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CHAPTER |

INTRODUCTION

Subject and its Importance

Human dental structures, both natural and man-made, experisternal stresses
which are of great interest to both practicing dentistsrasearchers. For example, stress
resulting from regular chewing forces will not cause daynage to regular teeth, but
once the teeth are damaged due to the loss of tooth tissueestain area, they are more
sensitive to fracture due to stress concentrations inat@a (Palamara et al., 2002;
Topbasi et al., 2001). Restorations composed of variousrialat thermal changes on
restored teeth or the anomalous biting forces caused bydwtadr anomalous chewing
will also cause stress concentrations and make teeté susceptible to fracture (Borcic
et al., 2005; Ausiello et al., 2001; Toparli et al., 2003; Amtlal., 2001; Dejak et al.,
2003; Toparli and Sasaki, 2003; Lin et al., 2006). The stresgdigins on teeth during
complicated dental treatment procedures are also of mtea¢st (Romeed et al., 2004,
Tom and Eberhardt et al., 2003; Ochiai et al., 2003). Thus,rstadding the way in
which stresses are distributed in dental structures, drdewthe highest stresses are
concentrated, is important for many types of dentaltriveats, including applying

restorations, designing dental implants, etc.



Background
For many years researchers have been trying to detoeilstress state in the human
tooth using both experimental and computational methodse tisea wealth of data
available on the subject. However, there is no gensyatematic means for describing
the stress state under loading (e.g. chewing forcestlmwdamtic devices) foany shape
tooth underany loading conditions; previous work gives a stress desocniptnly for a

specifictooth under @pecificloading.

Stress analysis of the human tooth

There are basically three different ways in whialesg analysis can be performed:
analytical, experimental and computational.

Analytical denotes using closed-form mathematical equations to deshab&ress
state of a structure. In general, biological systerast@o complicated for analytical
treatment: human teeth are a good example of the leaityp of such systems: the
geometry is extremely intricate, teeth are composetisufphisticated materials (enamel,
dentin, pulp, and the periodontium), and the force digtiob due to chewing or dental
work varies considerably from tooth to tooth and person tsopetin short, there are no
analytical stress descriptions of human teeth.

There have been maeyperimentaktudies of stress in human dental systems. For
example, physical stresses can be measured on hunhrnthat have been extracted
(Palamara et al., 2002). Of course, no generalizatiande taken from these because
these extractions are always for a specific pathologyy.addition, extracted teeth may

not behave exactly the same way as teethvim (due to dessication and other biological



changes once the tooth is no longer vital and the atthe tooth is not being supported
by the periodontium). There are other types of expetiahenethods for studying stress
distribution, for example, photoelastic analysis (Tagket al., 2001; Ochiai et al., 2003;
Wang et al., 2004). In this method, a tooth shape is cutfaatptastic material whose
transparent luminosity properties change when stress€dus, if a light is shone
through this material as it is stressed, certain pattapyear showing the stress
distribution and concentrations in the material. Thethod is useful for obtaining very
general information about stress distribution, but itnced take into account the different
tooth materials, nor the 3-dimensional nature of teethat®&’ more, the experimental
process is expensive and time consuming, and any experinpeataidure provides a
solution for only one particular tooth shape for eagteeixent and not a general method
for describing the stress amnytooth.

Stress analysis usirgpmputationaimethods would seem to be the most natural way
to approach this problem. The experimental process camgated and repeated on the
computer and be observed in virtual prototyping. It is convemgenhange the material
or shape properties and obtain the new results. Mappnmasers have used the computer
to analyze dental structures, including human teeth.pFingary computational method
used for stress analysis today is finite element amsalfiSEA). These adapt FEA
techniques for studying various dental systems, e.g. the cduervical lesion (Tanaka
et al., 2003), the shrinkage stress distribution afteorasbn (Versluis et al., 2004), the
role of post rigidity restoration reliability (Lanzat al.,, 2005), the stresses in
dowel-restored teeth (Asmussen at el. 2005), the stresgbdiion for customized

composite post systems (Genovese, at el. 2005), andssiraithe marginal ridge



(Palamara et al., 2002), etc. In this method a geonmatidel is developed and a "mesh"
is created by subdividing the geometry into rectanguldsrick-shaped elements. In all
FEA studies there are four sets of parameters thatletehpdefine the model: geometry,
material behavior, loading and boundary conditions (B@sice the model is completely
defined and meshed, a stress analysis is performed asd dis&ributions are obtained
(usually in graphical form).

The definition of the tooth geometry is the first and pilwp greatest challenge to
the stress analyst. Once again, the complexity ofbibégical structure makes this
difficult. Most researchers have developed models wbai only be used to solve an
individual problem (Borcic et al., 2005; Ausiello et al., 200dparli et al., 2003; Arola et
al., 2001; Dejak et al., 2003; Toparli and Sasaki, 2003; Lin.e2@b6; Romeed et al.,
2004; Tom and Eberhardt et al., 2003). For example, a FEAInfmd@ mandibular
premolar under four concentrated point forces was naeisd to analyze the strain in the
marginal ridge during chewing (Palamara et al., 2002). This nwdglgives results for
the premolar under concentrated loads. It does not warbktfer types of teeth (e.g.
molar, incisor, etc.) or loading (e.g. masticatiolenching, etc.). Also, to simplify the
process, enamel, periodontal ligament, tooth bone, and tisstles are not included. In
this case the results may be unaffected since onlystiess distribution along the
marginal ridge is investigated. However, a more general htbde could be used for
other purposes would be an improvement.

There have been some procedural approaches recenlguoéd for biomechanical
analysis of natural and restored teeth. Chang et al. (2@88Joped an integrated method

for generating any kind of human tooth geometry model basethe sectioning of a



tooth sample. Because of the complexity of the hunsathtshape and structure, this
approach involves a sequence of sophisticated techniqueslas \spécial tools. Magne
(2006) also developed a systematic method for the geneddtfonte element models of
dental structures and restorations. It is also compléxewipert knowledge required. The
complicated and highly specialized techniques in these twoestuttieclude easily
repeating them for different geometries, loads and Bfiis,Lin et al. (1999) developed a
method for automatically meshing a 3D FE model for theillagy second premolar;
however, this is not an integrated approach for theevB&D and FEA process.

Some works create FEA geometry models directly in dismad form (Palamara,
2002; Toparli et al., 2003; Arola et al., 2001; Dejak et al., 200Baili and Sasaki, 2003;
Lin et al., 2006; Romeed et al., 2004; Tom and Eberhardt,e20413). In this way, the
geometry is neither smooth nor accurate. This may canssiable results or even no
results because of mesh failure. For this reason, remtisig a smooth and accurate CAD
geometry model and then transferring it for finite elatr@nalysis is preferred (Borcic et
al., 2005; Ausiello et al., 2001; Magne, 2006; Chang et al., 2008¢xpert system (see
below) will help the user to generate smooth CAD modelsguspline curves or
surfaces.

Generally, there are two types of data for generatiaghD model: 1) dimensions
from measurement or literature (Ausiello et al., 2001; Tioparal., 2003; Arola et al.,
2001; Dejak et al., 2003; Toparli and Sasaki, 2003; Romeed &08H4, Rubin et al.,
1982; Rubin et al., 1983; Topbasi etal., 2001) or 2) discretespobtained based on
sectioning the tooth sample (Palamara, 2002; Borcic €2G05; Lin et al., 2006; Toms

and Eberhardt, 2003; Chang et al., 2003) or Micro-CT scanngrsagmentation



techniques (Magne, 2006). In this thesis, the expert sysf#rohoose the first type of
data, i.e. dimensions for model creation. First, adcdetepresentative points will be
created based on both the well established shape progkeniext al., 2006; Ash, 1984;
Ash, 1993; Lindhe and Karring, 1989; Grine, 2005; Schwartz etl896) and the
provided dimensions; second, tooth geometry fitting the reptasve points will be
generated. However, the expert system is also applit@biee second type of data input
because discrete points can also be taken as theerfatve points.

Of prime consideration in the development of the steamlysis expert system is the
fact that CAD programs and FEA programs are not highiyppaiible (Magne, 2006;
Chang et al., 2003; Rubin et al. 2002; Li and Rubin, 2004); the protesmnsferring
data from CAD to FEA is very difficult and problem spegifor example, FEA doesn'’t
recognize all the entities, such as trimmed curve segmereated in CAD software. In

fact, this incompatibility ishe major challenge for the design and analysis process.

Expert systems

An expert system consists of computer software imbueul tivé capacity to behave
like a human expert in a certain field of knowledgesflowitz, 1995). Expert systems
exist in many areas of engineering and CAD (Robinson e2@0]; Chen et al., 2002;
Myung and Han, 2001; Song and Im, 1999; Choi et al., 1998; Lee, €t98B). For
example, a system has been developed for determining styresentrations due to holes
in machine parts of various geometries (Robinson et al.,)20@Lnecessary intuition of
an expert to ensure a quality design for a machine parbd®s incorporated into this

program.



Generally, the components for an expert system inclugeaphical user interface
(GUI) and a knowledge based system (Liebowitz, 1995). The r@dkes it possible for
users to input information or communicate with the expgstem. The knowledge based
system is the critical component of the expert syqiepe et al., 1998). It contains the

rules for solving the problem using expert knowledge.

Objectives
This thesis describes a project for the development obraputational "expert
system" that will automatically perform stress analysf the human tooth when
prompted with sufficient information. Practicing dentiatfi be able to use this system to
optimize treatment for individual patients, and redeenrs will be able to use it to
examine the effects of varying parameters (such as tao#mdions and chewing forces)
on the stress distribution in teeth.

This project provides:

a. ageneral procedure for generating CAD-FEA tooth modelso8nand
optimized geometry CAD models can be generated and tuesferred to the
FEA software automatically and seamlessly.

b. GuUIs for stress analysis of the human tooth for tleeaision-technical dental
researchers and practitioners. It is through this Gl the user will describe
the tooth of interest.

c. aknowledge based system for generating CAD-FEA tooth naodigberform

stress analysis automatically and intelligently.



