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Dynamic thermal cycle ambient simulation
under mouth motion; a finite element analysis

ABSTRACT

The aim of this study is to analyze the experimentally established thermal cycle test experiment using the Finite
Element Analysis (FEA) method. Within the scope of this study, the thermal-mechanical behavior of the pure
titanium test material at minimum and maximum temperature environments was analyzed in the simulation
environment occurred at 1/1 scale with the experimentally established parameters. Pure titanium test materials
that different geometry were kept at 5°C temperature for 30 seconds and then exposed to 65°C environment
during 2 seconds change period. Thus, 1 thermal cycle was completed under mouth motion simulation. The
results obtained showed that the temperature distribution in the circular test sample exhibited a more
homogeneous distribution behavior than the square test sample. This result reveals the importance of the
geometric structure of the test sample in the experimental environment conditions. Therefore, the use of a
circular test sample in in vitro laboratory thermal cycling experiments will increase the accuracy of the results
obtained under mouth motion simulation tests. As a result, the results obtained in this study are expected to
mathematically guide the selected parameters in in vitro and in vivo studies.

Keywords: Mouth motion thermal simulation, Biomaterials, Finite Element Analysis.

INTRODUCTION

In recent years, titanium and titanium alloys have been preferred as biomaterials in the living body
due to their superior mechanical and biocompatibility behavior. It has been reported in the literature
that titanium alloys can be preferred in the treatment process due to their superior behavior such as
high strength-to-weight ratio, good fatigue resistance, relatively low Young's modulus, good
biocompatibility, and high corrosion resistance.! However, biomaterials placed in the human body
can be exposed to various wear mechanisms. It has been reported in the literature that titanium and
its alloys do not have sufficient wear resistance.? Finite Element Analysis remains an essential method
for initial screening of biomaterial behavior. Thermal cycling is one of the most preferred test methods
to simulate the life cycle of biomaterials implanted in the body.? In thermal cycle tests, the mechanical,
aesthetic and chemical behaviors of biomaterials in the body can be predicted during the time they
remain in the body. Researchers are trying to predict the mechanical behavior of biomaterials by using
thermal cycling test experiments with in vivo, in vitro and finite element analysis testing simulation
methods. These test methods may have many advantages and disadvantages compared to each other.
For example, while the in vivo test method takes a very long time, the in vitro and finite element
analysis test methods can be completed in shorter time periods. However, the ability to mimic living
structures when creating test method mechanisms can significantly affect the accuracy and validity of
test results. In the literature, many researchers have tried to determine the mechanical, chemical and
aesthetic behaviors of biomaterials with in vitro wear and test methods and wear test mechanisms.*
7 The concept of thermal cycling has been used effectively in the literature for approximately 70 years.?
This process is basically based on the heating and cooling process of a material placed in the tooth or
body throughout its life cycle.® The environment to which teeth and dental materials are exposed
while biting into an ice cream after drinking a hot coffee can be given as an example on living tissue.
This system has traditionally been used to simulate in vivo aging of restorative materials by subjecting
them to repeated cyclic hot and cold temperatures in a water bath to reproduce the thermal changes
that occur in the oral cavity.? In thermal cycling tests performed in the laboratory, it is very important
to select minimum and maximum temperatures. Table 1 gives examples of the temperatures of the
absorbed fluids and the resulting average minimum and maximum tooth surface temperatures.® This
study evaluates the effect of temperature changes occurring in the human oral environment on sat
titanium biomaterial with different geometries using the finite element analysis test method under
mouth motion simulation. As a result, the results obtained in this study are expected to
mathematically guide the selected parameters in in vitro and in vivo studies.
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Table 1. Examples of the temperatures of the absorbed fluids and the resulting average minimum and maximum tooth surface

temperatures °

Location Volume drunk (mL) Hot liquid temp. (°C) Max. tooth temp. (°C)  Cold liquid temp. (°C) Min. tooth temp. (°C)

Incisor labial - 60 45 0 15
Incisol palatal - <61 58.5 - -

Molar occlusal - <61 53.1 0 1.0
- 63.5 53.5 - -
- 58 50 - -
- 55 47 - -
Molar palatal - 60 48.5 - -

30 60 44.86 0 21.63
METHOD performed finite element thermal test analyses. Pure titanium

In this study, ANSYS 19 academic version program was preferred
for thermal cycle simulation tests of pure titanium material. For
this reason, the mesh amount is set to a maximum of 30,000
which this ratio is in a range of values sufficient for the analysis

