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1.0
Introduction

The objective of this project is to understand the stress distribution in a tooth structure when it is subjected to the various loads and stresses common in chewing. The tooth structure chosen for this analysis is the second molar, due to its primary role in the mastication process. The second molar has a very irregular shape and multi-layered composition, which could pose great difficulty in creating a 3D model.  For this project a simplified three-dimensional model containing critical dimensions is created, and is analyzed using a finite element method.  This is accomplished through the integration of the computer aided drawing software Pro/ENGINEER and the finite element analysis software ANSYS.  A series of case studies are performed with various materials and loads.  The first series uses an enamel crown to look at basic tensile stress patterns from various loads.  The second series uses a Dicor (artificial material) crown to look at the tensile stress distribution and magnitudes that develop from various loads.  It will be shown that the direction of the load has a significant impact on the tensile stress pattern that develops in the crown structure.  Knowledge of the intensity and distribution of tensile stress can be helpful in avoiding or minimizing the failure of dental restorations.  

2.0
Literature Survey

The effects of stress on dental restoration and upon teeth themselves have been a topic of interest to dental researchers for the past twenty years.  Early published reports [Reference 5] indicate that this research concentrated on cavity configurations of Class II amalgam restorations.  One of the earliest photoelastic studies, using physical models, applied to dentistry dealt with the stress distribution in tooth structure surrounding restorations. Photoelastic techniques have been employed to study inlays, crowns, proximal margins, convergence of axial walls, occlusal reduction, proximal reduction, fixed partial dentures, pin placement for amalgam retention, and impression distortion during removal from mouth.

Studies have been done on the effects of preparation geometry on the restoration alone, while other studies of the Class II configuration examined effects on both tooth structure and the restoration.

Some three dimensional studies have been reported.  The procedures used for studying three-dimensional models require great care and considerable time because of the complex shapes being studied.  Consequently two dimensional “slice” models are usually used.

According to Selna (Mechanics and structures Department, University of California, Los Angeles), Shillingburg (School of Dentistry, University of California, Los Angels), and Kerr (Mechanics and structures Department, University of California, Los Angels) [Reference 5], finite element analysis permits the study of as many tooth and restorative materials as might be present in any given problem: enamel, dentin, cement, gold, etc.   

With this method, many types of preparation geometries and restorative materials can be studied.  This can also provide some refinement of the photoelastic technique, where only two materials have been studied: undifferentiated tooth structure and restorative material. 
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Figure-1 [Tooth Structure] Source: Microsoft Encarta
In the field of engineering, other methods of stress analysis are also utilized.  A technique that has been extensively used since 1956 in the field of civil engineering and aerospace engineering is the finite element method.  In this approach, mathematical idealizations are used, rather than physical models.

2.1
Fundamentals of Tooth Shapes

The human dentition is not only composed of various teeth, but every dentition has very different tooth shapes.  Teeth differ in shape, size and color, and the various types of tooth positions make these characteristics appear ever different.

Experience has shown that after reconstruction of the basic shape of one tooth is understood, individual variations of tooth shape are no longer very difficult.  A standard model, description of tooth shapes as oval, triangular or rectangular and finally, learning the procedures is helpful.

No matter ho different teeth are, they have certain proportions in common.  Thus, a series of characteristics are encountered that must be brought into harmonious relationship.

In addition to the esthetic requirements, functional characteristics must be considered.  These are:

· Arrangement of contact zones

· Reproduction of occlusion and articulation

· Arrangement of marginal prominence

· Angles of inclination of the cusps to prevent horizontal shearing

One must learn that a tooth is composed of various surfaces.  The designations of the surfaces are as follows:

· Labial surface

· Palatal surface

· Buccal surface

· Lingual surface

· Incisal edge

· Occlusal surface

Each tooth has two surfaces of contact, with the exception of the posterior molars.  The contact surfaces are convex in the region of the anterior teeth.

