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ABSTRACT

The periodontium, comprising the periodontal ligament (PDL), alveolar bone, cementum, and gingiva, plays a
critical role in mediating tooth movement during orthodontic treatment. Orthodontic forces induce
biomechanical changes in the periodontium, leading to adaptive responses such as bone remodeling and tissue
deformation. This narrative review synthesizes insights from computational and theoretical studies published
on the biomechanical adaptation of the periodontium to orthodontic forces. Focusing on finite element analysis
(FEA) and theoretical models, the review explores the stress and strain distribution in the PDL, hydro-
mechanical coupling, viscoelastic behavior, and the implications for optimal force application. Key findings
highlight that the PDL acts as a shock absorber, with fluid flow and solid-fluid interactions influencing time-
dependent responses. Computational models reveal that force magnitude, direction, and duration affect stress
concentrations, potentially impacting root resorption and alveolar bone loss. Theoretical frameworks
emphasize mechanotransduction pathways, where cells in the periodontium sense and respond to mechanical
stimuli, initiating biological adaptations. The review underscores the value of these studies in predicting clinical
outcomes, optimizing orthodontic appliances, and minimizing adverse effects. However, limitations in model
assumptions and material properties call for further validation through experimental data. Overall,
computational and theoretical approaches provide essential insights for advancing personalized orthodontic
therapies, enhancing treatment efficiency, and preserving periodontal health.
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Introduction

Orthodontic treatment is fundamentally based on the
application of controlled mechanical forces to teeth in
order to induce planned movements, including
translation, tipping, rotation, extrusion, and intrusion.
These forces are not applied directly to bone but are
instead transmitted through the periodontium, a highly
specialized and biologically active structure composed
of the periodontal ligament (PDL), alveolar bone,
cementum, and gingival tissues. Together, these
components form a functional unit that enables load
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transfer, shock absorption, and adaptive remodeling in
response to orthodontic loading. Among these tissues,
the PDL plays a central biomechanical role, acting as a
compliant connective tissue interface that anchors the
tooth root to the alveolar bone while regulating force
magnitude and distribution at the bone—tooth interface
[1,2].

The PDL exhibits complex mechanical behavior due to
its heterogeneous structure, high water content, and
dense collagen fiber network. Under orthodontic
forces, it undergoes deformation, fluid redistribution,
and cellular responses that initiate a cascade of
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biological events, including bone resorption on the
pressure side and bone apposition on the tension side.
These processes ultimately result in tooth displacement
while maintaining periodontal integrity. However,
excessive or improperly distributed forces may disrupt
this balance, leading to adverse effects such as root
resorption, hyalinization of the PDL, or irreversible
periodontal ~ damage.  Therefore, a  precise
understanding of periodontal biomechanics is essential
for optimizing orthodontic force systems and
improving treatment outcomes.

Historically, investigating the biomechanical response
of the periodontium to orthodontic forces has been
challenging. In vivo experiments are limited by ethical
constraints, biological variability, and difficulties in
measuring internal stress and strain fields, while in
vitro models often fail to replicate the dynamic, three-
dimensional interactions between tissues. These
limitations have restricted the ability to fully
characterize the mechanical environment within the
PDL and surrounding bone during orthodontic loading.
To address these challenges, computational and
theoretical approaches have emerged as valuable
alternatives, enabling
mechanical behavior under well-defined conditions [3,
4].

Computational methods, particularly finite element
analysis (FEA), have been widely adopted to model
stress distribution, strain patterns, and displacement
within the periodontium. More advanced approaches
incorporate hydro-mechanical coupling to account for
fluid flow within the PDL, which is increasingly
recognized as a critical factor in mechanotransduction
and tissue adaptation. These models allow researchers
to systematically investigate how variations in force
magnitude, direction, and duration influence
periodontal response, providing insights that are
difficult or impossible to obtain experimentally.
Importantly, such simulations contribute to identifying
force thresholds that promote efficient tooth movement
while minimizing the risk of pathological responses.
Recent advances in computational power, imaging
techniques, and material modeling have significantly
improved the realism of periodontal simulations.
Contemporary models increasingly incorporate
nonlinear  material  behavior, viscoelasticity,
anisotropy, and biphasic characteristics of the PDL, as
well as patient-specific geometries derived from
imaging data. Studies published between have focused
on refining these representations to enhance predictive
accuracy and clinical relevance, particularly with
respect to optimal force levels, stress concentration
zones, and time-dependent tissue adaptation [5-8].
These developments represent a shift toward more

controlled simulation of

physiologically accurate models that better reflect the
complex nature of orthodontic biomechanics.