Tools
The expert system will be implemented by customized sodtwlaveloped on the

platforms provided by ProEnginéeand Patran/Nastran

Organization
This dissertation includes 4 chapters. This chapter, Chiaptescribes the motivation and
related background. It also reviews the previous work ekatstress analysis of human
teeth. Chapters Il and Ill concentrate on the toothyaisaprocedure and system
development. Chapter Il develops a process for genemitipeneral CAD-FEA models
and validates the models by comparison with several predtudies; it also discusses
how the materials, geometry and loads affect thessthssribution and the difference
between 2D and 3D models. Chapter Il develops an expddtERA system for
generating CAD-FEA models and performing stress analyssratically; it also shows
several applications of the system. Chapter IV predéit conclusions drawn from the

work and suggests directions for future work.

! parametric Technology Company, Needham, MA, USA, 2006
2 MSC.Software Corporation, CA, USA, 2006



CHAPTER I

A GENERAL APPROACH FOR STRESS ANALYSIS OF HUMAN TEE TH

Introduction

In this chapter a general model for describing the stre¢s ahder loading (e.g.
chewing forces or orthodontic devices) &y shape tooth undemy loading conditions
is presented. This approach is intended to lead to thermeptation of computer aided
design (CAD) and finite element analysis (FEA) custmdi codes for automating the
stress analysis process. These analyses will neamlessly between CAD and FEA.
The 2-dimensional model developed here is validated by cosopamvith several
previous studies. ProEnginéeand Patran/Nastranare used as the CAD and FEA
software packages, respectively.

The approach described in this chapter is the first gaatpvoject whose goal is to
create an expert system capable of conducting, inteectand automatically, all the
tasks involved in the stress analysis of human teefthe methods developed here can
be extended to create 3-dimensional models, and to ietedgital data obtained from
image scanning of actual teeth. Dental devices, such dantspcan also be treated

with the techniques developed.

3 parametric Technology Company, Needham, MA, USA
* MSC.Software Corporation, CA, USA



Methods
Step 1. Construction of Parametric models

Each tooth model is determined by the shape and size tddtie Tooth shapes are
quite consistent for each particular type of tooth (ideilg restorative teeth and tooth
implants). The size varies primarily only with theoth dimensions. Thus, the
cross-section parametric models for each tooth type, aartain direction, can be built
using only the tooth dimensions as parameters. This ideasnitagessible to generate
different types of tooth models automatically by only injpgtthe information for tooth
type, dimensions and cross-section direction.

There are different types of human teeth: centi@sanr, lateral incisor, canine, first
premolar, second premolar, etc. Each type of tooth isposeud of five main parts:
enamel, dentine, pulp, periodontal ligament and tooth bbme.size and shape of each
tooth type, and its component parts, are different. Atsogach tooth type, there are two
defined cross-sectional directions: the parallel to prakimesial-distal) surface and the
parallel to facial (labio-lingual or bucco-lingual) surfaceEhe parametric models for
mandibular premolar and lateral incisor in both messtdl and buccal-lingual
directions and maxillary second molar in mesial-didiegction have been developed in
this thesis. Figures 2. 1 and 2. 2 show cross-sectidmgtindirections for the mandibular
lateral incisor and first premolar. The methods presenéee can be used to generate 2D

parametric models for cross sections in either dordbr any type of tooth.
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(a) (b)

Figure 2. 1. Cross-sections for manidular lateral indisofa) mesial-distal direction; (b)
labial-lingual direction.

(@ ()

Figure 2. 2. Cross-sections for premolar in: (a) mefighl direction; (b) buccal-lingual
direction.

If the size and shape for each tooth part is known, tieeigeometric model for the
tooth is totally determined. Measurements which define toathasid tooth form can be

found in (Ash, 1984; Ash, 1993; Lindhe and Karring, 1989; Grine, 280Byartz et al.,

11



1996). Generally, there are eight measurements for dgfthe size of parts of the human
tooth (Ash, 1984): length of crown, length of root, diametarown, diameter of cervix,
thickness of the enamel, thickness of the periodomairient, length of bone and width
of bone. These dimensions are shown in Figures 2. 3,andnesial-distal cross section
view, for a mandibular first molar and a mandibularstfipremolar. The form
description defines where the tooth curves are conveaigktr sharp, flat, etc. For
example, the lingual outline of the crown is convexdanandibular first molar while it
is almost straight for a mandibular first premolae(§igs 2. 3 and 2. 4).

Each part of the parametric model is generated sepagatdlyhen all the parts are
combined to obtain the model for the whole tooth. Ingdw@metric model there are eight
parameters corresponding to the eight measuremetdd bBbove. The tooth model is
constructed based on the parameters and the descriptimotbfform. The following
method is used for building each part:

1) A sequence of representative points is calculated usiegparameters and
description of the tooth form for each part. The methaded for calculating the
representative points of each tooth type are specificatoparticular type. Generally, the
more representative points calculated, the more acdinateoth shape.

2) The representative points are connected together ugiimg®scurves to form

each tooth part.

3) The whole tooth model is completed by combining all thiespa

For example, the mandibular first molar (shown ig Ei 3) is used to describe the
construction details for the parametric tooth model. dmeensional values used are

averages of values found in the literature; they aredligh Table 2.1. These values can

® A piecewise polynomial (parametric) curve.
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be modified for different tooth sizes. First, the mdalof enamel is generated by: 1)
calculating the coordinates of representative poirttsdugh H using the size parameters
(length of crown, diameter of crown, diameter of cerand thickness of enamel) and
referring to the description of tooth form (i.e. convexstraight, flat or sharp for each
side); 2) connecting the calculated points using smoartves to generate enamel for the
first mandibular molar. The emamel is composed of twores: one connecting points
A-B-C-D-E and another connecting points A-F-G-H-E. i&ny, dentine, pulp,
periodontal ligaments and tooth bone are generated in turn.

Note that another method for obtaining tooth dimensions couldireetly from
electronically scanned images. The methods described inchiister can also be

applied to scanned image data.

Table 2. 1. Measurements for mandibular first molavefage size.

Length | Length | Diameter | Diameter | Maxi- Average Length | Width
of of of of Thickness | thickness | of of
crown, | root, crown, cervix, of of bone, | bone,
LC LR DCr DCv enamel, periodontal | LB WB
[mm] [mm] [mm] [mm] MTE ligament, | [mm] [mm]
[mm] TP
[mm]

Madibular | 7.5 14.0 10.5 9.0 1.3 0.25 18. 8.

first molar

Reference| Ash, Ash, Ash, Ash, Grine, Lindhe, Ash, Ash,
1984 1984 1984 1984 2005 1989 1984 1984

13
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LC — Length of crow

LR — Length of root

LB—Length of bone

DCr — Diameter of crown

DCv — Diameter of cervix

MTE— Maxima Thickness of enamel
TP—Thickness of periodontal ligament
WB- Width of bone

Figure 2. 3. Parametric model of a normal madibulat finolar in mesial-distal cross
section view.
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Tooth
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Tooth
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LC — Length of crown

LR — Length of root

LB—Length of bone

DCr — Diameter of crown

DCv — Diameter of cervix

MTE— Maxima Thickness of enamel
TP—Thickness of periodontal ligament
WB- Width of bone

Figure 2. 4. Parametric model of a normal madibulat firemolar in mesial-distal cross
section view.
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Figure 2. 1 shows the parametric models created for imaladilateral incisors and
first premolars in mesial-distal cross section view.
Step 2. Generation of CAD-FEA Compatible Models
Two-dimensional CAD models of human teeth are generdizsed on the
parametric models described above. The following are ébainements for creating a
CAD - FEA compatible model:
I.  information from the CAD models, i.e., the entitresjuired for performing
FEA analysis, such as points, curves and surfacesnaist be easily transferable to
the FEA software;
il. automatic meshing of the FEA geometry must be possiblerdgisres the
geometry to be closed and smooth;
iii. Patran/Nastran requires that the element nodes (¢gedeby meshing)
along the boundaries between two parts must overlap sthdyacan be merged by a
process called equivalencing. In this way, the parts diettd are connected to form a
single, continuous object on which stress analysidegrerformed.

In light of these requirements, a CAD-FEA compatiledel is created as follows:

I. create a new part file using ProEngineer CAD software;

ii. generate each entity (e.g. enamel) that is requiredrBgX as a single sketch
feature in the part file using ProEngineer. These sKettiures are generated as
described above in the section on construction of parmmetodels. The
following entities must be defined for a 2D finite elemenatdef:

a. surfaces of the parts for meshing;

® Any points, curves or surfaces in ProEngineer thatrveiéld to be referenced in Patran/Nastran must be
defined as individual features in ProEngineer (i.e. thaynot be part of another feature or it will be
impossible to have access to them in the FEA software)
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b. datum points or curves for defining BC’s and other impoitecations.

iii. save the part file as an IGESle using ProEngineer;

iv. create a new database file using Patran/Nastran FEAcsef

v. using Patran/Nastran, import the IGES file to the degabfile as the FEA
geometry;

vi. test the FEA geometry to see if it is suitable fortéirelement analysis by using
mesh and equivalence functions of Patran/Nastranwifriks, the CAD-to-FEA
translation has been successfully completed and thgsephase can proceed.
If it fails (usually because the part boundaries do natigely coincide), return
to the second step to optimize the model.

Figure 2. 5 shows a complete CAD model for a mandibfilsir premolar. This
CAD model was then exported to the FEA software asritbestabove and is shown in

Fig 2. 6.

FROMT.

)

Figure 2. 5. CAD model for a mandibular first premolar.

" Initial Graphics Exchange Specification
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Figure 2. 6. FEA model for a mandibular first premolaerafbeshing and equavalencing.

Step 3. Definition of the FEA models

The geometries for FEA are ready for preprocessing wihernGES files for the
CAD models are successfully imported to the FEA softwdite remaining tasks for
FEA are:

I. Meshing and equavalencing: The FE model should be readyefsing since
it is imported from a FEA-compatible CAD model. A defaglement size and type
can be used, or the user can customize these if desired.

ii. Adding loads and BC's: All loads on human teeth, wheft@n orthodontic
forces, biting, etc., can be treated as either coratewtror distributed. For human
tooth BC’s, completely general movements along any ttmex at any local area can
be prescribed. Thus, the loads and BC'’s for specific mngtre easily added.

iii. Defining element properties: The elements for the 2-Dhtonbdels are
defined as 2-D solid type, plane strain elements. Thermabproperties (which can be
isotropic or anisotropic), including elastic modulus andsgtm'’s ratio, can be input as

desired.
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iv. Defining the necessary analysis parameters: Parantbtgrsletermine the
analysis type and results output, e.qg., linear or nomlirgtatic or transient, and the

output content and format, can be defined according tepéeific requirements.