In the lateral teeth, the mesial contact zones are convex and the distal zones are concave.  This arrangement serves to stabilize the dental arch.  Certain characteristics of teeth, such as curvature and angulation, are of special significance.

2.1.1
Formation of the Enamel

The enamel organ is one of three distinct formative structures, which comprise the tooth germ.  The enamel organ, the dental papilla (dental organ), and the periodontal organ (dental sac) form the enamel, the dentine, the cementum, the pulp, and the periodontal ligament.  The enamel papilla and the periodontal organ are derived from the mesoderm.

2.1.2
Formation of the Dentin

The formation of the dentin, called dentinogenesis, is similar to the formation of the enamel in that the initial dentin is formed at the growth centers, but the structure is laid down in the opposite direction to that of the enamel.  The formation of the enamel and dentin occurs at the same time and, with the exception of the root portion, is completed at approximately the same time.

Selna, Shillingburg, and Kerr used two types of idealization in their study, and different grid sizes were tried to determine what combinations would give the best approximations of tooth shape and behavior.

The basic concept of the finite element method is the subdivision of the body to be studied into smaller elements of a simpler geometric shape.  Four two-dimensional studies, triangles or quadrilaterals are used, while tetrahedral or hexahedral are frequently used in three-dimensional studies.  These elements may be assembled like building blocks to approximate a body of any given shape.

The elements are designated so those apices of adjoining elements meet to form “nodes”.  The apex of one element can not fall on the side of an adjacent element.  When analysis is performed, a system of simultaneous equations results, relating the forces and displacements, which are evaluated at the nodes.  After solving the equations for displacements, the stresses can be computed within each element.

3.0
Methodology of Research

To analyze the stress distribution in a tooth structure when it is subjected to the various loads and stresses common in chewing, this project uses the integration of computer aided design (CAD) software and finite element analysis software (FEA).  The use of CAD software enables three dimension virtual tooth models to be created.  In FEA, mathematical idealizations are employed, rather than physical models, to perform structural analysis.  Mathematical representations of the physics of tooth deformation and stress prove to be very useful since these representations can be applied to varying tooth geometries by simply changing a few input parameters.  FEA has the ability to closely simulate loads and the properties of the various layers of material in teeth.

The basic concept of the finite element method is the subdivision of the object to be studied into many smaller elements of a simple geometric shape.  Such elements are assembled to model any given shape in two-dimensions or three-dimensions.  Once the object has been formed via these small geometric shapes, the FEA program creates a mesh over the object.

Using input values of the load on the tooth and the material properties of the tooth, stress contours over the mesh of the object, denoted by an array of colors, are calculated and output by the FEA program.  From this type of output, it is easy to determine the stress distribution, regions of high intensity, and stress gradients of the object studied.

The finite element analysis program this project is employing is ANSYS.

Figure-2 below illustrates the steps used to analyze the three-dimensional tooth model for this project. Once the model is imported into ANSYS it is relatively easy to change the material properties and loads to run case studies.
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Figure-2. Steps used to analyze the three-dimensional tooth model for this project
3.1
Create 3D Model of a molar in Pro/E

Teeth have an irregular geometry; therefore a simple, symmetric tooth model is created using the computer aided drawing program Pro/Engineer (Figure-3).  This model is an assembly consisting of crown structure and dentine structure as can be seen in the cross section view of Figure-4.  The interface between the crown structure and the dentine contains no gaps (an ideal condition).  In dental practice, the securing of the crown with cement, and imperfect dimensions of the crown will introduce the possibility of gaps between the structures.
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Figure-3. Symmetric tooth model designed using Pro/Engineer that will be analyzed in this project.

[image: image1.png]



Figure-4. Cross-section view of tooth model with dimensions.

The design of the 3D-tooth model, although simplified and symmetric, incorporated critical dimensions seen in Figure-4. These dimensions include the slope of the occlusal (top) surface of the tooth (30 degrees), the thickness of the crown structure at the bottom edges (0.5mm), the radius of the top edges of the tooth (R=1.5mm), and the thickness between the inside bottom of the crown and top of the dentine structure (1.5mm).  Once the model is created, it is possible to mesh it in Pro/E and import it to ANSYS for analysis. 

