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ABSTRACT
The periodontal ligament as a mechanical connection between the tooth and the bone, plays a fundamental role in

transmitting and absorbing chewing loads, distributing stress in the alveolar bone, and facilitating tooth movement
during orthodontic treatments. This_tissue exhibits time-dependent mechanical behavior due to its complex structure,
which includes a network of oriented collagen«fibers and a porous, fluid-saturated environment. Therefore, a detailed
understanding of the mechanical behavior of the periodontal ligament, especially considering its two-phase
performance, is one of the most challenging topics/in the field of dental biomechanics. In the present study, the analysis
of the biphasic mechanical behavior of thesperiodontal ligament under orthodontic loading conditions was investigated
using the finite element method. In this analysis, the hydro-mechanical coupling theory has been used to simulate the
interaction of the solid phase and the fluid within the ligament. Also, the theory of transverse isotropic hyper elasticity
has been used as an innovation of this research in modeling.the solid phase behavior of collagen fibers, which has led to
the implementation of the UMAT subroutine in the ABAQUS software. The results of this simulation show that
simultaneously considering hydro mechanical effects, and™ spatial orientation of fibers within a
comprehensive and flexible framework as an efficient analytical tool in dental biomechanics, allows for

more accurate prediction of mechanical responses of teeth to orthodontic forces.
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1. Introduction

The periodontal ligament (PDL) is a soft connective
tissue situated between the tooth root and the alveolar
bone, serving dual roles in tooth anchorage and the
absorption and redistribution of occlusal forces across
the jaw[1, 2]. Composed of 57% solid phase and 43%
interstitial fluid, its complex architecture - comprising
collagen fibers, blood vessels, and interstitial fluid -
gives rise to time-dependent, biphasic mechanical
behavior. Early linear elastic models failed to capture
the nonlinear stress-strain relationship and time
dependency of <PDL", response, prompting more
advanced approaches following the introduction of finite
element methods in the<1970s; notably, van Driel
demonstrated “the significant. contribution of fluid
pressure to long-term orthodontic tooth displacement[3].
Natali proposed the use of multiphase formulations that
took into account the presence<of liquid phases and
blood vessels in the extracellular context[4]. Subsequent
viscoelastic and multiphasic poroelastic models,
including hyper elastic formulations of the solid matrix,
have progressively improved< the fidelity «of PDL
simulation. The present study employs asmultiphasic
theoretical framework to evaluate .the mechanical
response of the tooth-PDL-alveolar bone complexunder
transverse orthodontic loading, with particularfocus on
stress distribution, interstitial fluid pressure, and tooth
displacement, incorporating a transversely isotropic
hyper elastic constitutive model for the solid phase to
account for collagen fiber orientation.

2. Methodology

In this study, the finite element method (FEM) was
employed to model the complex biomechanical behavior
of the periodontal ligament (PDL) under transverse
orthodontic loading. Given the biphasic nature of this
tissue -comprising a solid matrix and an interstitial fluid
phase the theory of poroelasticity was adopted to
simulate the hydromechanical coupling and interaction
between the two phases. The governing equations of this
system consist of the stress equilibrium equation and the
fluid continuity equation, which together link the pore
pressure distribution and tissue deformation over
time[5]. The solid phase of the PDL was modeled using
a transversely isotropic hyperelastic formulation based
on the Holzapfel strain energy density function.The
strain energy function in this formulation is decomposed
into two contributions: an isotropic term associated with
the ground matrix, and an anisotropic term representing
the collagen fiber reinforcement[6].

W =W,

vol

+\Niso :Wvol +Wm +\Nfib (1)

To implement this nonlinear, coupled constitutive
behavior within the finite element software ABAQUS, a
user material subroutine (UMAT) was developed and
integrated into the solver.

In the modeling procedure, the three-dimensional
geometry comprising the tooth, the PDL, and the
alveolar bone was reconstructed and assembled.
boundary conditions were defined such that the jawbone
was fully constrained at its base, while the orthodontic
load was applied to the crown of the tooth. To enable
the simultaneous analysis of fluid flow and solid
deformation, three-dimensional porous elements
possessing pore pressure degrees of freedom- C3D4P
element type-were used to discretize the PDL domain

[7].

Fig 1. System after discretizing

3. Results and Discussion

The biomechanical response of the tooth-periodontal
ligament (PDL) - bone complex under loading was
extracted through time-dependent analyses.
Examination of the stress distribution, displacement
field, and interstitial fluid pressure yielded notable
results:

Interstitial fluid pressure: In the initial moments
following load application, owing to the near-
incompressibility of the fluid, the interstitial fluid bore
the predominant share of the compressive load. This
resulted in a sharp rise in pore pressure within the
compression zones. Over time, as the fluid gradually
exuded toward thes surrounding bone and adjacent
regions (fluid exudation), pressure relaxation occurred,
and the mechanical load was progressively transferred
to the solid phase and the collagen fiber network.

Displacement field: The analyses revealed that tooth
movement is strongly dependent on the biphasic
behavior of the PDL. During the initialyphase, the rate of
displacement was markedly slow; as fluid exudation
proceeded, the deformation of the soft tissue increased
until a steady-state condition was” reached. The
transversely isotropic model confirmed that tissue
resistance to displacement along the /direction<of the
collagen fibers is substantially greater/than in‘directions
perpendicular to them.