Properties of Outline Row 14: Titanium Alloy

A B
Property Value

2 4 Density 4520
3 = % IES)::DZ:z:r?emnt Coeffident of Thermal
4 EI Coeffident of Thermal Expansion 9,9E-06
5 |B [F msotropic Elasticty
[ Derive from Young's M...
T Young's Modulus 9,6E+10
8 Foisson's Ratio 0,36
9 Bulk Modulus 1,1429E+11
10 Shear Modulus 3,5299E+10
11 8 Tensile vield Strength 9,3E+08
12 El Compressive Yield Strength 9,3E+08 Fa
13 El Tensile Ultimate Strength 1,07E+03 Fa
14 EI Compressive Ultimate Strength 1] Pa

v

material was designed as square and cylindrical samples on the
Space Claim designer software. The ideal ambient properties of
pure titanium and test specimens are shown in Figure 1.

ANSYS
R19.0

Acadamic

Figure 1. The ideal ambient properties of pure titanium and test specimens

The thermal cycle environment experimental studying
environment was simulated on a 1/1 scale and designed as 5°C
lower limit, 65°C upper limit, 30 seconds waiting period and 2
seconds thermal change period. Figure 2 shows the dynamic
thermal cycling test simulation environment. Test specimen with
different geometries were placed in the specimen holder shown
in Figure 2 and fixed along the geometry expect for thermal
surface to simulate the experimental environment. Thus, the
geometric change of the test sample due to the temperature
difference was controlled through thermal cycle simulation
tests. The test mechanism was given to the 65°C fluid medium
from the hot water inlet as a first step and waited for 30 seconds.
As a second step, the hot water 5°C fluid was thrown into the hot
water tank from the fluid outlet and sent to the cold water test
environment. This process took about 2 seconds experimentally.
The test sample was kept in the cold water environment for 30
seconds and sent to the cold tank from the water outlet in this
environment. This process also took about 2 seconds
experimentally. Thus, 1 thermal cycle took about 64 seconds
experimentally. In the control experimental structure of this
process, the programmable logic controller (PLC) was used to

control the fluids with solenoid valves. Briefly, the method of
activating solenoid valves using a time-delay control structure
was used through thermal cycle test simulation. In future
studies, this process will be made more sensitive by taking real-
time temperature measurements on the test specimen. Thus,
the heat absorption rates of different materials will be taken into
account in the test structure.

cold water in AN%.%

“Aeademic

specimen holder

simulation

thermal
environment based real-time PLC Control.

Figure 2. Dynamic cycling test
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RESULTS

In this study, the finite element analysis simulation of the
thermal cycle test experiment with real-time control structure
was carried out through mouth motion. The 65°C distilled fluid
was passed through the test inlet pipe and the test sample was
submerged in water. In this case, first the temperature increase
occurred in the pipe structure and then the temperature change
occurred in the area where the pipe was fixed in the
experimental structure. When the fluid reached the test sample,
the analysis surface was exposed to the hot fluid and the dead
weight of the water was included, creating a mechanical and
thermal effect through mouth motion. The mechanical effect in
this case created a potential loading depending on the
gravitational acceleration and the weight of the water. Although
this parameter is ignored in experimental studies, it is an
important factor for mechanisms operating in deep water
structures. In further studies, this parameter will come to the
fore in experimental and finite element analysis simulations of

ANSYS

R19.0
Academic

the materials preferred in the ship industry. Figure 3 shows the
temperature change behavior of the thermal cycling test device
during 1 cycle through mouth motion. First, the 65°C liquid flow
from the hot water line reached the chamber in show Figure 3A.
The control structure of this situation is realized by the solenoid
valve in the time delay time band. When enough fluid enters the
chamber, the PLC control unit closes the solenoid valve, ensuring
that the hot fluid remains in the chamber for the specified time
in Figure 3B. With the completion of the hot cycle period, the
second step is to remove the fluid from the chamber by opening
the outlet line in the time band and removing the fluid from the
sample in Figure 3C. Afterwards, the cold fluid line was filled into
the 5 °C fluid test chamber by opening the solenoid valve in
Figure 3D. The last step in this process was to discharge the fluid.
Thus, 1 thermal cycle was completed. For the second thermal
cycle, this process continued until the determined thermal cycle
number by showing the same behavior in the same time band.