3.2
Analyze Model in ANSYS
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Figure-5  Meshed tooth model imported into ANSYS to be analyzed.

Once the meshed 3-D model is in ANSYS (Figure 5), the values for the modulus of elasticity and Poisson’s ratio for the different layers of a tooth are specified.  The values 

used in this project are shown in Table-1 below.  In ANSYS constraints are applied to the model.  The base of the model is fixed; thus all the node elements that are part of the base have zero degrees of freedom.  This is to simulate the fact that the tooth is formed into the bone material of the jaw and is nearly immobile.  The combination of material in the tooth model and the magnitudes of the applied loads vary within each case study, and are further explained in the case studies section.
Table-1 [Material Properties]

Material
Modulus of Elasticity                           (N/mm2)
Poisson’s Ratio

Enamel
8.41x104
0.300

Dentine
2.00x104
0.310

Dicor/MGC
7.00x104
0.260

4.0
Case Studies
With the 3D-tooth model and all the necessary values assigned in ANSYS, case studies with various loads and materials could be performed.  The criterion used to analyze the 3D-tooth model is based on five case studies for this project, which are illustrated in Figure-5.
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Figure-6 Case Studies

*Note that for each case: The load applied is point load that can be approximated as a distributed load because the size of the element it is applied to is a reasonable contact surface size to simulate the interaction from an opposing tooth or an object between teeth.  The same load location is used for each case (only magnitude and direction vary).

4.1
Case Study-1
For the initial series of analysis with ANSYS the crown structure of the model is defined with material properties of enamel with core structure defined with the material properties of dentine.  This model is subjected to a 100N vertical load (shown by red arrow).  A 100N load is used because it is a good average of the force that can be generated while chewing.  The output of ANSYS is a tensile stress distribution in the crown, that is color coded by the magnitude of tensile stress with gray areas indicating compression (Figure-7).  Tensile stress is selected as output because enamel and Dicor are ceramic type materials that experience most failures due to tensile stresses.
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Figure-7 Stress Distribution due to 100N Vertical Load Applied to Enamel
4.2
Case Study-2

In case study 2, the crown structure of the model is defined with material properties of enamel with core structure defined with the material properties of dentine.  A 100N force is applied in the horizontal direction (shown by red arrow).  The output of ANSYS is a tensile stress distribution in the crown, as illustrated in Figure-8.
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Figure-8 Stress Distribution due to 100N Horizontal Load Applied to Enamel
4.3
Case Study-3

For the second series of analysis with ANSYS, the crown structure of the model is defined with material properties of Dicor/MGC with core structure defined with the material properties of dentine.  Dicor/MGC is a material that is used to make artificial dental crowns and has slightly different material properties than enamel, so it is critical to look at cases with this material.  For the second series, horizontal loads are focused on.  The initial results from the enamel cases indicated that horizontal loads resulted in higher stresses on the bottom edge of the crown, which is the thinnest part of the crown, and a likely candidate for failure.   The load in this case 100N in the horizontal direction, and the results from ANSYS are shown in figure 9.
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Figure-9 Stress Distribution due to 100N Horizontal Load Applied to Dicor
4.4
Case Study-4

For this case the crown structure of the model is again defined with material properties of Dicor/MGC with core structure defined with the material properties of dentine.  The load is 500N in the horizontal direction.  The 500N load is a high-end value of the force that can occur from chewing, but not extraordinarily high, and gives a good range for analysis.  The output of ANSYS is a tensile stress distribution in the crown as illustrated in figure 10.
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Figure-10 Stress Distribution due to 500N Horizontal Load Applied to Dicor