Results-Model Validation
In this section results obtained from analyses pesddrim Toms and Eberhardt
(2003), Chang et al. (2003) and Motta (200@)e compared with similar analyses performed

using the new general CAD-FEA modeling approach presented here.

Comparison of results with Toms and Eberhardt (2003).

A 2-D FEA (plane strain) model for a mandibular fisemolar in mesial-distal
view is generated ifloms and Eberhardt (2003] he model geometry is symmetric about a
vertical axis; it includes dentine, bone and PDL (whosggnes vary along the tooth
roots). Enamel and pulp are not included in the solid mdadelénamel and pulp areas
are given the properties of dentine). A 1N equivalent Isatlded at the midpoint of the
crown on the buccal side. The base of the tooth borieed. The stress distribution
along the PDL under different conditions is determinelle Tifferent cases treated
include uniform/nonuniform PDL thickness, and linear/nonline&stic PDL under
extrusive and tip loads.

The case used for comparison with the present CAD-Fi68el is a linear elastic
tooth with uniform thickness and a PDL under extrusive logadi The FEA model used
is shown in Fig 2. 7. This model includes five basic partanel, dentine, pulp, PDL and

tooth bone. Table 2.2 includes the material properties usedhéo above parts. To
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approximate the material properties used in Toms and Eber(2008), the material
properties for enamel and pulp are assigned the samesvatuthose of dentine. The
Young’s modulus for the PDL in Toms and Eberhardt (2003)esaalong the tooth
position. In the present study, the Young’s modulus ferRBL is taken as constant. The

loads and BC'’s are similar to Toms and Eberhardt (2003).

Figure 2. 7. FEA model for a mandibular first premolarhwibncentrated extrusion
loading and fixed base.

Table 2. 2. Material properties for tooth parts in this chhaphel Toms and Eberhardt
(2003).

Material Li, Rubin Toms and Eberhardt (2003)
enamel Young's modulus (MPa) 19600 19600
Poisson’s ratio 0.3 0.3
dentine Young's modulus (MPa) 19600 19600
Poisson’s ratio 0.3 0.3
pulp Young's modulus (MPa) 19600 19600
Poisson’s ratio 0.3 0.3
PDL Young's modulus (MPa) 0.35 MP1 0.303
MP2 0.208
MP3 0.143
MP4 0.179
MP5 0.25
Poisson’s ratio 0.45 0.45
Tooth bone Young's modulus (MPa) 13700 13700
Poisson’s ratio 0.3 0.3

8 In Toms and Eberhardt (2003) the Young's modulus for PDLrigd/alightly along the root. In this
thesis we assume it is a constant value of 0.25.
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Figures 2. 8 and 2. 9 and Table 2. 3 present the stressudistribomparisons with
Toms and Eberhardt (2003); the lines with squares showesidts of the present study
and the lines with diamonds show the comparable refulils Toms and Eberhardt
(2003). It can be seen that there is general agreemetttefastress distributions; the
shapes of the plots are similar, i.e. the peak valuethéostresses occur at the root apex,
then the values decline on both sides of the root apex.siresses are close to zero or
below zero at the same positions along the root. TablesBo®s that the magnitudes of
the various stresses are of the same order. Soreeetiffes are to be expected because:

I. The methods used for generating the geometries wereediffeith Toms and
Eberhardt (2003ysing a symmetric tooth geometry;
il. The material properties for the PDL vary along thetmosof the root in Toms

and Eberhardt (2003) (see Table 2.2) while they are constdrd CAD-FEA model.

—e— Reference [11]

—a— Li, Rubin

Maximum Principal Stress (kPa)

Position along Tooth

Figure 2. 8. Maximum principal stresses for mandibular pramsubject to extrusive
orthodontic force.
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Figure 2. 9. Minimum principal stresses for mandibulanmlar subject to extrusive
orthodontic force.

Table 2. 3. Average stress across the PDL from toothrie be predicted by FE models
with uniform PDL thickness in this thesis and Toms andr&érdt (2003).

Li, Rubin | Toms and Eberhardt
(kPa) (2003),(kPa)
Linguocervical Maximum Principal -3.99 -2.69
margin Minimum Principal -7.35 -11.6
Von Mises 2.96 7.75
Apex Maximum Principal 26.6 36.95
Minimum Principal 20.3 28.49
Von Mises 5.92 8.03
Buccocervical Maximum Principal 5.68 13.2
margin Minimum Principal 1.11 1.23
Von Mises 6.00 10.46

Comparison of results with Chang et al. (2003).

The model generated in Chang et al. (2003) is a 3-D modehoman maxillary
second molar. Only two parts, dentine and enamel aexrafed, i.e. the pulp, PDL and
bone are not included in the solid model (the pulp argavés dentine properties). A

uniformly distributed vertical load of 170 N is applied te thp of the tooth model. The
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part which is 2 mm below the enamel is totally fixed. Témults for the sectional stress
distribution are given in Figure 2. 10(a).

Several CAD-FEA 2-D models of a human maxillary secmadar were generated
for comparison purposes (Table 2. 4 shows the material phegpased in these
analyses):

1) Case 1: a model as close to Chang et al. (2003) as gossiblvith dentine in place
of pulp, and fixed BC’s around the tooth base instead of Ridlbane. The loading,
BC's, and resulting stress distribution for this moded, shown in Figure 2. 10(b). The
maximum stress is 17.3 MPa for the CAD-FEA model whils #4 MPa for Chang’s
model. This difference may be due to:

i. the CAD-FEA model being 2-D while Chang's model is 3-D (iseussion below);
ii. the authors were unable to determine exactly how the \wadsdistributed in
Chang's paper, only that the top load was 170 N.

2) Case 2: a model with enamel, dentine and pulp, and fixesld@und the tooth
base instead of PDL and bone. The results are shokig & 11(a) where the
maximum stress is 35.2 MPa.

3) Case 3: a model with enamel, dentine, pulp, PDL and tamib. The results are
shown in Fig 2. 11(b) where the stress concentrati@2.il MPa.

4) Case 4: another model, similar to the last one wieréads were applied in a
different way (the loads are applied evenly to 100 nodes)ntbidel better lends itself to
automatic load application. The results are showngr2F12 where the maximum stress

is 25.1 MPa.
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Table 2. 4. Material properties for tooth parts in thisithesd Chang et al. (2003).

Material Li, Rubin Chang et al
Case 1l | Case?2 Case 3 Case 4 (2003)
enamel Young's modulug85000 85000 85000 85000 85000
(MPa)
Poisson’s ratiq 0.33 0.33 0.33 0.33 0.33
dentine Young's modulug 19800 19800 19800 19800 19800
(MPa)
Poisson’s ratiq 0.31 0.31 0.31 0.31 0.31
pulp Young's modulug 19800 2.07 2.07 2.07 --
(MPa)
Poisson’s ratiq 0.31 0.45 0.45 0.45 --
PDL Young’'s modulug - -- 50 50 --
(MPa)
Poisson’s ratiq -- -- 0.45 0.45 --
Tooth bone Young’'s modulug - -- 13800 13800 --
(MPa)
Poisson’s ratiq -- -- 0.3 0.3 --

For all of the above cases, stress concentratiossnilar magnitude occur on both
sides of the tooth. Thus the maximum stress may octharain the right side (for the

first three cases) or the left side (for the foudke).
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Figure 2. 10. Minimum principal stress distribution for thaxillary second molar with
dentine and enamel obtained from: (a) Chang et al. (2008 4se 1 for the general
CAD-FEA model.
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Figure 2. 11. Minimum principal stress distribution formodar: (a) Case 2, CAD-FEA
model with dentine, enamel and pulp; (b) Case 3, CAD-Riodel with dentine, enamel,
pulp, PDL and bone.
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Figure 2. 12. Minimum principal stress distribution for Cdsef the CAD-FEA model,
simulating the distributed loads by equivalent concerdriaizds.

Comparison of results with Motta (2006).

Figure 2. 13(a) shows the results of a stress analysé feandibular lateral incisor
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under a 45 degree load presented in Motta (2006). The PDL ¢ésgks 0.3 mm and the
tooth bone is much wider than for the premolar in Toms$ Bberhardt (2003). The

material properties used for the model are shown in Talde

Table 2. 5. Material properties for tooth parts in thisithesd Reference 18.

Material Li, Rubin Motta (2006)
enamel Young’s modulus (MPa) 80000 80000
Poisson’s ratio 0.3 0.3
dentine Young’s modulus (MPa) 18600 18600
Poisson’s ratio 0.31 0.31
pulp Young’s modulus (MPa) 2.07 2.07
Poisson’s ratio 0.45 0.45
PDL Young’s modulus (MPa) 50 --
Poisson’s ratio 0.49 --
Tooth bone Young’s modulus (MPa) 13800 13800
Poisson’s ratio 0.26 0.26

Figure 2. 13(b) shows the resulting distribution of maxinprmcipal stresses for a
similar model created with the CAD-FEA model. Theufissare in agreement with
Motta (2006) (shown in Fig 2. 13(a).):

1) The locations of the maximum stresses are simi@rat.the region under the load
and in the cervical region of the lingual face;

2) The stress distribution is similar;

3) The values for the maximum principal stress are ofaneesorder (between 100 and

1000 MPa).
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Figure 2. 13. Stress analysis for mandibular lateralondgrs(a) Motta (2006); (b) general
CAD-FEA model.

Discussion

1. Comparing Chang et al. (2003) to the present analysesyitom seen that the
pulp, PDL and tooth bone dramatically affect the streseentration. The pulp (Fig 2.
10a) raises the stress, since pulp is less rigid thamdearid can't carry as much stress.
The PDL and bone (Fig 2. 10b) tend to carry some of tesssand therefore lower the
maximum stress. Since these are opposite affectsctreel each other to some degree,
thus yielding a value close to the value that Chang mdxavithout the inclusion of pulp,
PDL and bone.

2. Using evenly distributed concentrated loads or disgtldads on element edges
yielded similar results when compared to Chang et al. (200@yure 2.14 shows the
difference in the models for both cases. The conatadt loads can be more easily
incorporated into an automatic interface, but it can ba $leat they require the mesh to

be more refined and they all act in the same direction
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(a) (b)

Figure 2. 14. Tooth loading: (a) concentrated loads evestyilwited on the nodes; (b)
distributed loads along the edges of the elements.

