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ABSTRACT

Objective: A rise in temperature can happen as a result of heat buildup
during the cavity preparation of dental hard tissues using laser beam. An
innovative measuring modality based on fiber sensor for measurement
instantaneously of the heat elevation in enamel and dentin dental hard tissues
is applied. The impact of Nd:YAG laser with 1064 nm wavelength as well as
Er,Cr.YSGG of 2780 nm wavelength on the enamel and dentin dental tissues

have been tested.

Materials and Methods: A number of 110 dental hard tissue samples taken
of both enamel and dentin of different layer thicknesses were prepared. The
impacts of both aforementioned laser wavelengths in terms of the thermal
negative affect upon dental pulp while laser cavity preparation have been
tested. Firstly, half of these dental hard tissues have been treated with the near
infrared Q-switched Nd:YAG laser (A =1.06 um) of a pulse duration of 9 ns,
10 Hz repetition rate, and total energy of 850 mJ and an average power of ~8.5
W. Those samples were irradiated using heat conductive paste as an interface
medium without any cooling or water spray. After that, the influence of
Er,Cr:YSGG laser (A =2.7um) with pulse duration of 60us, energy of 260 mJ,
repetition rate of 15 HZ, fiber tip diameter of 600 um and power of 4 W has

been investigated with a rate of 50% water and 80% air spray.

For the instantaneous and quick temperature elevation measurement, a novel
fiber optic sensor with a balloon like shape has been designed and constructed.
The easily adapted fiber optic sensor attached to the back of both the enamel
and dentin samples relies on Mach-Zehnder interferometer principle. The
above sensor, that has been used, possesses a quick response time of ~1 ms, a
speedy recovery time of 2.73 ms, as well as a high resistivity at around 1.975

nm/°C. Data were statistically analyzed by one-way and two-way analysis of
I



variance (ANOVA) at the 95% confidence level and compared by Tukey post
hoc test (a = 0.05)

Results: Two different types of lasers (Nd:YAG and Er,Cr:YSGG) have been
used to perform the in-vitro experiments. As the pulpal vitality safe limit will
determine the used laser parameters, Nd:YAG laser cavity preparation without
water cooling showed higher temperature elevation than Er,Cr:YSGG laser in
three subgroups (enamel 1mm, enamel 2mm and enamel 2mm thickness).
While the lowest temperature values were observed in (dentin 3mm)
subgroup.

Nevertheless, the applied laser beams were controlled fully to avoid the
unwanted temperature elevation via the used optical fiber sensor. The sensor
due to its unique characteristics help much in giving an in time useful
response to keep pulpal vitality.

Conclusions: The combination of highly efficient laser for cavity preparation
and fast response time, easily adapted fiber sensor will provide a potential

platform to avoid pulpal necrosis through laser dental ablation process.



List of Contents

Acknowledgement
Abstract

List of contents
List of tables

List of figures

List of abbreviations

Chapter One: Introduction and Basic Concepts

1-1 General introduction and motivation

1-2 Structure of human tooth

1-3 Heat generation in human tooth

1-3-1 Response of pulp and supporting tissue to thermal
irritation

1-3-2 Thermal irritation through tooth preparation via high-

coupled with low-torque handpieces

1-4 Laser-tissue interaction
1-4-1 Reflection
1-4-2 Absorption
1-4-3 Transmission
1-4-4 Scattering

1-5 Laser interaction mechanisms

1-5-1 Wavelength Dependent Mechanisms

1-5-1-1 Photochemical Interaction Mechanisms

1-5-1-1-1 Photodynamic Therapy

1-5-1-1-2 Biostimulation




1-5-1-1-3 Photoablation Therapy

1-5-1-2 Photothermal Interaction Mechanism

1-5-2 Wavelength Independent Mechanisms

1-6 Laser Safety Criteria and Hazard Classification

1-7 Laser Applications in Dentistry

1-8 Laser Ablation of enamel and dentin dental hard Tissues

1-8-1 Mechanism of Er,Cr:YSGG Laser Ablation of dental
hard tissues
1-8-2 Method of Nd:YAG Laser Elimination of dental hard

tissues

1-9 Methods used in determining temperature changes
1-10 Optical Fiber Sensors (OFSs)

1-11 Literature survey
1-12 Aims of the study

Chapter Two: Materials and Methods.

2-1 Materials and methods 38

2-1-1 Sample Collection 41

2-1-2 Samples Grouping 42

2-1-3 Sample preparation 42

2-1-4 Laser device 44

2-1-5 Sample Mounting and Cavity Preparation 45

2-1-6 Fiber Sensor and Temperature Measurement 46

2-2 Statistical analysis 49

Chapter Three: Results, Discussion, conclusion and Future Work

3-1 Results 51




3-1-1 Temperature Increases Examination

3-1-1-1 Temperature Increases Examination for Samples
Irradiated with Nd:YAG Laser

3-1-1-2 Temperature Increases Examination for Samples
Irradiated with Er,Cr:YSGG Laser

3-1-2 Statistical Analysis

3-1-2-1 Statistical Analysis for Group 1

3-1-2-2 Statistical Analysis for Group 2

3-1-2-3 Statistical Analysis Comparison between Group
1and 2

3-1-3 Surface Morphology

3-1-3-1 Surface Morphology of Samples Irradiated with
Nd:YAG Laser

3-1-3-2 Surface Morphology of Samples Irradiated with
Er,Cr:YSGG

3-1-4 Chemical Composition

3-1-4-1 Chemical Composition of Samples Irradiated with
Nd:YAG Laser

3-1-4-2 Chemical Composition of Samples Irradiated with
Er,Cr:YSGG Laser

3-2 Discussion

3-3 Conclusions

3-4 Future Works

References

Vi




List of Tables

] Page
Table Title
Number
Chapter One: Introduction and Basic Concepts

Table 1-1 | Typical Thermal Therapies and Relative 3
Intrapulpal Temperature Rise (IPTR)

