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Abstract

With the significant progress in dental science and the reliance of dental researchers on understanding the mechanical
properties and behaviors of teeth and materials used for tooth replacement, there is an increasing demand for study
and research in this sector. Composite samples, dental porcelains, and materials used in 3D printers have gained
significance as substitutes for human teeth. Therefore, it is crucial to conduct research and analyze these materials’
physical and mechanical characteristics compared to human teeth. Tooth damage and fracture may arise from various
causes, such as falls, sports-related incidents, or traffic accidents. Tooth fractures may vary in severity, ranging from
mild fractures that include chipping of the tooth's surface layers, known as enamel and dentin, to more serious ones,
such as diagonal, vertical, or horizontal fractures extending into the root of the tooth.

Keywords: Dental Science; Mechanical Properties; Tooth Replacement; Composite Sample; Tooth Fractures; Material
Analysis

1. Introduction

According to the quasi-static pressure experimental test done by Hian Lee et al. [1], this part examines the simulation
of a three-dimensional artificial plastic tooth sample. This simulation investigates the crack propagation process in a
tooth with a significant vertical fracture [2-5]. Additionally, it explores the application of cohesive components to
determine the maximum force needed to commence damage and eliminate these cohesive elements [6-9]. This research
focuses on determining the time of damage onset and how crack growth occurs by establishing a set of parameters.
Laboratory methods are employed to determine the properties of various materials [10-15]. These properties are then
used to model the direction of the tooth sample using cohesive meshing techniques [16, 17]. Below is a concise overview
of the methodology used in conducting these tests. Various mechanical testing techniques are used to quantify the
mechanical characteristics of teeth [18-23]. These methodologies result in distinct strategies for analyzing data. Further
information is essential to comprehend the mechanical characteristics and tooth replacement materials [24].

¢ Assessment of the mechanical qualities and subsequent comparison with other materials [25, 26]

e Assessing and contrasting the appropriateness of alternative materials, such as alloys, ceramics, and metals, for
dental applications [27, 28]

¢ Determining the key factors that alter the characteristics of tooth and replacement materials [29-32]

Hence, the techniques used for measuring must be comparable. The tooth has specific mechanical characteristics
associated with its role in concentrating internal stresses on the tooth surface [33-37]. Numerous research has been
undertaken to examine the mechanical characteristics of human teeth [38, 39]. Nevertheless, the processes by which
teeth get deformed are still not well understood. Comprehending the connections among composition, structure, and
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mechanical characteristics at the nanoscale is crucial for advancing novel biological materials [40]. The mechanical
characteristics of human teeth, particularly the structure of various components, provide a complex material that is
difficult to explain and compare. Their structure is intricate, consisting of several layers and components. At a large
scale, the tooth looks like a uniform solid substance. At a microscopic level, the tooth comprises many components,
including dentin, enamel, and others. These components consist of bundles of rod-shaped structures embedded in a
matrix of water and protein. The mechanical characteristics of this material are similar to those of composite materials,
such as ceramics or titanium nitride. Researchers [41] showed that tooth features undergo alterations based on the
orientation of prisms. The tables below summarize the average values for teeth and other materials.

Table 1 Modulus of elasticity for teeth and engineering materials

Scale Method Sample Occlusal plate [GPa] Pivot plate
[Gpa]
Macroscopic | Pressure test Molar teeth 84.2+6.2 78+4.8
E“aT“el Microscopic MOdlﬁed. Vickers Molar teeth 9445 80+4
section indentation
Nano Nanoindentation Molar teeth 87.5+2.2 72.7+4.5
Engineering | Microscopic Mgdlﬁed. Vickers ceramic 65+1.5t0 265+10 -
materials indentation
section Nano Nanoindentation porcelain 199.54+12.5 -
Table 2 Fracture toughness for teeth and engineering materials
Scale Method Sample Occlusal plate [GPa] Fé‘:;t] plate
Enamel Microscopic | Modified ——Vickers | 1o teeth 0.77+0.05 0.52+0.06
section indentation
Engineering Modified Vickers | ceramic 1.2+0.14
materials Microscopic | indentation -
Table 3 Maximum value of tensile stress for teeth and engineering materials
Scale Method Sample Occlusal plate [GPa] Fé‘l;(;t] plate
Macroscopic | 3 points Bending Enamel section | 49+17 to 6816 -
Enamel
section Microscopic | Micro-cantilever Enamel section | 750+240 to 1420+410 i?gf;g to
Engineering ceramic 106+17
materials Microscopic | 3 points Bending
section porcelain 840+£140

