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Abstract

A finite element model is used to explore the stresstrain responses of the mandibular central
incisor and its associated periodontal ligament (PD while opening the bite. The finite
element model consisted of the mandibular teeth, ¢éhalveolar bone, and the PDL of the
mandibular incisors. The clinical scenario was simiated by applying a force of 10 cN to the
mandibular incisor in a crown-root direction. The von Mises stress in the incisor and its PDL
were calculated. Results: An obvious stress conceation at the tip and at the top of the
alveolar ridge of the mandibular central incisors vas found. In the PDL, tensile strain was
recorded in one-third of the cervical and middle rgions, whereas compressive stress occurred
on one-third of the apex and both the distal and laial sides of the PDL. This illustrates the
difficulty in achieving the desired intrusive movenent along the long axis of the tooth in a
clinical setting. The highest stress concentratiom the PDL was located at the cervical margin
and declined steadily to the apex. The maximum stss was 20.&Paat the alveolar crest. This
study indicated that finite element modeling is adasible and effective method for studying the
open-bite technique. Areas subjected to greater siss may develop cell hyalinization within
the ligament.
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Introduction however, raise questions about the validity of lteftom
some previous analyses and pose limitations osdbpe
In orthodontics, tooth movements are produced &y thof the FE simulation. For instance, FE simulati@me
reaction of cells in the periodontium while forsgloaded often limited to simulations of orthodontic tooth
on the crown of the teeth. The magnitude and Hisfion  movements for a single tooth [4,5Although many
of the stress are the main effects for tooth movesie attempts to relate the force system to tooth disptent
Opening the bite, which can be done by a number ddnd the reaction of the surrounding tissues hawn be
methods, is a useful technique that is commonlyluse made, a clear relationship remains to be preseifteaid.
clinical practice to treat deep overbite [1-3]. may be due to deficiencies in the applied methods o
Over the last decades, numerical methods to cadculalinaccurate values for properties of the modelesiiés. In
stress and strain fields in the periodontium havenbe this study we developed a comprehensive mechardeal,
extensively used, and the finite element (FE) methasi dimensional (3D), numerical model that consiststef
frequently been the method of choice. The complesit Mandibular teeth, the alveolar bone, and the PDthef
the shape and tissue composition of the dentabnedpes, mandibular incisor. We simulated the clinical sito@a
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and investigated stress distribution in the mandibu mandibular central incisor, the PDL, and alveolands
central incisor and the PDL, while opening the biith  (Figure 2).
bent wire to explore a feasible and available ne:tfow

treating deep overbite in the future. Table 1. Material Properties of Constituent Materials

Material and Methods

Materials Young's Modulus  Poisson’s R
Models (10°MPa)
The results of the FE analysis were found to lgrgel
depend on the accuracy of the model [6]. Thereftve, Tooth 20.7 0.3
geometric information for the finite element modeks Periodontal
based on a three-dimensional physical model camgist ligament 0.07 0.45
of 28 permanent plastic teeth (121D-400, Nissin taen Bone 8 0.3

Products, Shanghai, China). Since the morphologiatd
derived from the plastic teeth model was in acaocda

with the morphological data of an Asian populatitte  Taple 2. The Loading Stressin Different Parts (10°MPa)
resulting model would be representative. Moreoeah

plastic tooth could be assembled independently, iand ~paterials Maximum ___ Minimum

was therefore easy to scan and capture data. A 3D

measuring apparatus (Real scan USB 200) was used ®gqih 17.50 174

survey the alignment curve and teeth. Periodontal ligament 4.56 0.11
Bone 20.50 1.04

With a scanning accuracy of 0.005 mm, the mesisial
labial, lingual and occlusal surfaces were scarmégirn.
The data was input to CATIA software, and thiswafe  £|ements and Nodes

was used to draw and mosaic the contour line de&ls  Tetrahedral 3D elements were used. Four-node linear

before using a series of image processing techsiueh  ¢q|is were used instead of 10-node quadratic eltsnas
as image refinment and smoothing to form tooth 8haphe |atter significantly complicates the computatiof
After these treatment, the tooth size was chanliglotly,  contact pressures. The model contained 60,319 ravites
and in order to get the universal standard dendth,d 15 26 elements. There were 9848 nodes for theatent

corrections were made using standard data. The Imoqgcisor and 9870 for its PDL; 5789 for the lateiraisor
was extracted from the FREEFOEM of the IDEASgnq 7377 for its PDL: and 8412 for the alveolardion