Table 1-2 | Intraoral Temperatures estimated in-vitro and 6
Calculated Ultimate Temperature during
Ingesting of Hot Brew and Diet

Table 1-3 | Thermal Effects of Laser irradiation 16

Table 1-4 | Basic Laser Irradiation Hazards Consistent 19
with Laser Class

Table 1-5 | Laser Uses in Dentistry and its Characteristics 20

Chapter Three Results, Discussion, and Future Work

Table 3-1 | The Statistical Measurement for Temperatures 55
increases under The Effect of Nd:YAG Laser

Table 3-2 | The Statistical Measurement for Temperatures 58
increases under The Effect of Er,Cr:YSGG Laser

Table 3-3 | Comparison of The Statistical Analysis between 60
Group 1 and 2

Table 3-4 | Average roughness (sa) for enamel and dentin 66

samples

Vil




Table 3-5

The spectroscopic assignments and corresponded
positions of various vibrational bands from FTIR

spectra of human enamel

68

Table 3-6

The spectroscopic assignments and corresponded
positions of various vibrational bands from FTIR

spectra of human dentin

69

Table 3-7

The Spectroscopic Assignment and
Corresponded Positions of Various Vibrational
Bands from FTIR spectra of Human Enamel for

Group 1

71

Table 3-8

The Spectroscopic Assignment and
Corresponded Positions of Various Vibrational
Bands from FTIR spectra of Human Dentin for

Group 1

72

Table 3-9

The Spectroscopic Assignment and
Corresponded Positions of Various Vibrational
Bands from FTIR spectra of Human Enamel for

Group 2

74

Table 3-10

The Spectroscopic Assignment and
Corresponded Positions of Various Vibrational
Bands from FTIR spectra of Human Dentin for
Group 2

75

Vil




List of figures

Figure Title
No.

Chapter One: Introduction and Basic Concepts

- 1 Image from scanning electron microscope showing
igure 1- _ _ _
odontoblastic processes run in dentinal tubules.

_ Reflected-refracted-scattered-absorbed and transmitted
Figure 1-2 ) _ )
laser light when hits a tissue surface

Estimated absorption curves of various dental

Figure 1-3 || components thru various wavelengths of lasers used in || 13

dental field.

_ The mechanism of interactions of laser together
Figure 1-4 S ) ]
with biological tissues.

Figure 1-5 || Conventional structure of optical fiber.

Figure 1-6 || Total internal reflection inside an optical fiber.

Chapter Two: Materials and Methods

Materials used to prepare specimens:
A-Double sided mini diamond disk.
B-High speed handpiece.
Figure 2-1 || C-Subgingival scaler.
D-Rubber cup, pumice and low speed handpiece.
E-Metal gauge.
F-Physiological saline solution.

_ Devices used to measure the temperature rise:
Figure 2-2
(a) broadband source.




Figure 2-3 || Samples irradiated with Nd:YAG laser.

Figure 2-4 || Samples irradiated with Er,Cr:YSGG laser.

(b) optical spectrum analyzer (OSA).
(c) Top view for the SMF under an optical microscope
with magnification power (4x) magnification.
(d) balloon-like shape fiber sensor.
43

a-Schematic diagram.
b-Experimental setup of Nd:YAG laser.
Figure 2-5 |l c-Fiber sensor.

d-Experimental setup of Er,Cr:YSGG laser.

The schematic diagram of the fabricated fiber

Figure 2-6 || thermometric balloon-like shape construction.

A-Spectral response

B-Resonant dip changes’ linear fitting versus the

Figure 2-7 || temperature variation
C- Temporal response of the fabricated thermometric

fiber sensor

Chapter Three Results, Discussion, conclusion and Future Work

Temperature increases examination after laser
irradiation with Nd:YAG laser.

Figure 3-1 A-Enamel samples 1mm
B-Enamel samples 2 mm
C-Dentin samples 1mm

D-Dentin samples 2 mm




E-Dentin samples 3 mm

Figure 3-2

Temperature increases examination after laser
irradiation with Er,Cr:YSGG laser.

A-Enamel samples 1mm

B-Enamel samples 2 mm
C-Dentin samples 1mm
D-Dentin samples 2 mm

E-Dentin samples 3 mm

Figure 3-3

Bar charts represent means temperature rise when

Nd:YAG laser irradiate enamel and dentin samples.

Figure 3-4

Bar charts represent means temperature rise when
Er,Cr:YSGG laser irradiate enamel and dentin

samples.

Figure 3-5

Bar charts compare of temperature increases between

group 1 and group 2.

Figure 3-6

AFM images for enamel tissue irradiated by Nd:YAG

laser.

Figure 3-7

AFM images for dentin tissue irradiated by Nd:YAG

laser.

Figure 3-8

AFM images for enamel tissue irradiated by
Er,Cr:YSGG laser.

Figure 3-9

AFM images for dentin tissue irradiated by
Er,Cr:YSGG laser.

Figure 3-10

FTIR spectra for un lased enamel samples.

Xl



Figure 3-11

FTIR spectra for un lased dentin samples.

