python post-processing pipeline successfully ingested the discrete geometry and stress fields transferred from the ANSYS
Workbench environment. The extraction, spatial indexing and gradient computation modules executed with 100% numerical
stability across all benchmark cycles, with no convergence failures or mesh corruption events.

In a control sample of 500 cortical elements oriented toward vestibular tipping, the software identified a physical hydrostatic
stress range from —0.0767 MPa (maximum focal compression at the cervical/crestal margin) to +0.1007 MPa (maximum tension
on the opposing alveolar wall). These values are consistent with the low-to-moderate stress regime characteristic of aligner-
mediated adult orthodontic loading reported in Part I [8]. The KD-Tree robustly resolved element adjacency within the 1.5 mm
search radius, with an average query time of less than 0.1 s per node on a standard workstation configuration.

The spatial derivative computation yielded a mean mechanical gradient magnitude of 0.0061 MPa/mm. This local gradient vector
provided the three-dimensional rate-of-change and trajectory required by the geometric engine. The harmonic deformation
linear system assimilated these gradient-driven displacement vectors without registering mesh distortions, folds or inverted
elements, enabling continuous, smooth and anatomically coherent morphing of the gingival envelope adapted to the new dental
positioning. Fig. 3 illustrates the spatial distribution of hydrostatic stress and the corresponding gradient vector field over the
cortical domain for a representative tipping increment. The convergence behaviour of the iterative remodelling algorithm,
confirming numerical stability and mechanical redistribution without oscillatory instability, is shown in Fig. 4.

Figure 4. Convergence behaviour of the iterative remodelling algorithm
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Figure 4: Convergence behaviour of the iterative remodelling algorithm. (A) Maximum density update | Ag|max per iteration,
showing monotonic decay toward a quasi-stationary plateau (0.002 g/cm?). (B) Peak | onlmax (blue) and | Vonlmax (orange) across
30 iterations, both attenuating as local stiffness redistribution modifies load transfer. Absence of oscillatory instability confirms

numerical robustness.

Taken together, these benchmark data confirm that the closed-loop FEA-Python pipeline is computationally robust and
geometrically stable. The spatial gradient magnitudes obtained (~0.006 MPa/mm) are of the same order of magnitude as the
pressure differentials reported in poromicromechanical analyses of osteocyte lacunar flow, supporting the biological plausibility
of the gradient-based stimulus descriptor ® employed in the iterative model [16]. The successful harmonic morphing of 30
consecutive 0.25-mm aligner increments demonstrates that the pipeline satisfies the prerequisites for integration into patient-
specific orthodontic planning software (Part III).
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Discussion

The present study extends the framework developed in Part I from a spatial description of the mechanical field to its temporal
evolution under sustained orthodontic loading [8]. While the static analysis identified strain and stress gradients as defining
features of the mechanical environment in adult alveolar bone, the iterative model implemented here demonstrates how these
gradients may drive the progressive redistribution of tissue properties over successive simulation cycles. The results indicate
that, within the adopted formulation, structural adaptation is not organised according to absolute values of stress or strain, but
according to the spatial structure of the mechanical field, which remains the dominant feature throughout the iterative process.
This observation is consistent with the gradient-based interpretation of orthodontic biomechanics proposed in Part I and with
previous experimental and computational evidence indicating that bone adaptation in adult contexts is governed by the
heterogeneity and directional structure of the mechanical environment rather than by force magnitude alone [2,5,6,8,20,29].

Classical mechanostat-based interpretations of bone adaptation assume well-defined strain thresholds and a relatively direct,
deterministic coupling between stimulus magnitude and biological response [1]. However, the behaviour observed in the present
iterative model does not conform to such assumptions. No abrupt threshold-driven transitions were observed; adaptation
occurred in a gradual and localised manner; and regions exhibiting similar stress or strain magnitudes produced different
responses depending on their spatial context. This behaviour is consistent with experimental observations in adult orthodontic
bone, where adaptive capacity is reduced, biological response is variable and no direct proportionality exists between sustained
force magnitude and remodelling outcome [5,6,23-25]. The age-related attenuation of bone metabolism in adult patients, the
reduced osteocyte mechanosensitivity associated with deterioration of the lacuno-canalicular network and the diminished
responsiveness of periodontal ligament cells have all been described as factors contributing to a constrained adaptive capacity
in mature alveolar bone [23-27]. Within this context, mechanostat-based formulations developed primarily on the basis of long-
bone remodelling may not adequately describe the behaviour of adult alveolar cortical bone under sustained orthodontic
loading.