3. There are sharp corners at the two ends of theedrf&ig 2. 15) due to the shape
and structure of human teeth. Because of this, the aresind this area is of poor quality.
The maximum stress frequently occurs here (for exanmplidae maxillary second molar
and lateral incisor models). Generally the maximumsstrean't be convergent here
unless the mesh is refined around the local area. Theexgmnce for the lateral incisor
model and the maxillary second molar model will be desecrbelow. In the case of the
premolar model the stress comparison is along the Bce the PDL doesn't contain
sharp corners, convergence is not a problem.

The maximum principal stress for the incisor model in tslg2006) occurs at the
corner of the enamel and is convergent at 1.02E3 MPahisomodel, the mesh of both
enamel and dentine around the corner of the enamékeasrefined (See Fig 2. 15). The
percent change for the maximum stress is less than hé® whe refined mesh size
changes from 0.05mm to 0.025 mm. So the maximum principassiseconvergent at
1.02E3 MPa for the incisor model. Table 2.6 shows the e¢gemee process for the

maximum principal stress.
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The minimum principal stress for the second maxillajian Chang et al. (2003)
also occurs at the corner of the enamel and is cgemerat 22.1 MPa. The mesh is
refined in the same way at the same location asnitisoir model. Table 2.7 shows the

convergence process for the minimum principal stress.

Enamel

(@) (b)

Figure 2. 15. The mesh around the corner of incisor: (d)owitrefinement; (b) with
refinement.

Table 2. 6. Convergence for the maximum principal stressnéesor (global element
size=0.1mm)

Refined mesh size (mi |Maximum principal stress (MPa) Percent change
0.1 1.05E3
0.05 1.03E3 1.9%
0.025 1.02E3 0.97%

Table 2. 7. Convergence for the minimum principal stresssécond maxillary molar
(global element size=0.1mm)

Refined mesh size (mm) Maximum principal stress (MPajcent change
0.1 22.4
0.05 22.1 1.3%
0.025 22.1 0%
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For the expert system (see Chapter Ill), the globallomal mesh will be
automatically refined further if the difference betwéles two consequent results is larger
than 1%.

4. The differences between 2-dimensional and 3-dimealionodels. The
comparison of the CAD-FEA model with Chang et al. (2008)gs up the issue of the
difference between 2-D and 3-D models for this type ofieamn. Two simple models
were created to investigate this issue: a 2-D squareaaBeD cube with the same
cross-sectional dimensions and material propertiekichriess of 1mm and an equivalent
distributed load of 200 N were applied to both. Table 2.8 shbwsdetails for both

models.

Table 2. 8. Definitions for 2-D and 3-D models

Dimensions | Total top Load type| BC’s Element type
(mm) loads (N)
2D model 10*10 200 DistributedBottom 2-D solid
loads| fixed (plane strair
3D model 10*10*1 200 pressurdottom solid
fixed

Figure 2. 16 shows the results for the minimum princigedsses (i.e. highest
compressive stress) for the 2-D and 3-D analyses. Thedtiyalue is 29.6 MPa for the
2-D model and 26.8 MPa for 3D model, i.e. the 2-D model yiell3% higher stress

than the 3-D model. Some comments on this result:

30



I. The comparison with Chang et al. (2003) becomes slitgg/good. If we lower the
highest stress in the first analysis by 10% we get 16.8 dFcompared to 24 MPa.
It should be remembered here, though, that Chang et28l08) model was a truly
3-D model inshape so the results would not be expected to be exactlyathe.s
However, order-of-magnitude results are obtained, andaheCAD-FEA model has
the advantage of also being able to include pulp, PDL andvebicé are not
included in Chang et al. (2003).

ii. Itis still desirable to develop a 3-D model in orderc¢owaately model actual 3-D

geometry and loading conditions out of the plane.
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Figure 2. 16. Minimum principal stress distribution for (&) 2nodel; (b) 3-D model.

5. General discussion of CAD-FEA approach
a. The CAD-FEA model described in this thesis is a gémeoael that can
simulate many situations and be used to perform manyetitfeéasks.

1. The shape of any type of tooth can be accurately gedevdien given
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enough parameters. There are basically eight parameseds here for
defining the tooth shape. For more complicated tooth shapes$, as
molars, more parameters may be needed for accuraterusiiast.
These parameters can be incorporated into future wersiothe code.

2. Both concentrated loads and distributed loads can beatmaduat desired
locations. For example, the premolar (Fig 2. 7) andamdiBig 2. 13) are
subjected to concentrated loads while the second mags 2 10-12) is
subjected to distributed loading.

3. The BC’s can be easily defined as needed. Several optuilhde
available for the user to select in the expert systéon. example, the
bottom of the tooth bone can be fixed for the prematdriacisor (Fig 2.
7 and Fig 2. 13(a) or the root below the enamel can be faedhé
second molar (Fig 2. 10).

b. The analysis process is repeatable. The fact thataweeasily vary PDL
thickness and tooth bone width, etc., demonstrates tHelness of the general
model developed in the present work. Researchers can rungpacastudies to
compare the variation of the results as they mattéytooth size, load case, material
properties and BC's.

c. The approach presented here is further developed sahthahodels are
generated automatically. Both the ProEngineer and Patatédh software provide
platforms for developing codes package for performing #skst automatically. A
graphical user interface is constructed for users to ifpuinecessary information;

this will be part of the expert system described in Chdfter
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d. Aproblem with curve intersection occasionally ocaunen the CAD model
is created. Sometimes the curves which are generata@dte a surface form more
than one loop. This will prevent surface creation. Tdeations of the troublesome
points need to be modified slightly so that automati¢aser creation can proceed.
This process is made automatic and incorporated intexjert system as described

in Chapter .
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CHAPTER IlI

AN EXPERT CAD-FEA SYSTEM FOR STRESS ANALYSIS OF HUMAN TEETH

Introduction

The concept of obtaining the stresses for specific t@efbr parametric studies in a
rapid way has been a persistent goal in bioengine€rimg previous chapter describes a
new, general two-dimensional CAD/FEA tooth model. This drapbresents a
computational tool for using that model; it permits destgith no engineering expertise
to obtain stress concentrations and distributionsvimous dental applications. Two
applications are presented to show how the expert systaks. The techniques and
theories developed and applied here can be expanded tdepeadbmatic stress analyses

for many other applications as well.
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The expert system

Special problems

In all FEA-to-CAD systems there are specific issuest thust be dealt with that are
unique to the particular application. Below are listed soimiese problems. Although
they apply specifically to the tooth analysis problemy thee typical of the issues that

must be dealt with in developing any automated CAD-to-FEAq4sS®.

1. Creating a general two-dimensional CAD geometry for type of tooth in
either cross-section direction. Tooth geometries @egular and each type of
tooth has a different shape. Accurate, user desired toothegyg@sn must be
generated once the tooth type, direction and dimensi@enslewided, through

the use of GUIs.

2. Optimizing the geometry to ensure that the CAD modek&sonable. Tooth
parts are represented by 2D surfaces. The outline curuée stirfaces should
form a single closed loop, i.e., there should be no satgéion between the
outline curves that form a tooth part. Otherwise, théasarthat represents the
tooth part can't be generated. Curve intersections noghtur at the sharp
corners of the ends of tooth enamel, as illustratedge 8i 1 (a) and (b). Then
the outline curves for enamel will be muti-looped andiit not be possible to
generate a surface for the enamel. In this case, utimeo curves for enamel

must be modified to avoid curve intersections.
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() (b)

Figure 3. 1. (a) Regular; (b) enlarged image for tooth geomattinyintersection points

3. Deciding the initial FEA mesh size and meshing the tooth gagnA sufficient
number of elements are required for FEA convergenceo, Alsodels with
different dimensions need different mesh sizes. Initi@sh size should be
decided according to tooth geometry and an appropriate mgpshntust be

defined.

4. Providing an automatic method for users to define the Riedel, including

adding loads, BC’s and material properties. The input or fination of values
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and locations for each type of load and boundary condisbauld be
convenient. Also, there are several typical applecetifor tooth stress analysis
such as orthodontic and occlusion applications. Loadstgnel BC's for these,

and other applications, should be available in a mensefiection by the user.

5. Conducting mesh convergence testing. Mesh refinementeamalysis must be
available and the analysis results for each refinechraésensitive locations
must be presented to be sure that convergence has lbamedatLoads are
usually applied to nodes and elements. The existing nodeslemdngs will
disappear and new ones will be generated when refiningntash for
convergence testing. It is necessary to ensure thdbdle are applied to the

same location before and after mesh refinement.

6. Displaying the results clearly. A variety of resulttalasuch as stresses and
displacements, must be easily accessible; this wogldda graphs showing

stress contour fringes, or text reports.

System configuration

The developed systénctreates the CAD-FEA model and performs stress asalysi
on human teeth by hierarchically applying the rules stameithe knowledge-base; the
system configuration is illustrated in Fig. 3. 2. The expgstem was constructed of two

modules each containing the tasks described below.

CAD module: creates CAD geometry, optimizes geomely @xports geometry

from CAD program (ProEngineer)

° Refer to Appendix E for the software package createthéoexpert system.
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FEA module: imports geometry to FEA software (PATRAN/NARN), creates

FEA model, analyzes the model, checks convergence andydisptaults.

Create CAD geometry e JCAD librar

v — CAD ....'...'..|Geometry data retrievall
Optimize geometry
module : .
----------- |IGES file creatlod
y
Export geometry from ProE
y
Import geometry to Patran : IGES file importation
S R, S Reference points creatio
Create finite element mode]
----------- |Initial mesh size decisiq)n
A D T S Default BC'’s set up
Analyze the model mOd u Ie | |
----------- |Convergence test
y
Display result
y

Check convergen

Figure 3. 2. Configuration of the expert system.
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Knowledge base
Create CAD geometry: The CAD tooth model is designed based on the geometry

information input: tooth type, cross-section directiod aimensions. A CAD library has
been constructed which includes parametric tooth modelsvefaalifferent tooth types
(incisor, premolar, and maxillary second molar) in saldirections (mesial-distal and
labial-bucal cross sections). The different tooth nodaath their default dimensions
and cross-section directions are shown in Table 3.1.syseem will generate a proper
model when the geometry information is input. Five s@sawill be generated for
representing five main tooth parts (enamel, dentine, pulp,. Bnd bone). More
specifically, when tooth type and direction informatioe aput, the related parametric
model for that type of tooth, in the desired directisnselected from the CAD library to
create the tooth geometry. First, the 2D closed curvais dutline the tooth parts are
generated; second, the system optimizes the geomeeydetails in next paragraph);
third, the 2D curves will be located in 3D space usingaastation matrix; finally, the

surface for each tooth part is generated by filling theedasirves.