Figure 3-12

FTIR spectra for enamel after irradiation with
Nd:YAG laser

Figure 3-13

FTIR spectra for dentin after irradiation with Nd:YAG

laser

Figure 3-14

FTIR spectra for enamel after irradiation with
Er,Cr:YSGG laser

Figure 3-15

FTIR spectra for dentin after irradiation with
Er,Cr:YSGG laser

List of Abbreviations

Abbreviations

Term

o Coefficient of absorption
AFM Atomic force microscopy
ANOVA Analysis of variance

Cay0(PO4)sOH; Hydroxyapatite crystal

DEJ Dentino enamel Junction

DRMs Dental restorative materials

EDX Energy dispersive x-ray

FDA Food and Drug Administration

FESEM Field emission scanning microscopy
FTIR Fourier transform infrared spectroscopy
HS Highly significant

HSHPs High speed hand pieces

Wl




IPTR

Intra pulpal temperature rise

J/icm?

Joule per square centimeter (unit of energy density)

L

Penetration depth

LF technique

Laser fluorescence technique

LITT Laser Interstitial Thermal Thermotherapy
LSHP Low speed hand pieces

LSO Laser safety officer

mwW Mili Watt

MZI Mach-Zehnder interferometer

Nd:YVO4 Neodymium-doped yttrium orthovanadate
NIR Near infrared

NS Non-significant

OdP Odontoplastic processes

OFSs Optical fiber sensors

OSA Optical spectrum analyzer

R? Linear regression coefficient

RH sensor Relative humidity sensor

S Significant

SD Standard deviation

SEM Scanning electron microscope

SE Standard error

SMF Single mode fiber

SSP Super short pulse

USPL Ultrashort pulsed laser

VLP Very long pulse

V'SP Variable square pulse

W/cm? Watt per square centimeter (unit of power density)

Xl




Chapter One
Introduction and Basic

Concepts



CHAPTER ONE

Introduction and Basic Concepts
1-1 General introduction and motivation:

Previous years witnessed an expansion in the area of minimally
invasive procedures built on thermal therapies for instance: laser ablation,
high intensity focused ultrasound ablation, radiofrequency ablation,
microwave ablation, and cryo-ablation [1,2]. These procedures cause a
localized temperature increase or decrease, which can cause physical damage
or even irreversible insult to the patient [3,4]. So, although working
temperature is restricted to a relatively specific scale, temperature control is
correlated directly to the performance improvement of all these therapy
procedures [5]. A detailed measurement of tissue temperature can be
particularly useful for improving outcomes and controlling the delivered

energy environment during rehabilitation.

Notably, for therapeutic and experimental uses of lasers, precise laser
irradiation parameter [6] such as repetition rate, wavelength, energy density,
average power, peak power, intensity, as well as pulse duration are
tremendously crucial and must be selected carefully in an attempt to avoid
morphological damage, for instance, surface charring or cracking, that could
bring in esthetic, structural hurts, as well as post-operative complaint. In
addition, the pulp as well as periodontal tissues' viability is protected. The
target tissue's optical properties, such as absorption and scattering coefficients,
have a major impact on the overall heat within it. Besides that, heat transfer is
influenced by thermal tissue properties for instance thermal diffusivity,

thermal conductivity [7,8].



To improve safety and accurate monitoring, temperature sensor devices must
have a real-response time, highly sensitive, biocompatible and precision

deprived of causing any harm to the host [9,10].

The biomedical sensor related to body temperature should meet certain
criteria in specific configurations, including non-toxic sensing medium, ease
of sweeping and sterilization, and insensitivity to many further physical
parameters excluding temperature [11,12]. Traditional thermometers were
used to calculate temperatures for a long time, but they have inaccuracies in
calculation and/or a long response time [13]. Health monitoring sensor
systems based on fiber devices consume a lot of attention as potential
innovations thanks to the advancement of human-approachable smart
resources [2,14]. Fiber optics as such an effective temperature sensing feature
Is an appealing thermometric tool because it can provide accurate description,
versatility, small size, simplicity, non-harmful, corrosion-resistant, extremely
resistant to electromagnetic interference, as well as short response time in the
sub to several milliseconds scale [9,15-18]. Furthermore, these sensors can
perform distributed, sort of semi-distributed, and several points measurements,
allowing for temperature measurement in different points of tissue by
inserting a small sensor component with a simple design [2,19]. These
advantages make optical fiber sensor technology super spectacular for
temperature observing through thermal treatments. The interference
phenomenon was the basic theory used to establish responsiveness in optical
fiber sensors. The sensing head's balloon-like geometry has a number of
distinct advantages, including low cost, ease of fabrication, high sensitivity,
fast response time, and high resolution [20,21].

In both everyday life and therapeutic clinical dentistry, transmission of

heat in human tooth is a typical occurrence [22-25]. With progress in recent



current dentistry, tools having an elevated energy output (for example, dental
lasers) [26,27], light polymerization units [28-30] as well as high speed hand
pieces [31,32] have been commonly used in dental procedures. Table (1-1)
lists the currently available therapies and the corresponding intrapulpal

temperature rise.