A consistent finding of the present model was the spatial correlation between hydrostatic stress gradients (I Vonl) and local
density changes (Ag), suggesting that the relevant mechanical stimulus in this formulation is not only the local stress state but
its spatial variation. From a mechanobiological perspective, this observation is compatible with current evidence regarding
osteocyte mechanosensing. Macroscopic mechanical loading generates lacunar pressure gradients within the lacuno-canalicular
network, which in turn drive interstitial fluid flow at nanoscale velocities around osteocytes [16,17]. Osteocytes are highly
sensitive to fluid shear stress and to local pressure differentials and respond through the release of paracrine factors that
modulate osteoblast and osteoclast activity [5,13,14,15]. The spatial organisation of the macroscopic mechanical field therefore
acts as an organising principle of the local mechanobiological environment: regions of elevated gradient magnitude correspond
to regions where lacunar-canalicular flow is most likely to be perturbed, defining zones of differential adaptive potential. This
interpretation is consistent with poromicromechanical analyses showing that physiological bone strains generate undrained
lacunar pressures sufficient to stimulate osteocyte mechanosensing [16]. Importantly, the presence of mechanically plausible
gradients does not imply guaranteed remodelling, particularly in adult alveolar bone, where biological response remains
conditional and patient-specific [2,3,8].

At the molecular level, recent advances in mechanobiology provide additional support for the relevance of gradient-based
mechanical descriptors. Mechanosensitive ion channels such as PIEZO1 have been identified in periodontal ligament cells,
osteocytes and bone cells and have been implicated in the conversion of mechanical stimuli into biochemical signals during
orthodontic tooth movement [3,4,18,19]. Activation of PIEZOL1 in periodontal ligament cells has been shown to promote alveolar
bone remodelling on the tension side of orthodontic loading and to modulate osteogenic and osteoclastic activity [4,18]. The role
of PIEZO1 in osteocytes during orthodontic tooth movement is currently under investigation, with conflicting evidence
regarding the extent to which osteocyte-specific deletion alters tooth movement in animal models [7]. While the present finite
element formulation does not explicitly model these molecular pathways, the spatial organisation of hydrostatic stress and its
gradients provides a mechanically plausible substrate for such mechanotransduction processes to operate. The consistency
between the spatial structure of the mechanical field and the regions of differential density evolution supports a framework in
which mechanical gradients delineate domains of potential biological sensitivity, within which the activation of cellular
mechanotransduction pathways is conditional on local biological context.
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The iterative framework employed in this study exhibits a key behavioural feature: bidirectional coupling between mechanics
and structure. The initial mechanical field drives density changes, which in turn modify the local elastic modulus, which alters
the subsequent mechanical field. This feedback loop progressively reorganises the internal distribution of stress and strain.
Rather than converging towards a uniform state, the system evolves towards a mechanically structured configuration in which
gradients persist while extreme local variations are attenuated. This behaviour is broadly consistent with iterative orthodontic
finite element models published in the literature, which have similarly reported gradual evolution of tooth-supporting tissues
under sustained loading [9,10,11,21]. However, in those formulations the driving variable is typically strain energy density or
PDL strain and the relevance of spatial gradients within cortical bone is not explicitly addressed. The framework adopted here
differs in that the mechanical stimulus function @ explicitly incorporates the spatial gradient of hydrostatic stress as a primary
descriptor, in line with continuum remodelling models that distinguish hydrostatic and deviatoric components of mechanical
state [7,13,20,29]. This formulation does not aim to replace strain-based models but to complement them by providing an
alternative framework better suited to the constrained, near-homeostatic context of adult alveolar cortical bone, where strain
magnitudes typically remain within low-to-moderate ranges and the most informative aspect of the mechanical environment is
its spatial organisation rather than its absolute intensity [2,6,7,8].

From a biomechanical and clinical perspective, these results suggest that the nature of orthodontic loading and its spatial
distribution may be more relevant than force magnitude alone in shaping adult alveolar bone response. Loading configurations
that minimise extreme gradients while maintaining controlled tooth movement may favour mechanical stability over large
redistributions of tissue properties. In this sense, strategies such as root-controlled tipping or moment-dominant loading [8],
modulation of force systems through aligner staging [11] or careful selection of attachments and force vectors [10,28,29] can be
interpreted as methods to shape the spatial gradient field rather than simply increasing or decreasing applied forces. This
interpretation aligns with the conditional and spatially constrained view of Wolff's law proposed in Part I and reinforces the
recommendation to consider the structural anatomy of adult cortical bone - particularly the thin buccal and lingual cortical plates
- when designing orthodontic mechanics in adult patients [8,26,29].

A methodological feature of the present work, inherited from Part I, is the explicit separation between mechanical computation
and biological interpretation [8]. Finite element analysis was used solely to compute mechanical fields, while the definition of
remodelling-relevant variables and the iterative density update were performed through external post-processing. This
separation avoids embedding speculative biological laws within the numerical solver and is consistent with recommendations
to keep mechanical and biological assumptions distinct when modelling complex adaptive systems [2,13]. The model does not
propose a new biological law, but provides a controlled mechanical framework for analysing the temporal interaction between
spatially organised mechanical stimuli and simplified structural adaptation in adult alveolar cortical bone.