Optimize geometry: The system retrieves information on the created splinees,
expressing them as piece-wise parametric cubic ctinessd then checking if there is a
curve intersection between thEmif an intersection exits, the model will be optimize
Intersections are removed by adding interpolation pontaddify the local shape of the

curves.

10 Refer to Appendix A for expressions for spline curve Apgendix F for an example of the retrieved
data.
11 Refer to Appendices B and C for the algorithms and Appenttix & example of the calculated results.
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Table 3. 1. Default dimensions for different tooth modedder to Chapterll for more
details).

Tooth Length | Length | Diameter | Diameter | Max- Thicknes | Length | Width

model of of root | of crown | of cervix . s of PDL| of of bone
Thickness of]

enamel
(mm)

Incisor in| 10.5 14.0 6.5 6.0 1.3 0.25 18.0 20.0
mesial-

crown (mm) (mm) (mm)
(mm)

(mm) bone (mm)
(mm)

distal
direction

Incisor in| 8.0 15.5 4.8 4.0 1.3 0.25 18.0 8.0
labial-

lingual
direction

First 9.0 14.0 7.0 5.0 1.3 0.25 18.0 8.0
premolar
in mesial-

distal
direction

First 7.5 15.0 7.0 5.0 1.3 0.25 18.0 8.0
premolar
in labial-

lingual
direction

Secondary | 6.5 12.0 9.0 7.0 1.3 0.25 16.0 10.0
molar in
labial-

lingual
direction

Export and import geometry: The CAD model is exported from ProE by creating

an IGES file and then is imported into Patran as A g&ometry.

Create FEA model: First, the initial mesh size is determined and themthesh is
created based on the FEA geometry. The system casula¢ whole area of the tooth
geometry, and then decides the initial global elemeetfeir the model. Table 3. 2 shows
different area ranges and corresponding global mesk.s&econd, load types, BC’s and
element properties are defined. Third, to ensure that #us lare applied at the same

location(s) before and after refining the mesh, refexgroints are generated and forces
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are applied to the closest nodes around those pointstobulied loads are applied to the
element edges between the points. The locations okfaeence points along the outline
of the enamel layer can be specified by the user throyggiraaneter—the "space ratio";
this is the ratio of the two lengths which have beemmseged by the reference point.
Fourth, the types, values and locations of loads and Bélisbe defined through user
GUIs. Default BC's are provided for typical applicats. Fifth, material properties for
each tooth part are defined by the user through GUIs (defdults are also available, as
shown in Table 3.3). For all the tooth parts, the elerntygpat is defined as a 2D solid, and

a plain strain model is used.

Table 3. 2. Global element size for different rangesra$s-section area.

Cross-section | 0-50 50-100 | >100
area (mm)
Global element| 0.2 0.4 0.8
size (mm)

Table 3. 3. Default values for material properties oheaoth part.

Enamel Dentine Pulp PDL Bone
Young’s 19600 19600 19600 0.25 13700
modulus
(MPa)
Poisson’s | 0.3 0.3 0.3 0.45 0.3
ratio

Analyze the FEA model and access the resulthe completely defined FEA
model is analyzed employing Nastran codes. The analgsidts are then imported to

Patran for display.
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Result display: After running the analysis, the stress results (Vorespisnaximum
principal and minimum principal) can be obtained in thenfoff fringe contours or a text
report. X-y scatter graphs of the stresses along thedP®automatically provided since
the shape of the PDL is a long narrow belt making fiicdit to observe the stress

distribution from fringe graphs.

Check convergence and refine the mesiThere are four steps for automatic user
initiated convergence testing: first, the FEA modekisieshed with element edge length
half the size of the previous mesh; second, load locadomsedefined, since loads are
applied to nodes and the nodes are changed during remeshing,. thieirmodel is
analyzed and the results accessed as before; foddbneergence.out” file is generated,;
this file shows the convergence of the stresses akbhmgy points where stress
concentrations usually occur. Users can observe thdtgesu see if further mesh
refinement is necessary. Since stresses at geométtg pan't be retrieved directly, the
values of the stresses shown are average values d@@s neear the geometry points.
However, the process of locating the high stressesdovergence testing has not been
automated in this work, i.e. presently users must deterrthie coordinates of the

geometry points by observing the stress distribution osttless fringe forms.

Graphical User Interface

Below is a detailed description of the GUI that a ust#rstep through, including
model creation, completing the stress analysis psoeesl obtaining graphical output

results for evaluation.
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The user opens the ProEngineer software. The softwadelles developed as part of this

project must be located in the CAD/FEA work direct(age Appendix D).

CAD customization menu bar—“Tooth CAD”: This toolbar menu contains three
menu selections, as illustrated in Fig. 3. 3, more GUllpap up when the menu buttons

are clicked:

E Pro/ENGINEER Education Edition

File Edit WView Insert Analysis Info Tools ‘Window Help Bflsyietil

: ia] E Stepi-Create 3 template mods | e N | 2 | % [ |
e P A B & G| D) | L] el ul ) w2
f I Step2-Create 3 tooth model = = e =R
%I DL’S ® Dro=ss Step3-Export booth For analysis
|5 - - -
= " NI ED
% Folder Wavigator | | kddress [ntto: /fwew pte. con/ conmund 17/ vesour ce-cent ex/proengineer/indes. htn vl
[ 12 sessicn I . Unitad States > Worldwide Sites | > My Account
0@ | “r1C
S ©) I Find a Reseller | Contact Us | Store 12 3| Advanced Search

Figure 3. 3. ProEngineer customized application main menu.

Stepl-Create a template modelAn initialized CAD model will be generated in
this step. The initialized CAD model contains all thedeas (such as default front, back
and top planes etc.) that are essential for constguetiCAD model. No windows will

pop up when the button is selected since no input is exjtor this step.

Step 2-Create a tooth modelTooth type and dimensions will be defined and a
tooth model will be generated in this step. Two or threesGull appear for defining the
tooth geometry and naming the model, respectivelyflogth Geometry Information
Input Window (Fig 3. 4(a)) will pop up once the menu button is selectéé window
is used for selecting tooth type and tooth cross-sectiogctdin, inputting tooth
dimensions, and then creating tooth geometry. The defalues for tooth dimensions

will be set and displayed once the tooth type and cred®s direction are decided.
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Users can either accept or modify these values. Thé gedmetry will be generated
once the “ok” button is clicked. iiCurve Intersection Information Window (Fig 3.
4(b)) will appear if a curve intersection exists withitoath part. The coordinates for the
intersection point are displayed. The tooth geometrybeamodified to avoid the curve
intersection once the “ok” button is clicked. GAD model name input panel(Fig 3.
4(c)) will appear when the CAD model is completely gatext. A file extension of “.prt”

will be added automatically to the input name.

| Tooth Geometry Information Input Window @

Select tooth type

ineisor

Input tooth dimenszion

Length of crovm 9. 000000
Length of roat 14. 000000
Diameter of crown 7.000000
Diameter of cerviz 5. 000000
Mazi-Thinckness of enamel 1.200000

Thickness of pericdontal ligament 0. 250000
Length of bone 12. 000000

Width of bone 2. 000000

(3)mesial-distal direction
(O labial-linemal direstion

(@)

Select tooth section direction

B Curve Intersecton Information Window

Coordinates for the intersection point

¥ coordinate -3. 353081|

T coordinate 1. 550391

Would you like automatic optimization?

-
& Enter filename (up to 30 chazacters). filemame_prt will be the current name if ESC or ENTER is hit. premolar_mesial =
1 selected Smart > &

Figure 3. 4. GUIs for CAD model creation: a) Tooth Geoynéhformation Input
Window; b) Curve Intersection Information Window; ¢) CAlbdel name input panel.
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Step 3-Export tooth for analysis: The tooth model will be exported as an IGES file
in this step.Two GUIs will appear for selecting the directory and itipgtthe name for
the IGES file:i) Select Directory dialogue box(Fig 3. 5(a))ii) Export IGES file
dialogue box(Fig3. 5(b)). The default CAD part file name will be takes the IGES file

name. Users can either accept or modify the currenbéime.

® Export IGES file X

Enter IGES file mame

FREMOLAE_MESIAL

(a) (b)
Figure 3. 5. GUIs for CAD model exportation: a) SelecteBtiory dialogue box; b)

Export IGES file dialogue box.

The user opens the PATRAN software. The PATRAN/NASTNRAnodules
developed as part of this project must be located in thie/EEA work directory (See
Appendix D).

FEA customization menu bar—“Tooth FEA": This toolbar menu containgn
menu buttons, as illustrated in Fig 3. 6; more GUIs polb up when the menu buttons

are clicked:
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MD R2 Patran
File Group Wiewport Wiewing [Display  Preferences  Tools Help  Utilities RS dGEs=S
EEERE FEEGOEEEEEEN
% 1 - B o
EE| |Jn-w| Hm"J O B.ﬁ Step3-Create Mesh
|| || || ] || || Stepd-Add Loads

Geometry  Elements Loads/BCs  Materials  Properties Load Ca... Fiel StepS-Define Bounday Conditions

Skepl-Import Geometry
Shep2-Generate Reference poinks

Stepé-Define Element Properties
Step7-Analyze Model
Stepd-Access Results
Step-Display Results
Skepl0-Test Convergence

Figure 3. 6. Patran customized application main menu.

Stepl-Import Geometry. The tooth geometry will be imported into the FEA
software in this step. Thienport Geometry Window (Fig 3. 7)will pop up when the
menu button is clicked. This window is used for inputting naene of a new database
file, selecting the IGES file and importing it into tR&A software. TheSelect File

dialogue box will pop up when ti&elect Filebutton is clicked.