This review aims to synthesize and critically evaluate
recent theoretical and computational studies addressing
periodontal adaptation to orthodontic forces. The
specific objectives are: (1) to describe the anatomy and
biomechanical properties of the periodontium relevant
to orthodontic loading; (2) to examine existing
theoretical models of periodontal response; (3) to
discuss computational approaches, with an emphasis
on finite element analysis, used to simulate periodontal
adaptation; (4) to analyze key findings from recent
studies on stress distribution, fluid mechanics, and
material modeling; and (5) to explore -clinical
implications while identifying current limitations and
directions for future research.

Anatomy and biomechanical properties of the
periodontium

The periodontium is a highly specialized and dynamic
biological structure designed to support teeth within
the alveolar bone while accommodating the
mechanical demands of mastication and orthodontic
intervention. It comprises four principal components:
the periodontal ligament (PDL), alveolar bone,
cementum, and gingival tissues, which function
synergistically to maintain tooth stability and facilitate
adaptive remodeling under applied forces. Among
these components, the PDL plays a central role in
mediating orthodontic tooth movement due to its
unique anatomical organization and biomechanical
behavior [2, 9].

The PDL is a fibrous connective tissue with a thickness
ranging from approximately 0.15 to 0.38 mm,
interposed between the tooth root cementum and the
alveolar bone. It consists of densely packed collagen
fiber bundles embedded within a hydrated ground
substance, along with a diverse cellular population that
includes fibroblasts, cementoblasts, osteoblasts,
osteoclasts, endothelial cells, and immune cells. In
addition, the PDL contains a rich network of blood
vessels, lymphatics, and nerve fibers, as well as
interstitial fluid that contributes to its load-dissipating
capacity [2, 10]. This complex microstructure enables
the PDL to function as a biomechanical buffer,
preventing direct transmission of excessive forces to
the alveolar bone and root surface during both
physiological loading and orthodontic  force
application.

From a biomechanical perspective, the PDL exhibits
nonlinear, viscoelastic, and time-dependent behavior,
allowing it to absorb, distribute, and gradually transmit
mechanical loads. When orthodontic forces are
applied, the PDL undergoes compression on the
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pressure side of the tooth and tension on the opposite
side. These asymmetric stress distributions lead to
localized changes in blood flow, cellular activity, and
extracellular matrix remodeling, ultimately initiating
the biological cascade responsible for tooth movement.
On the compression side, sustained stress may induce
osteoclastic bone resorption, while tensile strain on the
opposing side promotes osteoblastic bone formation,
facilitating coordinated tooth displacement within the
alveolar socket.

The alveolar bone itself is a structurally heterogeneous
tissue composed of dense cortical bone and more
porous cancellous bone. Its adaptive capacity is
governed by mechanotransduction mechanisms that
translate mechanical stimuli into cellular responses.
Theoretical and  experimental studies  have
demonstrated that alveolar bone remodeling during
orthodontic treatment follows principles of bone
adaptation, whereby local strain magnitude and
distribution regulate the balance between resorption
and apposition. Consequently,
characterization of both PDL and alveolar bone

accurate

mechanics is essential for understanding orthodontic
force—tissue interactions.

To capture the complex behavior of the PDL,
theoretical models often describe it as a biphasic or
poroelastic material composed of a porous solid matrix
saturated with interstitial fluid [1, 11]. In such models,
the solid phase primarily resists deformation, while
fluid flow within the porous network governs the
tissue’s time-dependent response to loading. This
biphasic representation has been particularly valuable
in explaining phenomena such as stress relaxation,
creep, and delayed tooth movement observed clinically
following orthodontic force application.
Computational investigations have sought to quantify
the mechanical properties of the PDL to improve the
accuracy of biomechanical simulations. Reported
elastic moduli typically range from 0.01 to 0.68 MPa,
reflecting variability in experimental methods,
anatomical location, and loading conditions [5, 6].
Poisson’s ratios are commonly assigned values
between 0.45 and 0.49, indicating near-incompressible
behavior consistent with the tissue’s high fluid content.
Permeability values, which govern fluid transport
within the PDL, are generally reported in the range of
107** to 1077 m*Nes, underscoring the sensitivity of
fluid flow to microstructural characteristics [5, 6].