Table (1-1): Typical thermal therapies and relative intrapulpal temperature
rise (IPTR) [33]

Temperature
Laser Treatment
rise (°C)
Laser assisted tooth ablation 2.3-24.7
Laser assisted caries prevention 1.2-4.0
xBleaching (without light/laser assisted 0.1-1.1
Bleaching (with light/laser assisted) 1.1-16.0
Polymerization of dental restorative materials 2978
(DRMs) o
HSHPs cavity preparation (without water, high
Y PIE ( : 16.4-19.7
load)
HSHPs cavity preparation (without water, low 195
load) o
HSHPs cavity preparation (with water, high load) 2.2-5.9
—1.8 (drop in
HSHPs cavity preparation (with water, low load) temperature) to
5.0




1-2 Structure of human tooth

A living human tooth is indeed multilayered structure containing
enamel, dentine, cementum, as well as dental pulp [34] with multifaceted
geometry. The enamel is really mineralized layer that is 96% mineral and 4%
water and organic components. The dentine is often mineralized layer of
connective tissue alongside a collagenous protein organic pattern [35,36], by
weight, it is made up of 70% inorganic components, 20% organic elements,
and 10% aqueous fluid. Dentinal tubules radiate from pulp chamber to the
exterior cementum or else dentino-enamel junction (DEJ) [36]; as shown in
figure (1-1). A human tooth sensory tissue as well. The pulp is indeed soft
connective tissue that contains nerve fibers ranging in diameters between 1
and 10 mm. Dentinal tubules also have included sensory nerve endings [37],
which infiltrate just about 100-150 um within the tubules from walls of pulp
cavity [38]. Those pulpal nerve endings are crucial in the detection of
temperature stimuli. In terms of development, structure, and functionality, the
dentine and the pulp are very similar [39]. Despite the fact that pulp and
dentin are anatomically and chemically distinct [36], they work as a single

unit, known as "dentine-pulp complex" [39].

Fig. (1-1): Image from scanning electron microscope showing Odontoblast

processes run in dentinal tubules [40]
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1-3 Heat generation in human tooth

In both daily life, heat transmission happens in teeth. Teeth are exposed
to wide range of temperatures (from -5 to 76.3 °C) throughout their daily lives
[41]. Table (1-2) shows intraoral temperatures estimated in vivo besides

calculated ultimate temperature during ingesting of hot brew and diet.

Excessive heating of both enamel and dentine throughout laser-tooth
interactions, however, is a big problem, as it promotes carbonization, tissue
charring, melting, and cracking for both tooth enamel and dentin, along with
pulp necrosis. Dental restorative processes are used to decrease the
polymerization periods of resin composite and minimize its polymerization
shrinkage. During these processes, teeth are exposed to the radiation of LUPSs
(e.g., halogen polymerization lamps or semiconductor diode light) and
experience substantial temperature increase of 10-18 -C within the resin and
adjacent tooth [42,43], 7.5-29 °C at DEJ [44], as well as 2-9 °C at pulpal
chamber wall [44].

Treatments with HSHPs (high speed handpieces) are performed in
dental clinics for applications such as cavity preparation. Heat is generated by
friction between the machinery (e.g., driller) and tooth, resulting in intra
pulpal temperature rise [31,32,45]. This temperature growth relies on pressure
and speed of the hand pieces [33] in addition to the cooling techniques used
[31].

Despite the fact that both enamel and dentin being predominantly made
up of hydroxyapatite crystals (Caio(PO4)sOH,), which operate as insulation
material, thermal as well as non-thermal stimulation given to dental structures
may cause pulpal reactions [31]. Unlike heat conduction in engineering

materials [46], the thermal performance of teeth is mostly a heat conduction

5



mechanism linked with dental physiological procedures (e.g., dentinal fluid
flow, pulpal blood stream) [42]. The thermophysical properties of teeth vary
between different layers (e.g., enamel and dentine) [43] and depend on their
microstructures. For instance, the thermal conductivity of human dentin
decreases with increasing volume fraction of dentine tubules [47]. The flow of
dentinal fluid in the dentine tubules upon heating (or cooling) can also
enhance heat generation within the pulp. Furthermore, while the intra pupal
temperature goes over 42°C, the rate of pulpal blood flow increases, and once
the temperature drops, it decreases [42]. The perfused blood plays an
important role in the thermoregulation of pulpal soft tissue, working as a heat

sink under heating and as a heating source when subjected to cooling.

Table (1-2): Intraoral temperatures estimated in vivo and calculated ultimate

temperature during ingesting of hot brew and diet [48].

Temperature (°C) Hot brew Hot diet
Highest a” 76.3 53.6
Mean maximum b™ | 46.4 41.6
Calculated extreme | 61.4 50.2

o

“a highest temperature calculated in one volunteer among the lower incisors.

“b Mean maximum temperature + standard deviation documented by each electrode

for the whole volunteers.

*

¢ Calculated extreme temperature got by adding binary standard deviations for the

mean maximum temperature calculated in vivo




1-3-1 Response of pulp and supporting tissue to thermal irritation

Even though external stressors for example ‘thermal irritation'- could harm
pulp tissue and produce alterations in it, a straight link connecting the
measured temperature and the actual tissue harm is not always discovered
[49]. Furthermore, determining the origin of pulpitis in clinical conditions is
challenging since this elimination of a tooth structure is followed by physical

injury and also thermal discomfort [50].

Small temperature variations (from 37 to 42 °C) can be tolerated by the dental
pulp throughout short periods of time (30 to 60 s) before causing permanent
harm. There was around 60-70% irreversible pulpitis whenever the intra
pulpal temperature increased to 11.1°C for 10 s [50]. Transitory temperature
growths of around 8.9-14.7 °C (mean, 11.2 °C) did not induce pulp injury in
further recent in vivo research on teeth of human [51]. Under many
circumstances, the pulp's microcirculation carries heat away from the pulp to
many other areas of the body, where it can be easily dissipated. Extreme
temperature increases or prolonged resistant to high temperatures, on the other

hand, will result in pulpal alterations [52].