2. Failure through cohesive zone modeling

The fracture mechanics addressed so far have been grounded on the principles of continuum mechanics. This technique
is a distinctive approach to failure analysis in fracture mechanics. It involves inducing a localized thickening at the crack
tip and observing the fracture progression via an elimination process. The main objective of this method is to elucidate
the underlying mechanism. Failure occurs when the fracture tip's stress concentration is exceptionally high or
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concentrated in a single place. This region consists of two sticky surfaces wholly isolated from one other due to the
tension of the adhesive area. The Separation is determined by an adhesive law that correlates the adhesive tension and
the relative displacement of the surfaces.

Consequently, fracture propagation begins whenever the displacement is above a critical threshold. Attain the apex of
the tangible fissure. The cohesive zone concept was first proposed by Dugdale in 1960 and Barnblatt in 1962 [42].
Scientists may acquire data on the cohesive elements, maximum tension, maximum Separation, and sample form via
laboratory tests governed by many rules. Fourteen Generally, a cohesive law is a mathematical representation that
defines the correlation between cohesive tension and separation displacement. This connection is often written in the
form of equation (1).

é
0= 0.f(5) (M

Where o, denotes the maximum tensile stress exerted, and in the natural surroundings, it signifies the point at which
fracture initiation occurs. f is a dimensionless separation function represented by the symbol §. characterizes the form
of the tensile stress and separation diagram [43]. Figure 1 Different graphs of tensile stress and Separation for element
Cohesion have been exhibited.
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Figure 1 Tensile stress diagram - separation: (a): Dogdale model, (b): soft linear model, (c): trapezoidal model, and
(d): exponential model

o= 0o, Dogdale model (2)
o=o0.(1- 5 Linear model (3)
5 ‘s
o = o, (—) exp(1 — =) Exponential model (4)
Sc Se

The trapezoidal model integrates the continuous linear model with the Dugdale model. The energy density of each
model is determined by calculating the area under the curve. This may be done using primary geometric forms or by
integrating the fracture energy curve. A primary constraint of cohesive zone modeling is relying on experimental data
to determine most of the involved parameters. Initially implemented for nonlinear fracture modeling, this approach has
since found extensive use in materials science for simulating adhesion, delamination, and even polymers.

2.1. Accurate modeling

As the introduction states, this study utilizes DCOM photos for modeling purposes. The DCOM standard, provided by
the National Association of Electronic Equipment Manufacturers, facilitates the visualization and replication of medical
images, including CT and MRI scans. A DCOM file has comprehensive patient information, including scan type, picture
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dimensions, and image data: magnetic Resonance Imaging (MRI) and Computed Tomography (CT). Software like Erisis,
Medkan, and Mimix can transform DCOM photos into a format that can be analyzed. For this study, we worked with Dr.
Hossein Hosseini Zare's Maxillofacial Radiology Center in Mashhad to generate pictures in DCOM and STL formats. The
following passage provides a concise overview of the procedure for using these pictures in Mimix software. Mimix is a
program specialized in 3D image processing that handles all the typical scanner formats. One of the components of this
program is Modcode, which facilitates the transformation of CT and MRI pictures into a compatible format for use in
finite element software settings. The Mimax software displays the positioning of the CT pictures of Maryam Resalati, a
31-year-old patient. It is essential to ascertain their orientation to ensure proper picture rendering in the program. It is
necessary to provide parameters while doing imaging. However, there are instances when the provided information is
insufficient, and it becomes necessary to ascertain this information comprehensively, including all orientations, such as
right, left, front, rear, higher, and lower.

Figure 2 How to place CT photos in Mimix software

2.1.1. Separation of the jaw and teeth

For this study, partitioning masks are used to isolate certain desirable regions in order to focus on a particular tooth.
Various masks may be seen as spectacles of varying hues. The targeted regions are chosen by establishing the gray value
range or the Hounsfield number. The bounds of these zones are defined by the Hansfield numbers that fall within the
specified range. A mask encompasses all the pixels within this range. This method makes it possible to differentiate
between soft and hard tissue. Figure (3) clearly illustrates the patient's jaw and teeth region.

Figure 3 The section of the patient's jaw and teeth with the selection of a mask

Using the software modules, the second molar tooth, located in the lower jaw, was removed for engineering
examination. Figure 4 displays the chosen tooth sample, as seen below.
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Figure 4 Bottom view of the selected second molar tooth

Once the sample for the 3D model has been chosen and prepared, it is introduced into a software environment known
as Metric. Metric offers a range of functions, including surface smoothing, hole filling, and removing any unnecessary
protrusions on the sample. Furthermore, the necessary modifications have been implemented to the sample, rendering
it seamless and prepared for generating grids in the analysis program.