Table 1. Biomechanical Properties of Periodontal Tissues Used in Computational Models

Elastic
Poi ’ P bilit
Tissue Modeling Approach Modulus OlSS(?n s ermeablity Notes / Relevance
Ratio (m?%/N-s)
(MPa)
Peri tal Li t implifi 1 t
criodontal Ligamen Linear elastic 0.01-0.68  0.45-0.49 — Simplified, tends to
(PDL) overestimate stresses
Periodontal Ligament . . 0.05-0.5 (time- Captures creep and stress
\% last 45-0.4 —
(PDL) 1seoetastic dependent) 0.45-0.49 relaxation
Periodontal Ligament = Hyperelastic (Mooney— . Suitable for large
1 ~0.4 —
(PDL) Rivlin, Ogden) Nonlinear 049 deformations
Periodontal Ligament . . . . 4 101 Models fluid flow and
(PDL) Biphasic / poroelastic ~ Solid: 0.05-0.5 0.49 107-10 time dependence

Alveolar bone (cortical) Linear elastic

12,000-14,000

0.30 — Load-bearing structure

Alveolar bone Linear elastic 1,000-2,000 030 — Influences tooth
(cancellous) displacement
Cementum Linear elastic ~20,000 0.30 — Usually assumed rigid

These biomechanical parameters are critical inputs for
computational models, as they directly influence
predicted stress distributions, strain patterns, and fluid
pressure gradients within the periodontium. Variations
in material assumptions can lead to substantial
differences in simulated outcomes, emphasizing the
importance of physiologically realistic representations.
A comprehensive understanding of periodontal
anatomy and biomechanical properties therefore
provides the foundation for accurate theoretical
modeling and clinically relevant predictions of
orthodontic tooth movement.

Mechanisms of orthodontic tooth movement

Orthodontic tooth movement (OTM) is a complex
biological process driven by the interaction between
applied mechanical forces and the adaptive response of
periodontal tissues. When orthodontic forces are
applied to a tooth, they are transmitted through the
crown and root to the periodontal ligament (PDL),
generating localized stress and strain within the
ligament and surrounding alveolar bone. These
mechanical stimuli initiate mechanotransduction
processes, whereby physical forces are converted into
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biochemical signals that regulate cellular activity and
tissue remodeling [2].

At the microscopic level, force application results in
asymmetric loading of the PDL. On the compression
side, the PDL fibers are compacted, leading to
increased hydrostatic pressure, reduced blood flow,
and localized hypoxia. If the applied force exceeds the
physiological tolerance of the tissues, areas of
hyalinization may form, characterized by sterile
necrosis of the PDL. This process delays direct bone
resorption and necessitates undermining resorption
from adjacent marrow spaces. Conversely, on the
tension side, the PDL is stretched, promoting increased
blood perfusion, fibroblast proliferation, and
osteoblastic activity, which collectively facilitate bone
apposition and stabilization of the tooth in its new
position.

Theoretical frameworks commonly describe OTM as
occurring in three distinct phases: an initial phase, a lag
phase, and a phase of progressive or steady movement.
The initial phase involves rapid tooth displacement due
primarily to elastic deformation of the PDL and
bending of the alveolar bone. This is followed by a lag
phase, during which tooth movement slows or
temporarily ceases as cellular and vascular changes
occur within the compressed PDL. The final phase is
characterized by sustained tooth movement driven by
coordinated bone resorption and formation as tissue
remodeling becomes established.

Computational and mathematical models have been
instrumental in simulating these phases and elucidating
the wunderlying biomechanical mechanisms. By
incorporating time-dependent material properties and
biological remodeling rules, such models demonstrate
that light, continuous forces typically in the range of
0.5 to 1 N are optimal for achieving efficient tooth
movement while minimizing adverse effects such as
root resorption and excessive PDL damage [3, 12].
These findings support long-standing clinical
observations and provide a quantitative basis for force
selection in orthodontic practice.