For dental applications, prolonged thermal exposure periods must be avoided
to guard the dental pulp [52] numerous alterations can happen by heat
production, for example, tissue burning, postoperative sensitivity, and pulp
necrosis. Pulpal temperature increases with Er:YAG laser and high-speed
handpieces. Zach and Cohen reported 15% irreversible pulpal necrosis after a
5.6°C increase of intrapulpal temperature and up to 60% necrosis after an 11
°C rise [50]. The irradiated dentin's morphology has been described as having
an uneven surface with exposed dentinal tubules as well as an absence of

smear layer [53,54].



As a result, it's also possible that speed as well as time of thermal motivation,
including magnitude of rise in temperature, have a part in pulp damage, and
even that slow temperature increases could boost the threshold temperature
elevation above 5.6 °C. Nevertheless, remaining dentin thickness is yet
another crucial component impacting intra pulpal temperature increase, and in
cases involving teeth preparing as well as light curing for composite resin,
when the leftover dentin is thinner, this could create a more dangerous
condition [49].

However, due to heat dissipation via pulpal, periodontal, in addition to
osseous circulation, as well as improvements in pulp circulation by
neurological reflex, it may be hypothesized that intra pulpal temperature rises
are lower in true clinical conditions than invitro conditions [51,55].
Temperature rises on the outside of root surface during some endodontic
operations, may create a risk of injury to the cementum of the root,

periodontal ligament, as well as alveolar bone [56].

Several studies have suggested a temperature threshold which can harm
tooth-supporting tissues [56]. Since alkaline phosphatase is lysed at this
temperature, 19°C was thought to be the critical temperature rise for alveolar
bone [56]. The recovery of bone tissue after heat damage occurred via the
production of connective tissue rather than hard-tissue creation, implying that
threshold rise in a temperature indicated for bone injury was 10 °C. Sauk et al.
found that even though a lower threshold rise in the temperature, claiming that
whenever the temperature of periodontal ligament increased by 6 °C, protein
denaturation occurred, resulting in ankyloses as well as alveolar bone
resorption [57]. Although a precise temperature was not stated in some in vivo
experiments, when heat stimulation was applied to the endodontic sidewall,

localized necrosis, bone-resorption, as well as ankyloses were observed on

8



periodontal ligament [58,59]. As a result, supporting tissue of the tooth
threshold rise in temperature of 10 °C is higher than the pulp's of 5.6 °C. The
‘burn reaction,” that involves blister development, death of ectopic
odontoblasts, coagulation of protoplasm, enlargement of fluid content of
dentinal tubules, and also an increase in inward flow, seems to be the method
of pulp necrosis caused by thermal trauma. This damages the internal blood

vessels, causing vascular damage and, eventually, pulp necrosis [50].

Even though the in-vitro testing procedure, which used a thermal resistor for
stimulation and measured intra pulpal temperature, was similar to Zach and
Cohen's earlier work, there were differences in the velocity and length of the
thermal stimulation. The impulse's length was determined by a symptomatic
criterion, in other words, it was kept for around 30 s just after patient stated
that the stimulation had become uncomfortable. A progressive temperature
rise over roughly 200 s was replicated, and thus the tooth was assessed

clinically and histologically, much like in real life.

1-3-2 Thermal irritation through tooth preparation via high- coupled

with low-torque hand pieces

Because dental operations typically use hand pieces to remove tooth
structures, both high-and also low-speed hand pieces are by far the most
commonly employed. Temperature rises of 1.8 °C, 1.4 °C, as well as 0.7 °C
were observed with low-speed hand piece (LSHP), high-speed hand piece
(HSHP), then laser, accordingly, with an in-vitro research with a 0.5 mm

remaining dentin thickness [60].

Although there were no substantial differences between both the LSHP and
HSHP groups, there was even a significant finding with a lowest temperature

rises in the laser group. In an investigation done by Srimaneepong et al., [61]
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founds that the thinner remaining dentin thickness in addition to the superior
laser power, the further the temperature growth. A lesser temperature increase
was noted while utilizing a laser to remove normal tooth structure in
comparison to when working with HSHP [61]. Watson et al. founds the same
results when he utilized a water spray cooling accompanying HSHP and
LSHP to eliminate tooth structure, and they discovered a surprise drop in
intrapulpal temperature [62]. The kind of burs employed could alter the rise in
temperature; diamond bur cause bigger temperature rise than carbide bur, but
again the effect was not substantial due to water cooling [62]. Because the
reported temperature rise is very minimal, it is doubtful that tooth preparation
employing HSHP or even LSHP with water cooling produces pulp damage.
Dentists do occasionally use a LSHP device with no water spray to remove
deep caries. When cavities are prepared without cooling, the intra pulpal
elevation in temperature may exceed Zach and Cohen's proposed threshold
rise in temperature of 5.6 °C, causing pulp damage [63]. The highest intra
pulpal temperature measured for teeth treated without any water spray was
24.7 °C, compared to 3.9 °C for the teeth treated with water spray, as stated by
Attrill et al [63]. Another study found that whenever a LSHP had been used
with no cooling, the intra pulpal temperature rises to critical temperature of
5.6 °C in only 20 s just after bur makes contact with the tooth structure, while
when a LSHP has been used with water spray, intra pulpal temperature
reduction was noticed [64]. To summarize, it is vital to utilize a hand piece
with water spray cooling to reduce thermal injury to the pulp throughout tooth
preparation, and when it is used in a dried cut, the burr contact time should be
limited to 20 s.