ANSYS

R19.0
Academic
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Figure 3. A-D. Temperature change behavior of the thermal cycling test device during 1 cycle through mouth motion
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Figure 4 shows the thermal temperature environment behavior
of pure titanium test specimens with circular and square
geometry. The design of the test samples and their behavior
under ideal ambient conditions are shown in Figure 4A. The
environment where the circular test specimen is at 65°C and the

A

square test specimen is at 5°C is shown in Figure 4B. Figure 4C
and Figure 4D show that the square test specimen is included in
the heated medium while the circular test specimen is cooling
through mouth motion test mechanism.
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Figure 4. A-D. Thermal temperature environment behavior of puqre titanium test specimens with circular and square geometry

(temperature unit as °C)

DISCUSSION

The Finite Element Analysis method provides many advantages
to researchers in mathematical modeling of experimental
studies. The most basic of these advantages can be explained as
being able to model in a very short time, being economical, and
being more suitable for parameter changes. The ability to model
laboratory test experiments one-to-one also provides the
opportunity to observe the effects of parameters ignored in
laboratory test experiments on the experimental system. Thus,
the parameter selection in laboratory test experiments will be
more likely to remain in the optimum region. In the literature,
many researchers have simulated chewing test experiments in
vitro and evaluated the mechanical behavior of various
biomaterials.!®*3 In experimental studies, it may not always be
possible to precisely control standard test parameters. Because
the mechanical and control capability of the device that provides
the test mechanism is very important for modeling living tissue.
For example, the thermal cycling environment was ignored in
some chewing test experiments in intra-oral tribology.}*1°
Considering the formation of wear mechanisms during
mastication, the occurred of thermal cycling environment is

inevitable in both two- and three-component wear mechanism
processes. In addition, the type of opposing material selected in
the test environment, the chewing force, and the minimum and
maximum limits of the thermal cycling environment can
positively or negatively affect the mechanical and aesthetic
behavior of the test material compared to biomaterials.}” For
these reasons, the evaluation of the parameters that may affect
the chewing movement will play an important role in
determining the service life of the materials used in the
processing process. The parameters of the thermal cycle test
procedure (such as exposure time, number of thermal cycles,
test temperature range) affect the mechanical and aesthetic
behavior of the material. It is reported in the literature that the
temperature experienced in the human mouth is approximately
37 degrees. However, this temperature value may vary in
variable areas of the mouth structure. Since the material life is
evaluated with laboratory test experiments, selecting areas
where the temperature is variable will increase the consistency
of the test results. Therefore, it is accepted that the temperature
is not constant throughout the chewing tests and has a variable
structure.® The temperature environment in the human oral
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cavity is dynamic, so it is very difficult to determine the
temperature range that is closest to the physiology of the oral
cavity. It is important to consider as many variables as possible
that can affect tooth temperature. The main sources of
temperature stabilization in the mouth are the cheeks, tongue
and periodontal tissue surrounding the teeth, which act as a
physical barrier that regulates the temperature distribution of
the samples.®® Liquids that people swallow while chewing can be
drunk at temperatures between 0 and 100°C, but cooked foods
and frozen solids can reach oral temperatures outside this range.
The temperature range that an individual can tolerate can vary
among different populations and may depend on variables such
as the number of teeth, the amount of dentin, the degree of
keratinization of the oral mucosa, and the patient's gender in
human factory.'® In addition, dental materials placed in the
mouth are subject to continuous and extreme changes in the
oral environment due to temperature and pH fluctuations. The
temperature cycle in the temperature parameter simulates the
entry of hot and cold substances into the oral cavity and shows
the linear thermal expansion coefficient relationship between
the tooth and the restorative material.® The effect of artificial
aging of dental materials during thermal cycling can be twofold.
This effect causes an improvement in the mechanical behavior
of the material, primarily water absorption in composite
materials. In the second stage, it can reduce wear by creating a
lubricating effect during wear mechanisms. Therefore, it is
inevitable for teeth and dental materials to be exposed to
thermal stress when the temperature changes. This thermal
stress can cause wear mechanisms to lose more material. In
addition, this situation can create some problems in terms of
material integrity and aesthetics. In a previous experimental
study in the literature, it was reported that Durafill composite
material experienced more particle loss on the wear surface in
thermal cycling test experiments.2°

CONCLUSION

The results obtained showed that the temperature distribution
in the circular test sample exhibited a more homogeneous
distribution behavior than the square test sample. This result
reveals the importance of the geometric structure of the test
sample in the experimental environment conditions. Therefore,
the use of a circular test sample in in vitro laboratory thermal
cycling experiments will increase the accuracy of the results
obtained under mouth motion simulation tests. As a result, the
results obtained in this study are expected to mathematically
guide the selected parameters in in vitro and in vivo studies. In
addition to the data obtained from this study will increase the
test validity of experimental studies by modeling them with
finite element analysis simulation.
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