Recent investigations have further highlighted the
critical role of fluid dynamics within the PDL during
orthodontic loading. The PDL is increasingly modeled
as a poroelastic or biphasic tissue, where orthodontic
forces induce interstitial fluid flow through its porous
matrix. This fluid movement contributes to stress
relaxation, influences nutrient and metabolite
transport, and modulates cellular signaling pathways
involved in inflammation and bone remodeling [5, 11,
13, 14]. Computational studies integrating hydro-
mechanical coupling suggest that variations in
permeability and fluid velocity significantly affect the
spatial and temporal distribution of stresses within the

periodontium, thereby influencing the rate and pattern
of OTM.

Collectively, these biomechanical and biological
mechanisms underscore the importance of considering
both solid tissue deformation and fluid-mediated
responses in understanding orthodontic tooth
movement. Advances in theoretical and computational
modeling continue to refine this understanding,
offering valuable insights for optimizing orthodontic
force systems and improving clinical outcomes.

Anatomy and biomechanical properties of the
periodontium

The periodontium is a highly specialized and dynamic
biological structure designed to support teeth while
accommodating functional and therapeutic mechanical
loads, including those applied during orthodontic
treatment. It consists of four principal components: the
periodontal ligament (PDL), alveolar bone, cementum,
and gingiva, all of which function synergistically to
maintain tooth stability and facilitate adaptive
remodeling. Among these components, the PDL plays
a central biomechanical role due to its unique structural
composition and mechanical behavior [2, 14, 15].

The PDL is a fibrous connective tissue with an average
thickness ranging from approximately 0.15 to 0.38
mm. It connects the cementum of the tooth root to the
alveolar bone and is composed of dense collagen fiber
bundles (primarily Sharpey’s fibers), ground substance
rich in proteoglycans, various cell populations
(including fibroblasts, osteoblasts, osteoclasts, and
progenitor cells), vascular networks, neural elements,
and interstitial fluid [2, 16]. This complex composition
enables the PDL to act as a viscoelastic shock absorber,
dissipating applied loads and preventing direct
transmission of excessive forces to the alveolar bone.
When orthodontic forces are applied, the PDL
undergoes nonuniform deformation, resulting in
compression on the pressure side and elongation on the
tension side of the tooth root. These mechanical states
generate localized stress and strain gradients that
initiate  biological including cellular
signaling, vascular changes, and tissue remodeling.
The adjacent alveolar bone, consisting of cortical and
cancellous components, responds to these stimuli
through a tightly regulated balance of osteoclastic bone
resorption and osteoblastic bone formation, allowing
controlled tooth movement within the alveolar socket
[1, 11, 17].

From a biomechanical perspective, the PDL is
frequently modeled as a biphasic or poroelastic
material, consisting of a porous solid matrix saturated
with fluid. This theoretical framework accounts for its
time-dependent behavior, including creep, stress

responses,
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relaxation, and load-rate sensitivity. Fluid movement
within the PDL significantly influences stress
redistribution and plays a critical role in
mechanotransduction processes during orthodontic
loading [1, 18].

Computational investigations have attempted to
quantify the mechanical properties of the PDL to
improve simulation accuracy. Reported elastic moduli
range from 0.01 to 0.68 MPa, reflecting its highly
compliant nature, while Poisson’s ratios between 0.45
and 0.49 indicate near-incompressibility due to fluid
content. Permeability values, typically ranging from
107" to 1077 m*/N-s, govern fluid flow behavior within
the tissue [5, 6, 19]. Accurate representation of these
parameters is critical in computational modeling, as
small variations can substantially alter predicted stress
distributions, deformation patterns, and estimates of
biological response.

Mechanisms of orthodontic tooth movement
Orthodontic tooth movement (OTM) is a complex
process involving a cascade of biomechanical, cellular,
and molecular events initiated by the application of
controlled mechanical forces to teeth. These forces
generate stress and strain within the PDL, activating
mechanotransduction  pathways  through  which
mechanical stimuli are converted into biochemical
signals that regulate tissue remodeling [2, 20].

On the compression side of the tooth, applied forces
increase hydrostatic pressure within the PDL, leading
to vascular constriction, reduced blood flow, and in
some cases, localized hyalinization of the ligament.
This environment promotes osteoclastic activity and
bone resorption at the alveolar bone surface.
Conversely, on the tension side, stretching of the PDL
fibers enhances blood perfusion and stimulates
osteoblastic differentiation, resulting in new bone
formation and stabilization of the tooth in its new
position [2].