10



1-4 Laser-tissue interaction

Laser light energy can interact along with the tissue into four diverse
ways, dependent on optical tissue properties. The laser light could be
reflected, absorbed, scattered, or transmitted once it hits a tissue surface [65],
as shown in figure (1-2). The fractional intensity which goes into those
procedures is governed by the tissue's optical properties, for instance:
absorption coefficients, scattering coefficients, reflectivity, as well as particle
size [66], in addition to the laser parameters for example: pulse duration,

wavelength, operation mode and energy [67].

Incident light
\ Scattering
Reflection / \\\‘

+ T

Abhsorption

. Transmitted

Fig. (1-2): Reflected- refracted- scattered-absorbed and transmitted laser light

when hits a tissue surface [66].

The other laser parameter is the laser light’s absorption into biological
tissue, which is particularly relevant to therapy. Absorption happens when the
energy of an incident photon harmonizes the energy difference between two
molecule’s levels into biological tissues. Laser light’s electromagnetic energy
would be converted to different energy forms after it has been absorbed by
tissue. Photon interactions with tissue molecules can cause structural tissue
alterations in this situation [68]. Some details on laser interaction with

biological tissues are explained in following sub-sections.
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1-4-1 Reflection:

This is merely the laser being redirected away from the target tissue,
without any effect on it. Since the energy redirected toward an unintentional
target, for instance the eyes, this redirection can be harmful. This is a key

safety problem for laser operation [69].
1-4-2 Absorption:

The intensity of an electromagnetic wave incident on the tissue is
weakened as it passes through a material during absorption. Absorption occurs
when light energy is partially converted into thermal motion or specific
vibrations of absorbing material's molecules. If a substance lowers intensity of
whole spectrum’s wavelengths via similar percentage, it is thought to have
general absorption. Such substance will seem grey to our eyes when exposed
to visible light. Selective absorption, from the other hand, occurs when
particular wavelengths are absorbed over others. The capacity of any medium
to absorb electromagnetic radiation is determined by a variety of factors,
including electronic constitution of its atoms and molecules, wavelength of
electromagnetic radiation, approximate thickness of absorbing layer, as well
as internal parameters such as temperature or absorbing material
concentration. Biological tissues absorption (figure 1-3), which is mainly
caused by either water molecules or macromolecules such as proteins and
pigments. Whereas absorption in the IR region of the spectrum can be
primarily attributed to water molecules, proteins as well as pigments mainly
absorb in the UV and visible range of the spectrum. Since neither
macromolecules nor water strongly absorb in the near IR a “therapeutic
window” is delineated between roughly 600 nm and 1200 nm. In this spectral
range, radiation penetrates biological tissues at a lower loss, thus enabling

treatment of deeper tissue structures [70].
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Fig. (1-3): Estimated absorption curves of various dental Compounds thru

various wavelengths of lasers used in dental field [71].
1-4-3 Transmission:

The direct transmission of laser light through tissue without any
influence on the target tissue. The laser light wavelength has a significant
impact on this effect. Just non-reflected and non-absorbed photons, as well as

forward scattered photons, would pass through the tissue [69].
1-4-4 Scattering:

Altering the path of photons inside the tissue, based on whether portion of
incoming photon energy is being transformed through scattering procedure,
the elastic as well as inelastic scattering are separated. Rayleigh scattering is
indeed a type of elastic scattering. Rayleigh scattering is indeed elastic
scattering, with the single requirement that scattering particles be smaller
compared with wavelength of the incident radiation. Brillouin scattering is
really a valuable type of inelastic scattering. It is caused by acoustic waves
traveling across a material, causing refractive index inhomogeneity. Brillouin
scattering of light to higher (or lower) frequencies occurs, because scattering
particles are moving toward (or away from) the light source. Rayleigh

scattering is no longer applicable, and a new form of scattering known as Mie
13



scattering takes its place. The philosophy of Mie scattering is somewhat
complicated, so we won't go through it here. It should be noted, nevertheless,
the Mie scattering as well as Rayleigh scattering differ in two key ways.
Firstly, compared with Rayleigh scattering Mie scattering has a reduced
wavelength dependency. Secondly, Mie scattering occurs mostly a forward
direction, while Rayleigh scattering occurs in both the forward as well as

backward directions [70].

1-5 Laser interaction mechanisms

Different interaction mechanisms might take place whenever laser light
is applied to biological tissues because of specific tissue properties and laser
parameters.
1-5-1 Wavelength Dependent Mechanisms
1-5-1-1 Photochemical Interaction Mechanism

The photochemical interaction processes are based on actual evidence
that light could cause chemical effects as well as reactions within
macromolecules and tissues. Photochemical interactions take place at very
low power densities (typically 1 W/cm?) and long exposure times ranging
from seconds to continuous wave. The photochemical interaction processes
have been used in a variety of applications [70].
1-5-1-1-1 Photodynamic Therapy

Exogenous chromospheres, also known as photosensitizes, mediate the
photodynamic treatment reaction. In this case, the light is used for activation
of molecules or drugs by a specific wavelength of the laser light. The
molecule is transformed into toxic compound, often involving oxygen-free
radical that can cause cellular death through destruction of the DNA molecule
[70].
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1-5-1-1-2 Biostimulation

This process is believed to occur at low irradiance or extremely low
laser power. It is related to enhancing certain metabolic pathways in the living
cells, for example, healing of skin lesions and relief of pain. According to
Karu (1987), local wound healing effects with helium-neon or diode lasers
may be explained by the action of low intensity light on cell proliferation. In
the area of such injuries, conditions are usually created preventing
proliferation such as low oxygen concentration or pH. The exposure to red or
near infrared light might thus serve as a stimulus to increase cell proliferation
[72].