4.5
Case Study-5

In Case study 5, the crown structure of the model is again defined with material properties of Dicor/MGC with core structure defined with the material properties of dentine.  The load is changed to 100N at 45° angle.  This load is chosen to validate the hypothesis that an angled load will result in a lower maximum stress at the bottom edge compared to a purely horizontal load.  The output of ANSYS is a tensile stress distribution in the crown as illustrated, as illustrated in figure 11. 
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Figure-11 Stress Distribution due to 100N (45° Angle) Load Applied to Dicor

The output from ANSYS for the 100N and 500N horizontally applied loads have very similar distribution patterns, differing only in magnitude.  This proportional relation between the applied load and stress pattern would seem to indicate an elastic behavior.  A Von Mises stress analysis is done in ANSYS (with a 500N horizontal load) to examine possibility of  plastic deformation effects.  This analysis follows the maximum distortion energy criterion, which is based on the determination of the distortion energy in a given material, i.e., of the energy associated with changes in shape in that material (as opposed to the energy associated with changes in volume in the same material).  According to this criterion, a given component is safe as long as the maximum value of the distortion energy per unit volume in that material remains smaller than the distortion energy per unit volume required to cause yield.  In this case,  the maximum magnitude of Von Mises stress that develops in the crown is 386MPa.  The yielding stress of Dicor/MGC is around 910MPa.  By comparing the two values, it is clear that the applied 500N horizontal load results in a stress value that is much lower then the yielding stress of the material.  This allows for a reasonable approximation that the deformation of the material occurs in the linear elastic region.  Plastic deformation effects should be minimal at these loads.  If the applied load resulted in a maximum stress that is near or beyond the yielding stress, plastic deformation effects become more important and the resulting stress distribution patterns for the case studies would change.


Figure-12 Von Mises -Stress Distribution due to 500N Horizontal Load Applied to Dicor
6.0
Discussion of Results
It is important to note that the meshing of the model is critical for accuracy of the analysis done by ANSYS.  It can be assumed that the high stress areas of the model will be located at areas of contact or material boundaries.  For example, the contact surface where the load is being applied and the bottom edge of the crown were considered.  The finer the mesh the more accurate the results.  Optimally, a very fine mesh over the entire model would be most desirable, although there is a trade off.  As the mesh becomes finer, the amount of computing power needed increase dramatically.  Due to computing consideration the mesh is only refined on the top surface of the tooth model, and the bottom edge of the tooth model.  This approach is applicable because these areas are the areas of higher stress contour density.  The resulting meshed model contained more then twelve thousand elements.

After reviewing the output results obtained in ANSYS, the stresses are recorded.  For the initial series of enamel crowns, maximum tensile stresses are recorded.  In the Dicor/MGC crowns, the maximum tensile stresses and the tensile stress at the bottom edge are recorded.  Table-2 below contains the values.

Table-2 [Material Properties]

Case Study
Maximum Tensile Stress
Tensile Stress at Bottom Edge

100N Horizontal (Enamel)
90.9 MPa
NA

100N Vertical (Enamel)
9.9 MPa
NA

100N Horizontal (Dicor)
89 MPa
19.6 MPa

500N Horizontal (Dicor)
445 MPa
98 MPa

100N at 45 degrees (Dicor)
71.5 MPa
6.7 MPa

7.0
Conclusion
This project demonstrates the capabilities of the integration of Pro/E with the FEA software ANSYS in analyzing a three-dimensional structure design.  The ANSYS software allows for the research of various test loads and materials, and can give insight into how these factors affect the stress distribution of a structure.  For this project, the structure being analyzed is a tooth model consisting of two layers of different material properties.  The results of the analysis done by ANSYS show that the direction of the load has a significant impact on the tensile stress pattern that develops in the crown structure.  Specifically, horizontal loads on the occlusial (top) surface of the tooth model result in higher tensile stresses on the bottom edge compared to vertical and angled loads.  This knowledge of the intensity and distribution of tensile stress can be helpful in analyzing possible failure mechanisms of dental crown restorations.
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Repeat the process for successive case studies
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