Classical theoretical frameworks divide OTM into
three overlapping phases: an initial phase characterized
by rapid tooth displacement due to PDL deformation; a
lag phase marked by minimal movement as tissue
remodeling processes dominate; and a progressive or
post-lag phase, during which sustained bone
remodeling permits continuous tooth movement.
Computational models have successfully replicated
these phases by incorporating time-dependent material
properties and biological adaptation parameters [3].
Recent computational studies emphasize the
importance of optimal force magnitude in regulating
OTM. Simulations suggest that forces in the range of
approximately 0.5-1 N are sufficient to induce
effective remodeling while minimizing adverse

outcomes such as root resorption or excessive tissue
necrosis [3]. Additionally, emerging evidence
highlights the role of interstitial fluid dynamics within
the PDL. Orthodontic loading induces fluid flow that
influences nutrient transport, waste removal, and cell
signaling, thereby modulating the biological response
to mechanical stress [5, 11]. These findings underscore
the importance of considering both solid and fluid
phases of the PDL in understanding and optimizing
orthodontic biomechanics.

Theoretical models of periodontal response to forces
Theoretical models form the conceptual foundation for
understanding periodontal tissue adaptation under
orthodontic loading. One of the earliest and most
widely accepted frameworks is the pressure—tension
theory, which proposes that compressive forces reduce
blood flow and promote bone resorption, whereas
tensile forces enhance vascular perfusion and stimulate
bone formation [2]. While this theory provides a useful
qualitative explanation, it does not fully account for the
complex mechanical and fluid interactions occurring
within the PDL.

To address these limitations, more advanced models
incorporate poroelastic and viscoelastic principles,
treating the PDL as a fluid-saturated porous medium
governed by Biot’s theory of consolidation. Hydro-
mechanical coupling models describe how applied
forces alter pore pressure and drive fluid movement
within the ligament [5]. Under compressive loading,
fluid is expelled from the PDL into surrounding bone
spaces, increasing solid matrix stress and reducing
ligament volume. In contrast, tensile loading promotes
fluid influx, contributing to tissue expansion and stress
redistribution.

These models predict pronounced time-dependent
behaviors, including creep under sustained loads and
stress relaxation following rapid force application.
Viscoelastic formulations further capture the delayed
mechanical response of the PDL, aligning well with
experimental observations of orthodontic tooth
movement [1, 11]. Mathematical descriptions
integrating Darcy’s law for fluid flow and Hooke’s law
for elastic deformation are commonly implemented
within computational frameworks to simulate these
phenomena and validate theoretical predictions against
experimental data.

Computational approaches: finite element analysis in
orthodontics

Finite element analysis (FEA) has become the
dominant computational technique for investigating
periodontal biomechanics due to its ability to model
complex geometries, heterogeneous materials, and
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realistic  boundary conditions. FEA involves
discretizing the tooth—-PDL-bone complex into finite
elements and numerically solving governing equations
to obtain stress, strain, and displacement distributions
under applied orthodontic loads [4, 11].

In orthodontic research, three-dimensional FEA
models are frequently constructed from cone-beam
computed tomography (CBCT) data, allowing patient-
specific representation of anatomical structures and
force application scenarios [3]. Recent advancements
in nonlinear FEA have enabled incorporation of
hyperelastic and viscoelastic material properties to
more accurately represent the PDL’s mechanical
behavior [2, 6]. Hyperelastic formulations, such as
Mooney—Rivlin and Ogden models, are particularly
effective in capturing large deformations observed
during orthodontic tooth movement [1].

Von Mises Stress in Periodontal Ligament

Orthodontic Force B

b)
Figure 1. Stress and Strain Distribution in the PDL
Under Orthodontic Loading (FEA) m

FEA has also been widely applied to assess orthodontic
appliance design and performance. For example,
simulations of clear aligner therapy have demonstrated
that aligner thickness significantly influences stress
transmission to the PDL and alveolar bone [6]. To
ensure model reliability, validation
procedures—including mesh convergence testing and

rigorous

sensitivity analysis—are routinely employed [4].