1-5-1-1-3 Photoablation therapy

Srinivasan et. and Mayne Banton were the first to identify photoablation
(1982). They named it ablative photodecomposition, which means that when a
substance is subjected to high-intensity laser irradiation, it decomposes. It
occurs whenever laser light's energetic photons disintegrate molecules via
breaking chemical bonds. In this type of reaction, Photoablation is because of
"volume stress" according to bond breaking. Tissue removal is done in a
highly clean and precise manner, with no evidence of thermal insult for
example coagulation or vaporization. At pulse duration of laser in the
nanosecond band, average threshold values for such kind of interaction are 10’
to 10 W/cm?. The accuracy of the etching procedure and the absence of heat
damage to neighboring tissues are the key advantages of such an ablation

technology [70].
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1-5-1-2 Photothermal Interaction Mechanism

The term thermal interaction stands for a large group of interaction types,
where the increase in local temperature is the significant parameter change.
Thermal effects can be induced by either CW or pulsed laser radiation.
Temperature certainly is the governing parameter of all thermal laser- tissue
interactions. The spatial extent and degree of tissue damage primarily depend
on magnitude, exposure time, and placement of deposited heat inside the
tissue. Deposition of laser energy is a function of laser parameter: such as
wavelength, power density, exposure time, spot size, and repetition rate,
optical tissue parameter and thermal tissue parameter. In biological tissue,
absorption is mainly due to the presence of free water molecules, proteins,
pigments, and other macromolecules. The thermal effects of laser radiation

and the biological effect are demonstrated in table (1-3).

Table (1-3): Thermal effects of laser radiation [70].

Temperature Biological effect

37°C Normal

45 °C Hyperthermia

50°C Reduction in enzyme activity, cell immobility

60 °C Denaturation of proteins and collagen, coagulation
80°C Increase permeability of membranes

100 °C Vaporization, thermal decomposition (ablation)
>100°C Carbonization

> 300 °C Melting
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1-5-2 Wavelength Independent Mechanisms

When employing power densities beyond 101 W/cm? in solids as well
as in fluids or else 10 W/cm?2 into air, multiphoton ionization of molecules
and atoms may happen when the pulse duration would be into the picosecond
to femtosecond region, resulting in a phenomenon known as optical
breakdown. Generation of plasma and shock waves are the two physical
processes related with optical breakdown. Cavitation and jet formation can
happen when breakdown takes place within soft tissues or fluids.

The important feature of the optical breakdown is that it renders
possible an energy deposition not only in pigmented tissue, but also in
nominally weakly absorbing media. This means that the interaction does not
depend on the wavelength. By means of plasma induced ablation, very clean
and well defined removal of tissue without evidence of thermal or mechanical
damage can be achieved when choosing appropriate laser parameters.

With picosecond as well as femtosecond pulses, large peak intensities
can be achieved with much lower pulse energies. Optical breakdown could
still be accomplished with these extremely small pulse durations while
drastically decreasing plasma energy and, hence, disruptive effects.
Mechanical forces break the tissue throughout photo disruption. Plasma-
induced ablation, on the other hand, is spatially limited to breakdown region.
Even at the incredibly high thresholds, optical breakdown has always been
accompanied with shock wave production for nanosecond pulses [70,73]. The

laser tissue communication mechanisms are demonstrated in figure (1-4).
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Fig. (1-4): The mechanisms of interactions of laser together with biological
tissues [70].
1-6 Laser Safety Criteria and Hazard Classification

Lasers are classified into various categories based on beam's power or
energy as well as the wavelength of generated light. The potential for
producing flames from exposure directly to the beam or reflections from light
reflective surfaces, is used to classify lasers. Labels applied to commercialized
lasers are used to classify and identify them. When a laser is made on campus
or becomes unlabeled, the laser safety officer (LSO) should indeed be
consulted to determine the proper laser categorization and labeling. Lasers are
categorized using the physical properties of wavelength, power, and duration
of exposure [74]. The classification is built upon the power of beam output or
laser’s energy. Essentially, the categorization is meant to define the laser's
ability to cause injury to people. The bigger the potential hazard, the larger the
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categorization number. Basic laser hazards irradiation hazards consistent with

the laser class [75] are shown in Table (1-4).

Table (1-4): Basic laser irradiation hazards consistent with the laser
class [75].

Class | Safe, due to very low radiant emission.

Class 11 (Covers visible emission only) Possible eye hazard other than for
ass
accidental momentary viewing.

Eye hazard if magnifying viewing instruments are used to view
Class Illa _
or intercept the beam.

Hazard to the unaided eye. The viewing of diffuse reflections is
Class I11b | normally safe. It Can also exceed the skin safety threshold, but

would not be expected to cause serious harm to the skin.

Class IV Eye and skin hazard. Diffuse reflections may also be hazardous.
ass
Possible fire and fume hazard by interaction with target material.

1-7 Laser Applications in Dentistry

Laser uses in dentistry are numerous and depend on the type of laser
used. These lasers are diverse from the cold lasers that utilized in phototherapy
for pain relief, headaches, and inflammation to elimination of tooth's decay and
prepare the enamel surrounding for receiving of the filling. The most important

lasers that uses in density are demonstrated in table (1-5).
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Table (1-5): Laser uses in dentistry and its characteristics [76].