The present work is subject to several limitations. The finite element simulations rely on homogeneous, isotropic and linearly
elastic assumptions for the bone compartments, which do not capture the anisotropic osteon architecture and regional
mineralisation gradients of adult cortical bone. Although the periodontal ligament was modelled with a generalised viscoelastic
formulation (ai¢ = 0.925, aiX = 0.890, ti = 0.15 s), the present implementation does not incorporate full non-linear hyperelasticity,
fibre-reinforced anisotropy or spatially variable PDL thickness, which may influence long-term stress relaxation, load transfer
asymmetry and the temporal evolution of hydrostatic stress gradients under sustained orthodontic activation. The remodelling
parameters (k, n, At) were selected to ensure numerical stability rather than calibrated against experimental or clinical data. No
explicit biological time scale, cellular mechanism or biochemical process is included in the model and no histological, micro-CT
or longitudinal clinical validation has been performed. Accordingly, the results should be interpreted as a mechanobiological
exploration of how spatially organised mechanical stimuli may interact with simplified structural evolution, rather than as a
predictive simulation of clinical outcomes. Future work should address the sensitivity of the model to parameter variation,
integrate experimental data on adult alveolar bone density distributions [23-26] and incorporate more refined descriptions of the
periodontal ligament and the lacuno-canalicular network when computational resources allow [16,17]. Furthermore, a native
limitation of the current iterative framework is the assumption of a constant alignment displacement vector across all 30 cycles.
In clinical scenarios, an aesthetic aligner progressively loses its elastic deflection capacity as the target tooth displaces.
Consequently, the 30 simulated iterations presented herein should be interpreted as the local, short-term mechanobiological
evolution of the mature alveolar tissue within a single activation stage (0.25 mm), isolating the initial tissue remodeling dynamics
prior to macro-scale tooth kinematics.
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This study represents the second step of a structured research programme. Part I established the spatial organisation of the
mechanical field under orthodontic loading; the present work extends that description into a time-dependent mechanobiological
model based on iterative finite element simulation; and a subsequent study (Part III) will translate this framework into
orthodontic movement planning software, allowing patient-specific simulation of treatment progression with explicit
consideration of mechanical gradients [8]. Within this sequence, the present model functions as a bridge between mechanical
description and computational application. The results support a framework in which adult alveolar bone adaptation under
orthodontic loading is governed by mechanical gradients rather than by absolute stimulus magnitudes; structural evolution
emerges from iterative mechanical-material coupling rather than from threshold-driven responses; and the system tends to
converge towards organised, non-uniform configurations rather than homogeneous redistributions of tissue properties. From
this perspective, Wolff's law in adult orthodontic conditions can be reinterpreted not as a deterministic relationship between
force magnitude and bone remodelling, but as a gradient-driven mechanical framework that defines regions of potential
adaptation within a constrained and patient-specific biological context [1,2,8].

To translate the computational stability verified in this iterative study into clinician-focused diagnostic sequences, a standalone
geometric pre-processing and visualization framework was developed. As a preliminary architectural validation, a dedicated
spatial rendering module was implemented to compute and display real-time root-to-bone proximity envelopes and initial
boundary gradient approximations across both maxillary and mandibular arches (Fig. 5). This clean front-end visualization
structure handles the spatial K-Dimensional Tree (KD-Tree) neighbor indexing required to analyze complex patient-specific
anatomical boundary conditions prior to deploying the definitive, non-linear physical calculations within an external structural
finite element solver (CalculiX), effectively establishing the operational groundwork for full patient-specific multi-tooth
orthodontic staging in Part III.

Figure 5: Translational framework for multi-arch spatial visualization and boundary pre-processing (Prerequisite for Part III).
Three-dimensional rendering of patient-specific maxillary and mandibular structures demonstrating the clinical orientation
interface. The color-coded cortical maps represent preliminary geometric distance and proximity gradient approximations
between the dental roots and the surrounding alveolar cortical bone envelopes. This visualization core operates as a spatial
pre-processing engine, structuring the complex multi-tooth boundary conditions and local proximity thresholds before
transmitting the anatomical dataset to an external non-linear finite element core (CalculiX) for definitive mechanobiological
simulation.
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Conclusion

An iterative finite element framework integrating mechanical computation with external numerical updating was successfully
implemented to simulate the temporal evolution of bone density and elastic modulus in adult alveolar cortical bone under
sustained orthodontic loading. The proposed model extends the static, gradient-based mechanical framework established in Part
Iinto a time-dependent mechanobiological formulation. Within this formulation, structural evolution is governed primarily by
the spatial organisation of the mechanical field - particularly by hydrostatic stress gradients rather than by absolute magnitudes
of stress or strain. The system evolves towards stable, non-uniform configurations characterised by organised mechanical
domains and progressive attenuation of extreme local variations, without exhibiting threshold-driven or deterministic
remodelling behaviour. These findings reinforce a non-deterministic, context-dependent interpretation of bone adaptation in
adult orthodontic conditions and support a gradient-based reinterpretation of Wolff's law in this clinical setting. The present
work does not aim to predict clinical outcomes; rather, it provides a mechanically consistent framework for the subsequent
integration of mechanobiological reasoning into orthodontic treatment planning software, to be developed in Part III.
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