A= Tooth FEA _ Import Geometry Window 5]
]

Stepl-Import Geometry

Stepz-Generste Reference points U=
Step3-Create Mesh Zelect File |
=4 Stepd-add Loads
7 StepS-Define Bounday Conditions
File Mame

Steps-Define Element Properties
Step7-analyze Model I
Steps-access Results

Step?-Display Results Apply I e | Laok jr IE}lUulh_pcl j = £ E-

M Select File

2t ll:] Est SO0y Srosnce Cibackup 9 13 ) Mew Folder PREMOLAR_Y1.igs
ICbackup_ngt 1 [y request
[Z)bakeup_v0801 [ Tooth_FEA_N724
[Cyconvergence_v0B0207  [C0) ToothFea_0805
@convergenceresu\ts MOLAR _LABIAL igs
(b file PREMOLAR_LABTAL.igs
] i | >

File name:  [PREMOLAR_LABIAL Apply
Files of type: lAvaiIah\e Files {*igsh ;I Cancel

Figure 3. 7. GUIs for Step 1: Import Geometry Window and@&é-ile dialogue box.

Step 2-Generate Reference Point3he reference points for defining the loads and

BC'’s will be created in this step. Tkienerate Reference Points WindowfFig 3. 8) will
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pop up when the menu button is clicked. This window is usedfmutting the "space
ratio" value- the ratio of the two lengths along thereal outline which have been

segmented by the reference point.

Wiewing Display Preferences Tools Help Utilities Generate Reference Points Window =
B @& & & Ex x¥ EE By B Stepl-Import Geometry ]
Z Qo By oy [=PE! StepZ-zenerate Reference points Space Ratio
= S Step3-Create Mesh [
Ef 2] H BEE  stept-addLoads
Loads/BCs  Materials Properties Load Ca...  Field  StepS-Define Bounday Conditions Apply | Cancel |

) ) Stept-Define Element Properties
efault_viewport - default_group - Entity Step7-Ainalyze Model

Stepd-Access Results
Step9-Display Resulks

Stepl0-Tesk Convergence

Figure 3. 8. GUI for Step 2: Generate Reference Poirntslow.

Step 3-Create Mesh:The FEA geometry will be meshed in this st&pe system
will decide the mesh size based on the whole ardaeabbth geometry. No window will

open when the menu button is clicked sinoanput information is required.

Step 4-Add Loads Loads will be added to the tooth model in this step. Atié
Loads Window (Fig 3. 9(a))will pop up when the menu button is clicked. This window
is used for choosing load type€oncentrated Forces or Distributed Loads. The
Create Force Form(Fig 3. 9(b))or Create Distributed Loads Form will pop up when

the load type is selected. The load values and locatmm®e input through these forms.

Step 5-Define boundary conditionsBC's will be defined in this step. THaefine
Boundary Conditions Window (Fig 3. 10(a)) will pop up when the menu button is
clicked. This window is used for selecting boundary condlitigpe: Constraints on
Nodes(Fig 3. 10(b)) Constraints on Surface Edges, Default Orthodontic Constraiis

and Default Occlusion Constraints. The Create Constraints on Nodes Formor
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Create Constraints on Edges Formwill pop up when the first two types are selected
The constraints values and locatioczen be input through these forms. No inputs are

required for the last two types since default BC’s hallautomatically defined when they

are selected.

s Help  Utilities RENEE

£a wll [B* B B

Stepl-Impart Geometry
Stepz-Generate Reference points

Add Loads Window

Loads Customization

Create Force Form &

Force Vector <F1 F2 F3=

=B

EHE
) B

Load Ca...  Fielg

Skep3-Create Mesh
Step4-add Loads

| Moment ‘ector b1 M2 M3=

Py

Force

StepS-Define Bounday Conditions
W &uto Execute

Distributed Logds |

Stepé-Define Element. Properties
m Step?-Anakyze Madel acciioces ‘
Stepd-access Results |
Step9-Display Results Apply Cancel | = -
Apply | i Cancel I

SteplO-Test Convergence

(a) (b)
Figure 3. 9. GUIs for Step 4: (a) Add Loads Window; (b) Gré€arce Form.

E

Create Constraints on Nodes Form

Taooth FEA Define Boundary Conditions Window

Translations <T1 T2 T3=

|=}

Stepl-Import Geometry
StepZ-Generate Reference points
Step3-Create Mesh |

Constraints Customization

Constraints on Nodes |

Raotations <R1 R2 R3=

|€?='

| Constraints on Surface Edges |

| Step?-Analyze Model
StepB-Access Results |
Stepd-Display Results
Stepl0-Test Convergence |

D
(@) (b)

Figure 3. 10. GUIs for Step 5: (a) Define Boundary Conditigviadow; (b) Create
Constraints on Nodes Form.

[w Ao Execute

Default orthodantic. Constraints |

Select Nodes

Default occlusion Constraints | |

Apply |

Apply |

Cancel |

Step 6-Define Element PropertiesElement types and material properties will be
defined in this step. Theefine Element PropertiesWindow (Fig 3. 11(a)) will pop up
when the menu button is selected. This window is usesefecting tooth part€namel,

Dentine, Pulp, PDLand Tooth Bone The forms such dsput Properties for Enamel
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(Fig 3. 11(b)), etcwill pop up when a tooth part is selected. These formaised for
inputting material properties such as elastic moduli andspo’s ratios for a selected
tooth part. Default values are provided. Users can edtt@zpt or modify them. No input

is required for element type since the element type fasaadl tooth models is 2D solid.

Properties For Enamel (=]
Tooth FEA Define Element Propetties Window 3] Enter the Elastic Modulus
t Stepl-Impart Geometry : . |1 9800.0
| Stepa-Generate Reference paints Material Properties Customization
| Step3-Create Mesh [Em— Ertter the Poizzon Ratio
i Stepd-Add Loads [0z
1 StepS-Define Bounday Conditions
Stept-Define Element Properties Dertine... ’Tl g
Step?-Analyze Madel : 3

StepB-Access Results
Step9-Display Resulks
Stepl0-Test Convergence

FOL...

|
|
Pulp.... |
|
|

Bone...

appty | cancel |

(@) (b)

Figure 3. 11. GUIs for Step 6: (a) Define Element Praggevindow; (b) Properties for
Enamel form

1+ A

Step 7-Analyze Model:The FEA model will be analyzed in this step. Fmealyze
Model Window (Fig 3. 12)will pop up when the menu button is clicked. This window is

used for inputting a job name.

Step 8-Access Resultd he analysis results will be imported from Nast@i®Patran
in this step. No input is required. The system will sed@hehresults by referencing the

above job name.

Step 9-Display Results:Various options are provided for displaying the analysis

results in this step. ThBisplay Results Window (Fig 3. 13(a))will pop up when the
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menu button is selected. This window is used for selpct@sults type:Stress,
Displacement or Constraint Forces The Display Stress Window (Fig 3. 13(b))will

pop up wherStressis selected. Users can further define the result fédningé, graph or

report), and quantity (Mon mises, maximum or minimum ppakstress).

Tooth FEA

Stepl-Import Geametry
Skep2-Generate Reference points
Step3-Create Mesh

Step4-Add Loads

StepS-Define Bounday Conditions
Stepé-Define Element. Properties

Step7-Analyze Model

StepS-Access Results
Stepd-Display Results
Stepl0-Test Conwvergence

Analyze Model Window

Job Name

|
ooty |

Cancel

Figure 3. 12. GUIs for step 7: Analyze Model Window.

Display Stress Window =
Resutt Form
* Fringe

" Graph for PDL

Display Result Window 5]
Stepl-Import Geometry
StepZ-Generate Reference points Resutts Customization
Step3-Create Mash | =
Step4-Add Loads ress..
Result Quantity
StepS-Define Bounday Conditions )
& Yon hises

Stepé-Define Element Properties
Step7-Analyze Model
Stepd-Access Resulks

Step9-Display Results
Stepl10-Test Convergence

n

| Displacements

| Constrairt Forces

Apply

Cancel

¥ Component
% Component
7 Mhax Principle 20
" Min Principsl 20

——

R |

(a (b)
Figure 3. 13. GUIs for Step 9: (a) Display Result WindowXlsplay Stress Window.

Step 10-Test Convergencefhe mesh will be refined and a convergence test will b
performed in this step. Thiest Convergence Window(Fig 3. 14)will pop up when the
menu button is selectedhe Window contains two buttonRefine Mesh and Create
Convergence File which should be selected in turn. No input is requiredHese two

sub-steps.
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M Test Convergence Window @

Stepl-Import Geometry
StepZ-Generate Reference points Convergence Customization
Step3-Create Mash

Stepd-Add Loads |
StepS-Define Bounday Conditions

Refine Mesh |

Step&-Define Element Properties | Create Convergence File |
Step7-Analyze Model
StepS-Access Results
StepS-Display Resulks Al | Cancel |

Stepl0-Tesk Convergence

Figure 3. 14. GUIs for Step 10: Test Convergence Window.

Applications

Orthodontic application: The expert system is applied to a mandibular first
premolar under an orthodontic extrusive force of 100 M. this application, the tooth

model is generated and analyzed in the mesial-distaiidine
1. CAD model creation

The CAD model for a mandibular first premolar is shownFig 3. 15. The

following are the input geometry data:
Tooth type: mandibular first premolar
Cross-section direction: mesial-distal direction

Tooth dimensions: default dimensions for first premotamesial-distal direction

(refer to Table 3. 1.)
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Figure 3. 15. Two-dimensional CAD model for mandibulat fmemolar in mesial-distal
direction.

2. FEA model definition

A reference point is generated for adding a concentfated: point 11 with space

ratio 3, as illustrated in Fig 3. 16(a).

The initial global element size for the premolar i8 Since its whole area is about

190 mnf; the mesh is illustrated in Fig 3. 16(b).

The load type selected is "Force." A force of 100N idiagdo the nodes closest to

point 11, as illustrated in Fig 3. 16 (c).

“Default orthodontic constraints” is selected ashbendary condition, as illustrated

in Fig 3. 16(c). This fixes the bottom of the tooth bone.

Default material properties are taken as the matariglerties, given in Table3. 3.
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(a) (b) ) (€)

Figure 3. 16. Defining (a) reference points; (b) concemtralbad; (c) boundary
conditions for FEA model of madibular first premolar.

3. Result display

Figures 3. 17(a), (b) illustrate the Von mises stressdange and graph formats.

Figure 3. 17(c) illustrates the report file for all typdstresses.

remolar_0B19_vi.db; 3 (=0

von mises Stress alang PDL
®
=
|

T T T T
-5 -3.0 -1.5 0. 1.5 3.0 45

Position along root

(@) (b)

Figure 3. 17. (a) Fringe of Von mises stress; (b) graplonfmises stress along PDL.
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(€)

Figure 3. 17. (continued) (c) report file of stresses farales.