software, then crown length, crown width, crown
thickness, neck width, neck thickness, and roagtlef  congraints and Loads

each tooth were measured. These measurements W&l material and organization of the model wererass!
compared to the statistical data of Huiyun Wang érid  to pe homogeneous, linear-elastic, isotropic, and
checked whether they were in the average rang@ef tcontinuous. The tooth was smooth with some physical
standard tooth. An overall correction was compleied mopility in the alveolus. The external constrainfsthe
guarantee the correct standard dental data andigsap ~ model were fixed and smooth. The thickness of the P
o ] was 0.25 mm. We also assumed that the contact point
The 3D finite element model was constructed toudel petween two teeth was smooth. The interaction kestwe
the dentition, the PDL, and alveolar bone, with @00 teeth was achieved by dividing the grid, which Wwased
resemblance and computation. The fundamental ang, the public interface. Every cross-section of rifedel
application models are displayed in Figure 1. was not sliding mutually when movindeach unit had
sufficient stability between the various units.
The bottom and mesial sections of #Hieeolar bone were
fully bound, whereas the labia and lingual surfaziethe
alveolar bone were not bounded, as they are the fre
boundary surface.

Preprocessing of the Three-Dimensional Element Model
Preprocessing of the 3D element was organizedtimez
parts: (i) parameter definition, (ii) model convers and
(i) construction of the mesh partitioning grid.
Homogenous, isotropic, and linearly elastic behawiere
assumed for all materials. The physical propemiethe  |n clinical practice, brackets are bound at a djmeci
constituent materials composing the model weredase position on the tooth and engaged by bent wirehim t
a review of the literature (Table 1) [8]. The hypesh prackets to create an acting force on the teethle¢quhat
was used to divide the mesh and the automesh in tWsh the brackets. To simulate the clinical situgtiariorce
dimensions. The tetramesh in three dimensions wed U of 10 cN [9] was applied on the mandibular incisor in a

to construct the 3D solid finite element modeltaf t crown-root direction. The point of force System |m3
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ion was 4 mm apical to the incisal edge, whichhis t
same point where the bracket was bonded.

The PDL had an isotropic fibrous structure with ann
linear stress-strain relationship [10]. The thickhef the
PDL was different at various parts of the root [Ilfese
factors were included in recent calculations of siress
distribution in the PDL [12,13]. Therefore,
assumed that the PDL should be a linear elastic @ind
its thickness would be the same in all teeth. Algjtothe
PDL is a nonlinear visco-elastic material [14,18fst FE
models incorporate linear elastic properties aatpdiout

deformation of the alveolar bone was assumed to be
negligible. Therefore in the process of load arig)ythe
alveolar bone could be defined as a rigid foundativye
considered the alveolar bone a rigid boundary deoto
meet the boundary constraints of the model.

it was Von Mises stress was calculated and presentedanecb

contour bands. Von Mises stress was selected bedhaus
represented the overall stress intensity.

Results

by Cattaneo et al. [1&)/e used a similar approach in this

study when considering force and stress, wherely thThe results are summarized in Figures 3, Figurand

linear elastic properties of the PDL exhibit themsa
stiffness as the initial behavior of the nonlinB&dL [17].

Table 2. The principal stresses at the same pathef
PDL were a close approximation. They were conckligiv

The morphology of the alveolar structures was notensile strength or compression stresses. On thiel la

assigned any specific value related to the loausfex

surface, the stress changed from pull to compmessio

mechanism. As the connection of the root, the Pbdl a Steadily from the cervical part to the apex. The

the alveolar bone form a flexible buffer systemd e
root of the tooth was deep in alveolar bone, trahto
could be moved only slightly by orthodontic foré&hile
the Young's Modulus of the tooth and alveolar baiee
far bigger than that of the PDL, the displacemeit a

A

Figure 1. The fundamental and application models. (A) Fundamental model

distribution on the lingual surface was oppositéhiat on
the labial surface and coincided with the movement
tendency of the tooth. The highest stresses inPibe
were found at the labial portion of the tooth.

B
of the mandibular

dentition. (B) Application Models of the mandibular incisors and whole dentition.
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Figure 2. Finite Element Grid Charts. (A) Thefinite lement grid chart of the mandibular central incisor
and its PDL. (B) Thefinite element grid chart of the right mandibular alveolar bone and teeth.
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Figure 3. Von Mises stress in the PDL of the mandibular central incisor (mesial, labial, distal, and lingual surfaces).