2.2. WJS Heading level 2

In this part, the modeling of the tooth sample has been conducted based on the experimental quasi-static pressure test
performed by Hian Lee et al.[1]. The introductory portion of this simulation provides a comprehensive explanation of
the crack propagation in a tooth with a significant vertical fracture. Cohesive elements compute the maximal force
needed to commence damage and remove cohesive components.

2.2.1. Prototyping

The part module in Abaqus software generates the geometric representation of the requested component or
components for analytical purposes. The offered 3D tooth component module separates it into three sections using the
available capabilities and techniques. The crack expansion and damage occurred in the cohesive region of the tooth,
namely in the left, right, and center parts. The chosen shape is designated as deformable, and the quasi-static pressure
testing system, including a power lever and tooth holder, is used in this modeling according to the ASTM 7298 standard.

Figure 5 Sample of tooth brought for analysis
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Figure 6 Tooth modeling in the part section: (a) the left side of the tooth, (b) the right side of the tooth, (c) placement
of cohesive elements in the center of the tooth, (d) holder for teeth, (e) force lever for quasi-static pressure test

¥ oaleX

Figure 7 System designed for quasi-static pressure testing

2.2.2. Determining the properties of matter

This section provides the characteristics of four materials used in the dental examination and three materials associated
with the standard examination for metals. The parameters included for this modeling are elastic modulus, Poisson's
ratio, density, maximum tensile stress, yield stress, and stress intensity factor.

Table 4 Properties of materials used in tooth modeling

Material E[Mpal)] v ton Ous[Mpa] kN
Py K]
mm
Tooth 69000 0.3 2.5 x 10° 30 3.2
porcelain 67000 0.3 2.3 x10° 130 2
ceramic 64000 0.3 2.2 x10° 62 1.4

2.2.3. Uploading

The tooth sample underwent a quasi-static pressure test, during which the roots were fully extracted, and the sample
was stored at the initial region of the roots. The Instron general test equipment has a pressure lever that conforms to
the standard and has been simulated.
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Figure 8 How to hold and load the tooth according to the test with the Instron machine

2.2.4. Networking

The grids included in the Abaqus software library are used for several categories of geometric models. This modeling
focused on transferring the model from the interface to the analytical software. The model was represented as a
collection of points and a grid called orphan mesh 2. This orphan mesh two was then converted into a complete model,
also known as part 1, using specific command codes associated with the grid. Due to the model's intricate nature and
several curves, the program could not choose an appropriate technique to generate grids using cubic or mostly cubic
components for all sections of the model. This study focuses on enhancing the meshing capabilities of the model by
effectively dividing the piece and using various tools in the meshing module, such as virtual topology. The program can
now mesh the piece with cubic components by employing the suitable method. Sweep grids are essential for both the
cohesive portion and the central area of the tooth. A three-dimensional grid, under strain and depending on the second
degree, has been used in the separated parts of the left and right teeth.

Figure 9 Networking of different parts of the sample

3. Results

The following analysis investigates the force diagram of three samples by considering the attributes of teeth, porcelain,
and ceramics.

1200

Force (M)

40 s TOOTH

0.00 0.02 0.04 0.06 .08
Mowemant (mm)

Figure 10 Diagram of force in terms of displacement for teeth
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Figure 11 Force diagram in terms of displacement for porcelain

A00
700
G040
500
400
300
200
100

Forse [N)

s [pntal Ceramics

0,00 0.02 0.0s 0.06 0.04
Movemenl (mm)

Figure 12 Force diagram according to displacement for dental ceramics
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Figure 13 Comparative diagram of displacement force of three samples

Figures (10) to (13) demonstrate that the power and displacement required to initiate dental porcelain damage are
more significant than in ceramics and natural human teeth. This makes dental porcelains a viable alternative for
replacement. Consequently, artificial teeth and low-code porcelain are often used today. The shown figures illustrate
the outlines of the maximum primary stress for the given samples.
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Figure 14 The contour of the maximum main stress and how to remove the cohesive elements of human teeth
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Figure 15 The contour of the maximum main stress and how to target the cohesive elements of dental porcelain
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Figure 16 The contour of the maximum main stress and how to remove dental ceramic cohesive elements
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