Insights from recent studies on PDL stress distribution
Recent finite element investigations have provided
detailed insights into stress distribution patterns within
the PDL under various orthodontic loading conditions.
In simulations addressing Angle Class II malocclusion,
applied forces of 0.5-1 N resulted in nearly linear
increases in PDL stress, with peak values reaching
approximately 9.79 x 107 Pa. These stresses were
predominantly concentrated on the buccal surfaces,
emphasizing the importance of controlled force
application to reduce the risk of enamel damage and
periodontal compromise [3].

Studies focusing on aligner therapy revealed that
increased aligner thickness (e.g., 0.75 mm) produced
higher PDL stress levels, with reported increases of
approximately 6% during tooth inclination movements.
These changes were accompanied by shifts in the
center of rotation (COR), suggesting that thicker
aligners may enable larger tooth movements per
treatment step but also elevate biomechanical risk [6].
Dynamic loading simulations further demonstrated that
hyperelastic PDL models tend to generate higher stress
concentrations at the cervical margin, with peak values
approaching 620 kPa, whereas viscoelastic models
exhibited enhanced energy dissipation and more
physiologically  realistic  responses [1, 21].
Collectively, these findings indicate that stress
concentrations at the cervical region and root apex play
a critical role in periodontal adaptation, and that
excessive or poorly distributed forces may increase the
likelihood of root resorption and other adverse
outcomes [4].

Hydro-mechanical coupling in the periodontium
Hydro-mechanical models emphasize the biphasic
nature of the PDL, where fluid dynamics modulate
adaptation. Simulations show fluid inflow in tension
and outflow in compression, affecting pore pressure
and deformation [5].

Orthodontic Force
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Figure 2. Biphasic (Hydro-Mechanical) Behavior
of the PDL
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Under orthodontic loads, biphasic formulations predict
time-dependent  responses,  with  permeability
influencing creep rates. Low permeability regions
exhibit slower fluid movement, prolonging stress [11].
These models provide data for optimal force
determination, as excessive compression may cause
ischemia [2, 22].

Viscoelastic and hyperelastic modeling of the PDL
Viscoelastic models incorporate time-dependent
parameters like relaxation moduli, capturing creep and
stress relaxation in the PDL [1]. Hyperelastic models,
using strain energy functions, simulate nonlinear
deformation under large strains [6, 23].

Table 2. Comparison of Periodontal Ligament Material Models

Model Type Behavior Captured

Advantages

Effect on Stress

Limitations
Prediction

Linear elastic Instant deformation

Simple, low cost

. Overestimates peak
Unrealistic for PDL P
stress

Viscoelastic Creep, relaxation Time-dependent accuracy More parameters Lower, realistic stresses
Hyperelastic Large nonlinear strain ~~ Good for tipping/rotation ~ No time dependence High cervical stress
Biphasic / Solid + fluid . . Computationally Best match to clinical
. . . Physiologically accurate . . .
poroelastic interaction intensive behavior
Comparative studies show viscoelastic models coupling, where fluid flow within the PDL modulates

reducing stress transmission to bone, aiding in shock
absorption during OTM [11]. Integration with FEA
reveals that ignoring viscoelasticity overestimates
initial stresses, affecting adaptation predictions [4].

Clinical implications for orthodontic force application
Computational insights inform force optimization to
enhance adaptation while minimizing risks. Models
suggest intermittent forces reduce resorption compared
to continuous [2]. For reduced periodontium, adjusted
forces prevent further bone loss [3].

Personalized  modeling,
geometries, could tailor

using  patient-specific
treatments, improving
outcomes in complex cases [4]. However, translation
to practice requires validation, as assumptions in
material properties limit applicability [5].

The integration of computational and theoretical
studies has provided a robust framework for
understanding the biomechanical adaptation of the
periodontium to orthodontic forces, highlighting the
complex interplay between mechanical loading and
tissue responses. Finite element analysis, in particular,
has emerged as a cornerstone method, allowing for the
simulation of stress and strain patterns that are difficult
to measure experimentally. Recent studies have
consistently shown that the PDL functions as a
viscoelastic damper, absorbing and distributing forces
to prevent excessive loading on the alveolar bone [1,
24]. For example, in simulations of mandibular
distalization using clear aligners, thicker aligners were
found to increase PDL stresses by up to 6%,
influencing the center of rotation and potentially
reducing the number of treatment stages required for
effective tooth movement [6, 25]. This aligns with
theoretical models that incorporate hydro-mechanical

time-dependent deformation, with low permeability
leading to prolonged stress and delayed remodeling [3,
26].