4. Convergence Testing

Table 3. 4 shows the node IDs and coordinates for loadheotodth models for
different levels of mesh refinement. For this examgie original model is refined twice
(each time approximately quadrupling the number of elemémtgst its convergence
(for a total of 3 analyses). Figure 3. 18(a) shows théeots of the “convergence.out”
file, which contains the stresses (Von mises, Mimg@pial and Max principal) for the
three different levels of mesh refinement at a sequehgeometry points along the sides
of the tooth bone where high stresses occur. Figure (B) $8ows the position of the
geometry points referenced in the file. For this examihie high stresses occur along the
sides of bone, as illustrated in Fig 3. 17(a), thus thengay points are created for
convergence testing along the sides of the bone. Tdlgsiresults converge very well
in locations of high stress. For example, the “convargeut” file (Fig 3. 18(a)) shows
that for all three cases, there is a Von misesstrencentration at point 4 on the left. This
matches the Von mises fringe (Fig 3. 17. (a)) stresgéscplg, which shows that there is

a stress concentration at the upper left side bon&acations of lower stress, e.g. at the
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right corner, left corner, etc., local refinement wobddnecessary if these are deemed to

be locations of interest.

(a)
Left corne Right corne
Left point ]\ /
\
~
Right point 1
~_ Riahtp
Right point z
Left point 4
Left point 9
Left point 1( \ - Right pcint 9
/ Right point 10
(b)

Figure 3. 18. (a) Convergence output file; (b) geometry péantsonvergence testing.
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Table 3. 4. Stress evaluation locations for each asadysing convergence testing.

Case Node ID XCoord(mm)| Y_Coord
(mm)
9 2.52 5.28
16 2.49 5.39
3 29 2.52 5.25

Occlusal application: This example is for a maxillary second molar undeiused
loads of about 170N distributed along the top surface. A-EEA model in the

buccal-lingual direction is generated and analyzed.
1. CAD model creation

The CAD model for a maxillary second molar is showiig 3. 19. The following

are the input geometry data:
Tooth type: maxillary second molar
Cross-section direction: labial-lingual

Tooth dimension: default dimensions for maxillary secondamm labial-lingual

direction (refer to Table 3. 1.).
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Figure 3. 19. Two-dimensional CAD model for maxillary secoradamin labial-lingual
direction.

2. FEA model definition

Two reference points are generated for adding distributeds! point 11 with a

space ratio of 0.5 and point 12 with a space ratio of Bluagated in Fig 3. 20(a).

The load type selected is "distributed loads." The Oisted load of 2 N/mm
(vertical to the curve) is applied to the element edgmsgalhe enamel outline between
points 11 and 12, as illustrated in Fig 3. 20(b). Then tha toading along the top of
tooth is approximately 130N since the distance between pbiahd 12 is about 6.5 mm

and the diameter of the tooth crown is about 10 mm.

“Default occlusal constraints” is selected as the boyndandition, as illustrated in
Fig 3. 20(c). This fixes the bottom of the tooth bone and ptsvmovement of the left

and right sides of the tooth bone in the horizontaalion.

The material properties used are shown in Table 3.5.
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Table 3. 5. Material properties of the tooth model in theeple.

Enamel Dentine Pulp PDL Bone
Young’s modulus| 85000 19800 2.07 50 13800
(MPa)
Poisson’s ratio 0.33 0.31 0.45 0.45 0.3
(a) (b) (c)

Figure 3. 20. Defining (a) reference points; (b) distributedi$; (c) boundary conditions

for FEA model.

3. Result display

For this example, the minimum principal stress is imguarsince the tooth model is
under compression. Figures 3. 21 (a) and (b) show the frafgés mises and minimum
principal stress distribution, respectively. Figure 3. @1shows the graph of minimum

principal stress distribution along the PDL. Figure 3. 21gdpws the report file

containing all stresses for each node.
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(@) (b)

(€)

Figure 3. 21. (a) Fringe of Von mises stress; (b) friofeninimum principal stress; (c)
graph of minimum principal stress along PDL
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(d)

Figure 3. 21. (continued) (d) report file of stresses fonadles.

4. Convergence testing

Table 3. 6 shows the values for the distributed loads exppd the tooth model
cross-sections for different levels of mesh refineié&or this example, the original
model is refined three times to test its convergermedftotal of 4 analyses—each time
approximately quadrupling the number of elements). Figure 3a)22hpws the contents
of the “convergence.out” file, which contains the stess(Von mises, maximum principal
and minimum principal) for four levels of mesh refinemanhgeometry points along the
outline of enamel where high stresses occur, as iltestria Figs 3. 21 (a), (b). Figure
3. 22 (b) shows the positions of geometry points 1-13 refetknn the file

“‘convergence.out.” The “convergence.out” file (Fig 3. 22) (shows that stress
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concentrations are consistentbgatedaround points 1, 7 and 13 although thaluesdo
not converge very well at these points. The stressegerge well at points 3-6 and 8-10.
These results suggest that local mesh refinement isredgaround the corner of the
enamel (points 1, 2 , 12, and 13); however, it is reasendiat the stresses don't
converge well at point 7 since point 7 is located atceter of the distributed loads
where the load distribution changes a bit for differeesimrefinement levels. The file
also shows that the stress values at point 7 aregetthaller and smaller because during
mesh refinement, the size of the element edges ingettnaller and smaller causing the
loads to be distributed more and more evenly along titkne curve. Generally, the

contents of the convergence file match the strasgefs shown in Figs 3. 21(a), (b).

Table 3. 6. Load values in cross-section for each ardhgsn convergence tests.

Case Total loads (N)
1 17.23
2 17.30
3 17.37
4 17.21
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(@) (b)

Figure 3. 22. (a) Convergence output file; (b) geometry pfoantsonvergence tests.

Example of geometry optimization the expert system is applied to the creation and

optimization of the geometry for a mandibular labmegisor.

The following are the input geometry data for the CAD nhadeation:

Tooth type: mandibular labial incisor

Cross-section direction: mesial-distal

Tooth dimension: shown in Fig 3. 23 (a).

The outline curves for enamel will intersect at pon8.25, 1.55), as shown in

Figure 3. 23(b). Figures 3. 23(c) and (d) show the created @adel without and with
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optimization, respectively. Figure 3. 1(b) shows thenzed-in intersection without

optimization, i.e. from Fig 3. 23(c).

(@) (b)

Intersection

point \

(€) (d)

Figure 3. 23. (a) Geometry information input; (b) curverseetion information output;
(c) Tooth geometry without optimization; (d) Tooth geometityh optimization.
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CHAPTER IV

CONCLUSIONS

The CAD-FEA model described in Chapter Il is a general inttdé can simulate
many situations and be used to perform many different tasksshape of any type of
tooth can be accurately generated when given enough paramBbth concentrated
loads and distributed loads can be simulated at desicatidas. The BC’s can be easily
defined as needed. The fact that PDL thickness and toothwaioith, etc., can easily be
varied demonstrates the usefulness of the general moddbded in the present work.
Dental practitioners can analyze specific cases an@ld&searchers can run parametric
studies to compare variations when the tooth size, losel, caaterial properties, BC's,
etc. are varied. This approach has been further developledh& creation of an expert
system, so that the models can be generated automaticedugh a graphical user
interface (GUI).

The expert system:

1. generates CAD-FEA models and performs general tooth stnedgsis. By inputting
necessary information through GUIs, the geometry of sy of tooth in each
cross-section can be generated; both concentrateesfand distributed loads can be
defined at any location; the boundary constraints can figedeat any location along

any direction; values of material properties can be deéfioeeach tooth part.

2. creates a user friendly environment for researchersl@ntl practitioners having no

background or knowledge of solid mechanics, CAD or FEA. Ogd&pmetry
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information, loads/BC’s and material properties are regqui Options such as
reference points and default options and values for spstifiations are provided for
making the process of defining the FEA model as easy asbfmsin addition, the

system makes decisions for generating the tooth geomegghimg, and performing

the stress analysis automatically. For example,GAB geometry is optimized and
the mesh size is decided automatically; several typeexflting stresses can be
displayed in different forms and convergence testing lmperformed with results

easily accessible for the user to analyze and conapacemes.

speeds up the CAD and FEA simulation process. The timsdooing process of
geometry generation and FEA model definition can be ceteplin minutes by

inputting information through GUIs and clicking various se@acttnenus.

makes it easy to repeat the CAD and FEA process spahametric studies become
feasible. That is, the values of one or several paemssuch as material properties,
dimensions, or loads/BC’s can be easily changed and teahsrean be observed as

to how these factors affect stress distributions.

Possible future work:

1.

Include more default options and decisions for the uUsar.example, when users
input the information for loading conditions, the systemn cdecide which

cross-section to create and what BC's to add.

Add loads and BC’s more easily: automatically find tleessest nodes to the reference
points and then add the force to the nodes; automaticatlytiie free edges of the

elements between two reference points and then adlistinduted loads.
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3. Automatically locate the high stresses for convergdasting and perform local mesh
refinement. The present system requires users to obder\stress concentrations in
stress fringes and then define the locations for conmeegeéesting. The present

system cannot yet perform local mesh refinement autoatigt

4. Develop 3D tooth model geometries for expert CAD-FEA amisaly The 2D
CAD-FEA model is only useful for solving problems which d¢entaken as 2D plane
strain. For other problems a 3D CAD-FEA model is needé&b new theory is

necessary for this—only the 3D geometries need to be dedelope

5. More accurate CAD geometry for a specific tooth may beegeed by using digital
information obtaining from tooth image scanning. The curremtegged CAD
geometries are general and approximate since they are basedasurements and
shape descriptions from the literature. Specific reaihtemn be analyzed with
scanning technology where the digital information is usedreate discrete points

first and then generate a 3D CAD geometry.