Figure 4. Von Mises stress in the mandibular central incisor (mesial, labial, distal, and lingual surfaces). Colors
indicate the magnitude of the stresses, with red representing the highest stress and black representing the lowest stress.

Discussion principal fiber matrix (NPFM). Although they were
configured as homogeneous and isotropic matedaly,
The PDL is a soft tissue, which is nonlinear, vistastic, the PF bears tensile stress and does not trangedss
anisotropic, and nonhomogeneous. To simplify theTherefore, the PDL was considered as nonlinear|ewhi
calculation, it has long been considered a homages)e the NPFM was considered viscoelastic.
elastic material [17]in recent years, however, there has
been progress with the biological simulation of BieL  In this study, we designed the PDL as a simplesalin
[18]. Geramy et al. [19] modeled the PDL of the rakgs and elastic material. This was so that we couldyara
distal, labial, and lingual surfaces at differeapths. Qian the stress distribution of the tooth and its suppgr
et al. [12] and Katona et al. [20] modeled the Ri3liwo  tissues under an instantaneous load. The simulatam
kinds of material: a principal fiber (PF) and a non static. Although each surface of the PDL is of ffedént
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thickness and anisotropy, it was consistent witlreduced in proportion in order to maintain physiidally
physiological conditions, but the exact materialtolerable movements without further damage to these
parameters of the PDL were difficult to obtain. Thesupporting structures.

existing literature contains only a partial simidatfor a

single tooth [4,5]. It remains unclear whether thisthod = Maximal strains in the PDL occur at the alveolastrand
could improve the accuracy of an analysis of midtip the root apex; these sites have the greatest dafiom
teeth. We refined the part that concerned us anand rates of bone remodeling. Clinically, modezgak
simplified that which did not concern us for purpef strains around the center of resistance of thehteog
efficiency as complex calculations might cause amesired to prevent orthodontically induced roobrpgon
exponential increase in computing time. [28].

The Reasons for Setting the Load Condition Future Problems

This study examined the force system of the mar@ibu | the future, additional modeling may be needeuh@l
central incisor and its associated PDL while opgrtiee it a time-dependent finite element analysis. hiougd
bite, as deep overbite is a common condition aatetare  pe noted that this theoretical study, which has no
many methods to ftreat it in clinical practice. e past, empirical basis for clinical application, involvedany
the flat bite plate was a commonly used and ea$gai®m  455umptions. The current findings may have to be
procedure, appropriate for most cases. Howeverymarghanged if the assumptions are unrealistic. Thezetbe

patients reject the flat bite plate because ofnilisience  regyjtant values should be interpreted only asfexerce
on oral functioning and the success of this treatme g aid clinical judgment.

depends entirely on patient cooperation. Therefore,
clinician-scientists have sought methods for treptieep

overbite merely with bending wires. Conclusion

Current treatments of the bending-wire type includel NiS study indicated that finite element modelirsg a
segmental archwire, horizontal or “T” loop archwire feasible and effective method for studying the epie
rocking-chair archwire, and multi-loop edgewisehavge ~ t€chnique. We found that the von Mises stresserPDL
[1-3]. To evaluate the distribution of stress in the robt declined steadily from the cervical part to the>apehe

the central incisor and its PDL while using thehavies =~ Maximum stress occurred at the cupular part osttuiet

to open the bite, we defined the loading force fisee of ~ fidge. Hydrostatic stresses in the PDL can be sed
10 cN which was applied to the mandibular incisomi Markers for predicting the potential sites of root
crown-root direction. The point of force system 'esorption. This is the area where one might expect
application was 4 mm apical to the incisal edge ghme 9réater stress, leading to potential cell hyalinra
point where the bracket was bonded). within the ligament.

As in previous studies [21-25], the PDL was models@ Acknowledgments

0.25-mm layer of uniform thickness and was treasd

linear elastic and isotropic, even though the PRhilsits  This work was supported by Heilongjiang Provincial
anisotropy and nonlinear viscoelastic behavior beeaf Department of Education-funded project (No. 1258)21
tissue fluids [26]. The tooth was simplified as a

homogeneous body with rough tips, because the force

transmitted to the PDL was not significantly afeettoy ~ Conflict of interest _ _
adding the internal and external tooth structure. The authors declare that they have no conflichteriest.
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