Stress analysis in the solid phase: Examination of the
von Mises stress field indicated that the collagen fibers



on the tension side became strongly activated and, by
bearing the major portion of the load, prevented
excessive tooth displacement. The highest stress
concentrations were observed in the cervical and apical
regions.. The use of the transversely isotropic
hyperelastic model produced a considerably more
realistic stress distribution compared to linear single-
phase models, thereby avoiding the generation of
exaggerated stressivalues within the model.

4, Conclusions

In this study, the mechanical behavior of the periodontal
ligament (PDL) ‘under.<orthodontic loading was
investigated ‘using _a® hydro-mechanically coupled
biphasic model, 4n which< the solid matrix was
represented as a nonlinear, fibrous, transversely
isotropic hyper elastic load application.and recovery up.
The results of this analysis show that:

e The time-dependent response of the ligament,
including gradual displacement (creep) during load
application and recovery upon load removal, arises
from fluid movement within the tissue.

e The greatest displacement occurs, at the tooth
crown, which is able to move more freely than other
regions.

o |In contrast, the middle third of the root, recognized
as the tooth's center of resistance, exhibits the
smallest displacement. This finding can “be
particularly useful for accurately locating the center
of resistance in orthodontic tooth movement.

e The transversely isotropic hyperelastic model
developed for the solid phase of the PDL revealed
that fiber orientation angle has a significant
influence on the mechanical behavior of the
ligament.

o Fibers with smaller angles (closer to the horizontal
axis) are oriented nearly along the direction of the
applied force and are therefore engaged in tension
earlier, which increases ligament stiffness and
reduces overall tooth displacement. At the same
time, because the tissue becomes stiffer, less space
remains available for fluid movement; as a result,
the fluid becomes more confined and the interstitial
(hydrostatic) fluid pressure increases.

o Fibers with larger angles (closer to the vertical
axis), which are initially oriented obliquely relative
to the applied force before being stretched, offer
less resistance to tooth movement, resulting in
greater displacement. In this case, the ligament
behaves more compliantly and undergoes greater
deformation, which increases the space available
for fluid movement and consequently reduces

interstitial fluid pressure, as the fluid has greater
opportunity to be exuded.

e Under real physiological and anatomical conditions,
the collagen fiber architecture of the PDL is highly
heterogeneous, with  fiber  orientation and
arrangement varying by spatial location across
different regions (such as the cervical, middle, and
apical zones, as well as around the root
circumference).  Accordingly, future research
incorporating structural models with spatially
variable and heterogeneous fiber orientations, based
on precise experimental and histological data, could
yield more realistic predictions and enhance the
biomechanical accuracy of the mod.
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Fig 1: Tooth, periodontal ligame d alveolar bone[3].
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Fig 8: Displacement distribution in the tooth—periodontal ligament—bone complex (TPBC)at: (a).the onset of
loading (t=0.1s); (b) the end of loading (t=2.5s); the onset of unloading (t=2.51s); and (d) the end ofthe analysis
(t=5s).
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deg: (a) loading onset (t=0.1s); (b) end of loading (t=2.5s); unleading onset (t=2.51s); and (d) the end of the
analysis (t=5s)
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Fig 12: Pore pressure contours within the tooth—periodontal ne complex (TPBC) at: (a) the onset of
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Finite Element Analysis of the Mechanical Behavior of
the Periodontal Ligament Using a Poro-Transversely
Isotropic Hyperelastic Biphasic Model

Hassan Asadi Gilakjani®', Kimia Salehinejad Chayjani®

&L b Department,of Solid Mechanics, Faculty of Mechanical Engineering, University of Guilan

ABSTRACT
The periodontal ligament as‘a mechanical connection between the tooth and the bone, plays a fundamental role in

transmitting and absorbing chewing doads,, distributing stress in the alveolar bone, and facilitating tooth movement
during orthodontic treatments. This tissue exhibits time-dependent mechanical behavior due to its complex structure,
which includes a network of oriented collagen fibers and a porous, fluid-saturated environment. Therefore, a detailed
understanding of the mechanical behavior of /the periodontal ligament, especially considering its two-phase
performance, is one of the most challenging_topics in the field of dental biomechanics. In the present study, the analysis
of the biphasic mechanical behavior of the periodontal ligament under orthodontic loading conditions was investigated
using the finite element method. In this analysis, the hydromechanical coupling theory has been used to simulate the
interaction of the solid phase and the fluid within the ligament:==Also, the theory of transverse isotropic hyper elasticity
has been used as an innovation of this research in modeling the solid phase behavior of collagen fibers, which has led to
the implementation of the UMAT subroutine in the Abaqusssoftware. The results of this simulation show that
simultaneously considering hydro mechanical effects and spatial orientation of fibers within a
comprehensive and flexible framework as an efficient analytical tool in dental biomechanics, allows for

more accurate prediction of mechanical responses of teeth to orthodonticforces.

KEYWORDS
Periodontal ligament, Biphasic model, Finite element method, Transversely..isotropic poro-
hyperelastic, Hydromechanical coupling.
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