6. The program can be further developed for including the desfigooth implants and

restorations.
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Appendix A

Analytic expressions for the outline curves

The outlines of tooth parts can be represented analytiéadch outline of a tooth
part is composed of several spline curves and each spline ¢sircomposed of
piece-wise cubic polynomials. The coordinates of thmtp along theth segment of a

spline points aré:

(X, y,2) = pnt_arfi] *t1"2* L+ 2* t0) +
pnt_arr[i +1] *t0"2* (1+2* t1) +
(par_arr[i +1] - par_arr[i]) *tO* t1*
(tan_arr i] *t1- tan_arr[i +1] * t0)

(A1)

The parameters are:

par_arr[i] - - theparameteof thefirst spline pointon theith segment
par_arr{ +1]- - theparameteof thelastspline pointon theith segment
tan_arr{] - - tangent ectorsat thefirst spline pointon theith segment
tan_arr| +1] - - tangent ectorsat thdastspline point on theith segment
pnt_arr[i]- - theinterpolart pointsat thefirst spline point on theith segment
pnt_arr[i+1]- - theinterpolart pointsat theastsplinepoint on theth segment

(A2)

to, t1 are:
t0= (t'-par_anr_[i])/(par_arr[i + 11 - par_artr]i) | (A3)
t1=(par_arr[i+1]-t")/(par_arfi +1]- par_arr[i)
t’is located in the ith spline segment:
par_arr[i] <t'< par_arr[i +1] (A4)

12 Refer to Pro/Engineer Wildfire 3.0, Pro/Toolkit UseGuide.
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Appendix B

Root-finding formula for cubic functions®?
Root-finding formula based on Cardano’s method.

If we have

f(x)=ax +bx +cx+d
with a,b,c,d1 Randat 0,let

2
q=E2 (B1)
_ 9abc-27&d - 2b°
andr = 3 ,
54a
let D=q*>+r? (B2)
if D3 0,define

s=3/r ++/D,and (B3)
t=3r- VD

elseif D£ 0,

thereare3realroots.weexpresshecomplexquantityr +i+/-Din
polarform:

r+iv-D =(r,q) (B4)

g=acos(-),
r

13 The solution is based on Cardano’s method. Referemrdafo, Gerolamo(1545). Ars Magna.
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define:

S:(%/T’g)1
3 (B5)
and
t=@/r,-9).
3
in both cases, the solutions are
X1:S+t-£,
3a
1 b /3 .
X, =-—=(s+t)- —+—(s- t)I, B6
, 2( )3a 2( ) (B6)
1 b /3

X3 =- E(S+t)_ = 7(5' i,
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Appendix C

Solution for finding intersection points

A numerical method is used for finding the intet&et points between the outline
curves of a tooth part. Suppose that there aresphine curves: curvel and curve2. Both
curves start from point A, where y equals to 0. Wnt to determine if there is an
intersection point between the two curves whennesadrom 0 to m. The solution is: as
illustrated in Figure C. 1, from O to m, let thevglue increase a small amount at each
time step. For each y value, e.g., y=e, calculaecbrresponding x1, x2 values for both
curves. If x1 is not equal to x2(i.e. the absoladie of “x1-x2” is larger than 10e-6),
increase the y value and continue; if X1 equals2{ae. the absolute value of “x1-x2” is

smaller than 10e-6), then an intersection poirgtexat coordinates (x1,m).

Specifically, for our problem, when we supposevalie on a spline curve, first, we
can obtain a cubic equation of t using equatiofen we calculate t by solving the
equation using root-finding methods; finally, wdccdate the x value by repeating using

equationl.
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/ y=m

Curve 2
\ <4+——=Curve 1l
B

(x1,e)

Figure C. 1. Numerical methods for finding intets&e points between two curves
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Appendix D

Instructions for using the expert system
1. ProToolkit application
I. Save the application files to C:\HT\Tooth

il. Set ProE start in directory: 1) Right click Probvegr;2) Click “properties” 3)

Set the Pro/ Engineer start in as “C:\HT\Tooth”shswn in Fig. D1

iii. Open ProE, then “Tooth CAD” will appear on the maianu, as shown in Fig 3.

3.

iv. Click the menu button “Create a template model’armihe main menu button
“Tooth CAD”, and then a template model with datutangs and axes will be

generated, as shown in Fig. D2.

v.Click the menu button “create a tooth model” untlee main menu button
“Tooth CAD”, and then a tooth geometry informatimput window will appear,
as shown in Fig 3. 4(a). Choose the tooth typeidamc premolar or molar),
cross-section direction (mesial-distal or labiaglial), and input the dimensions.

Then click “ok”.

vi. A curve intersection information window will appeéthe generated geometry
is unreasonable, as shown in Figure 3. 4(b). Cltk for automatic geometry

optimization.
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vi. ~ Then a message will appear prompting the usergpuat ithe name for the

model and save it as desired filename, as showigime 3. 4(c).

viii.  Click the menu button “ Export tooth for analysisiider the main menu
button “Tooth CAD”, a dialogue will appear promminisers to select directory
for save the IGES file. Users can select a dirgctoruse the default directory
“c:\ht\tooth\parts”. Select “open”, then an inpuanel will appear prompting
users to input file name for the IGES file. The &He will be created in the

desired directory when the file name is input.

Figure D. 1. Setting the start in directory

2. Patran customization language application
I. Save the application files to C:\Patran\tooth_pcl

i. Set Patran start in directory: 1) Right click Patga Click “properties” 3) Set the

Patran start in as “C:\HT\Tooth”, as shown in B
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iii. Open Patran, then “Tooth FEA” will appear on theimmaenu, as shown in

Figure 3. 6.

Figure D. 2. Atemplate CAD model with datum plame axes

Click the menu buttons from “stepl- Import Geomeétoy“step 10 — Test Convergence”
in turn and refer to “graphic user interface” sewtin Chapter Il to perform FEA

analysis step by step.

Figure D. 3. Setting Patran start in directory
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Appendix E

Contents of the codes packages

it

Main Files Main Functions in the Files Function Description
CAD | Toolkit.c user_initialize() Create main menu and buttons
toolkit_issue_new() generate a template part
Tooth_CAD.c ProDemoSketchedCurveCreateCreate an outline curves for a tooth part
0
Matrix.c (PTC provided) | ProUtilPointTrans() Transform a 2d point to a 3d point
Ug3DSection.c UserSectionBuild() Create 3D section for each outline curve
List.c UserUlIListimplement() Create GUIs for tooth geome
information input
Tooth_classify() Classify the tooth types
Inputpanel_DoubuleSet() Set default tooth dimensions from i
panel
Inputpanel_DoubuleGet() Get the tooth dimensions from input pg
SectionDirectionAcitive() get the selected tooth direction
list_selecteditemnameActive () get the selected tooth type
list_ OKAction() Action function for the "OK" button
DefaultSection.c PremolarDistalEnamel()etc. Generate spline curvesdoh tooth part
SurfaceCreate.c FillSurface() Visit the curve feature for surfaceatien
intersection_DoubuleSet Set the coordinates of the intensg
points to GUIs
t_Solution Calculate the t value for a given y value
EnamelShapeCheck() Check if the intersection points exist
SplineDataObtain() Retrieve the data of spline curve
ProSurfaceFeatureCreate() Create surface featueaébrtooth part
UglnterfaceExport.c UserlGESGeomflagsExport() Export the current model tcSGE
Filesaveas.c (PTC FileSaveAs () Save the tooth model with desired namg
provided)
FEA | IMPORT_TOOTH.pcl IGES_IMPORT() Import the IGES file to Patran

tooth_Interp_ui.cpp

Interpolate_ui

Generate GUI for inputting the informat
of reference point

Interp_pnt.pcl

Interp_pnt()

Create the reference points

MESH_TOOTH.PCL

MESH()

Generate mesh for tooth geometry

apply_load_to_selected |
nodes.pcl

apply_load_to_selected_node

5(Apply load to selected nodes
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distribute_load_to_select
ed_elements.pcl

distribute_load()

Apply distributed loads to element edge|

[77)

apply_boundary to_sele
ted_edges.pcl

c bound_to_edges()

Apply BCs to curves

apply_boundary to_sele
ted_nodes.pcl

capply_bound_to_selected_noq

s()

eApply BCs to nodes

boundary_occlusion.pcl

occlusion_default()

Apply default BCs to occlusion case

boundary_orthodontic.pg

| orthodontic_default()

Apply default BCs to orthodontic case

ary

Nt

ent

force_form.cpp Force() Generate GUI for force creation

DistribLoad_form.cpp DistribLoad() Generate GUI for adding distributed loag

boundary_ui.cpp boundary_ui() Generate GUI for adding bound
conditioins

boundary_node.cpp NODE_FORM Generate GUI for adding movemé
restriction on nodes

boundary_edge.cpp EDGE_FORM Generate GUI for adding movem
restriction on Edges

loads_ui.cpp loads_ui Generate GUI for adding loads

properties_tooth.pcl properties() Assign the material ptigserto tooth

parts

properties_ui.cpp

properties_ui()

Generate GUI for adding loads

enamel_properties.cpp | Enamel Generate GUI for input material properies
for enamel

dentine_properties.cpp | Dentine Generate GUI for inputting mater|al
properties for dentine

pulp_properties.cpp pulp Generate GUI for inputting materigl
properties for pulp

PDL_properties.cpp PDL Generate GUI for inputting material
properties for PDL

bone_properties.cpp BONE Generate GUI for inputting materigl
properties for bone

tooth_analysis.pcl Analysis Analyze the FE model

tooth_analysis_ui.cpp analysis_ui Generate GUI for tooth model analysis

tooth_read.pcl Read Read the results from Nastran to Patran|

select_file.cpp select_file Generate GUI for selecting file frgm
desired path

import_ui.cpp import_ui Generate GUI for importing tooth
geometry

Tooth_ResultDisplay_ui.
cpp

Tooth_ResultDisplay_ui

Generate GUI for displaying results

of

Stress_ui.cpp Stress_ui Generate GUI for displaying results
stresses

Fringe.pcl Fringe() Show stresses in fringe format

Graph.pcl Graph() Show stresses in graph format

Report.pcl report() Show stresses in report format
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CONVERGENCE_UI.C
PP

Convergence_ui

Generate GUI for convergence test

MESH_REFINE.PCL

RefineMesh()

Generate mesh

result_nodes_maxprin2.j
cl

Result_nodes_maxprin2()

Retrieve results from database

Result_convergence

Perform convergence test

TRAINING.PCL

Training()

Generate “tooth FEA” menu
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Appendix F

Log files

The output file are as follows:

a. Spline_curve_3D.txt — retrieved data informationdpline curves

b. shape_check.txt — records for the calculating m®déer intersection point
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