Theoretical frameworks, such as poroelastic and
biphasic models, have been refined to better capture the
PDL's nonlinear behavior, revealing that initial force
application causes rapid fluid exudation in compressed
regions, followed by creep deformation [1, 4]. These
models predict that optimal orthodontic forces
(typically 0.5-1.2 N) balance efficient remodeling with
minimal tissue damage, but in reduced periodontium,
forces must be adjusted downward to 0.6 N or less to
avoid exacerbating bone loss [5, 27]. Disparities in
study outcomes often stem from material property
assumptions; linear elastic models overestimate
stresses compared to hyperelastic or viscoelastic ones,
which better replicate clinical observations of energy
dissipation [28, 29]. Patient-specific factors, including
alveolar bone density and PDL thickness, further
complicate generalizations, as demonstrated in FEA of
maxillary canines where force optimization reduced
apical stress concentrations associated with resorption
[30, 31].

Mechanotransduction insights from these studies
illustrate how mechanical signals are transduced into
biological adaptations. Strain thresholds in the PDL
trigger noncoding RNA expression, modulating
osteoclastogenesis and osteoblastogenesis through
pathways like Wnt/B-catenin and RANKL/OPG [2].
Computational models integrating these pathways
show that intermittent forces promote better adaptation
than continuous ones, with reduced hyalinization and
enhanced vascularity [32, 33]. However, limitations in
current research include the predominance of static
loading simulations, which overlook cyclic mastication
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effects, and the lack of multi-phase models that account
for long-term bone remodeling [11, 34]. Validation
challenges persist, as in vivo measurements of PDL
stress are invasive, leading to reliance on ex vivo data
or animal models that may not fully translate to humans
[35].

Clinically, these findings have profound implications
for appliance design and force application. In
periodontally compromised patients, FEA suggests
modifying moment-to-force ratios to compensate for
apical shifts in the center of resistance, minimizing
tipping and dehiscence risks [31, 36]. Simulation

systems incorporating artificial PDL materials have
been developed to test force delivery in vitro, providing
a bridge to clinical practice [4]. Despite advances, the
field requires greater standardization of model
parameters, such as permeability (10"{-15} m"4/N-s)
and elastic moduli (0.05-0.5 MPa), to enhance
reproducibility [1, 23]. Moreover, incorporating
inflammatory responses and genetic variability could
refine predictions, addressing why some patients
exhibit accelerated movement or adverse effects [22,
371.

Table 3. Clinically Relevant Orthodontic Force Recommendations Based on Computational Evidence

Clinical Scenario Recommended Force Range

Modeled Outcome Risk Reduction

Normal periodontium 0.5-1.0N Efficient remodeling Minimal root resorption
Reduced periodontium <0.6 N Controlled displacement Prevents bone loss
Clear aligner therapy Lower per-step force Predictable movement Reduced cervical stress
Intrusion movements <0.5N Uniform stress distribution Less apical damage
Intermittent forces Cyclic loading Improved vascular response Reduced hyalinization

Overall, while computational and theoretical studies
offer predictive power, their full potential lies in hybrid
approaches combining FEA with machine learning for
real-time treatment optimization. Addressing current
gaps will enable more precise, patient-tailored
orthodontics, reducing treatment duration and
complications while preserving periodontal integrity.

Conclusion

Computational and theoretical studies have illuminated
the biomechanical adaptations of the periodontium to
orthodontic forces, underscoring the PDL's role in
mediating stress, fluid dynamics, and remodeling. Key
insights include optimal force ranges for various
movements, the importance of material modeling for
accurate simulations, and clinical strategies to mitigate
risks in compromised tissues. These advancements
promise enhanced treatment efficacy and safety.
Looking ahead, future directions should prioritize
multi-scale modeling integrating biomechanics with
molecular biology, leveraging Al for personalized
simulations, and conducting prospective clinical
validations. Developing open-source databases for
model parameters and incorporating dynamic loading
will further bridge theory and practice, fostering
innovations in orthodontic care.
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