Wavelength o
Laser type Waveform | Applications
Nm
Gated (or Soft-tissues incision and ablation*;de-
CO, 10,600 interrupted or | epithelialization of gingival during
continuous) | periodontal regenerative procedure
Caries removal, cavity preparation in
enamel and dentin, U.S.FDA**
Er:-YAG 2940 Pulsed
clearance for use on cementum and
bone; root canal preparation
Enamel etching, caries removal, cavity
preparation, cutting bone in vitro with
Er,Cr:YSGG 2780 Pulsed no burning, melting or alteration of the
calcium: phosphorus ratio, root canal
preparation
Ho:YAG 2100 Pulsed Soft-tissue incision and ablation*
Soft-tissue incision and
Nd:YAG 1064 Pulsed S _
ablation*:incipient caries removal
Gallium -
) Pulsed or _ o )
Arsenide (or 904 ) Soft-tissue incision and ablation*
_ continuous
Diodes)
Pulsed or Curing resins; soft-tissue incision and
Argon 457 to 502 _ _ _
continuous | ablation*; bleaching

*. including gingival troughing esthetic contouring of gingiva, treatment of oral ulcers,

frenectomy, gingivectomy.
** EDA: Food and Drug Administration
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1-8 Laser Ablation of enamel and dentin dental hard Tissues

1-8-1 Mechanism of Er,Cr:YSSG Laser Ablation of dental hard Tissues

Many researchers have been attracted to laser ablation of both enamel and
dentine during cavity preparation because it is deemed safe, lowers pain,
loudness, vibrations as well as discomfort in patients. Due to improvement in
its usage in dental tissues, the Erbium:yttrium aluminum-garnet (Er:YAG)
(2.94 pum) as well as Erbium, Chromium: yttrium scandium gallium garnet
(Er, Cr:YSGG, 2.78 um) lasers are being extensively explored [77]. The
Er:YAG laser had first been characterized in 1989 as having the ability to
remove dental hard tissues deprived of generating thermal negative effects on

the residual dental tissues, like cracking or charring [54,78]"

Er,Cr:YSGG laser generates photons with wavelength of 2.78 um, that are
extensively absorbed by water and hydroxyapatite crystals, which are the main
components of tooth structure [79]. When laser energy being concentrated on
the tooth, surface layer of tooth, as well as water within it, is rapidly heated.
This water vaporizes nearly instantly, and also the steam causes the irradiation
volume to grow. The material splits as the expansion exceeds crystal strength
of tooth structures. This explosive release of ablated debris begins shortly just
after laser irradiation begins and continues till the power is reduced. Because
the ablation is done swiftly, only a little quantity of heat is transported to the
neighboring tissue. Leftover tissue volumes at crater base and tooth structure
illuminated at energy level slightly underneath the threshold of ablation are
responsible for heating of a tooth which really does occur. As laser energy is
boosted, the ablation threshold gets lowered, which speeds up the ablation
time and minimize thermal side effects. Another point to be considered is that
as whenever the energy level rises, so does the velocity profile of the ejected

material, resulting in more profound effect on the intended location. The
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increased effect causes more mechanical withdrawal symptoms, with higher
irradiation, plasma is also generated, reducing efficiency significantly.
Covering the operating area with a fine film of water is indeed a convincing

way to reduce heat without adding energy [80].

The resulting high stream pressure leads to the occurrence of successive

microexplosions with ejection of tissue particles [70,81].

The microexplosions are characteristics of the ablation process and determine

the microcrater like appearance of the lased surfaces [78] .

So that, the ablation of tooth structure is achieved via a themomechanical
ablaion, with the majority of incident radiation is consumed in the ablation
process, leaving very little residual energy for adverse thermal effects on the

pulp and the surrounding soft and/or hard tissues [82].

Fast subsurface expansion including its interstitially stuck water inside
mineral substrate generates a tremendous volume expansion, which causes
adjacent material to be ablated away. A small amount of heat energy is
delivered to the remaining neighboring tooth structure due to water spray as
well as short pulse length [83]. When laser interacts with dental tissues,
popping sound produced with all erbium lasers. The photoacoustic impact is
the name given to this popping noise. The pitch and the resonance of such a
sound wave depends greatly on whether the tooth is decayed or not [84,85].
This photoacoustic outcome is feature of pulse duration that is short (100-250
us) as well as high energy density [86]. In complement to a photoacoustic
impact, erbium lasers have bactericidal impact, identical to other wavelengths
[87-89]. Water within bacterial cells absorbs the erbium wavelength, as well
as the cells encounter the same liquid-into-steam evaporation seen throughout

hard tissue ablation [90]. One of extra benefits for employing lasers
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throughout soft and hard dental tissues treatment is eradication of
microorganisms. Hard tissue lasers biophysics have always been and

continues to be a contentious topic.
1-8-2 Mechanism of Nd:YAG Laser Elimination of dental hard Tissues

Nd:YAG laser stands for Neodymium: yttrium-aluminum-garnet, which is
a yttrium-aluminum-garnet crystal (YAC) that has been doped with
neodymium. The laser operates in the infrared band (1.06 um) thus, similar to
CO; lasers, is invisible [91]. The Nd:YAG laser has the benefit of being able
to be transported through a fiber and supplied as a result using fiber optic

technology. They have unrestricted access to the mouth [73].

The Nd:YAG laser is being appealing to pigmented tissue, owns varying
degrees of light scattering in addition to tissue penetration, low degree of
absorption, nevertheless no reflection. This laser may be utilized in both
contact as well as non-contact mode, and that's a great tool for tissue
coagulation, ablation, and incision. The Nd:YAG laser with a wavelength of
1064 nm may penetrate water to a distance of 6 cm before attenuating to 10%
of its initial intensity. As a result, instead of being absorbed on tissue surface
and so is the case with CO, laser radiation, the energy is dispersed in soft
tissue. However, because this wavelength is drawn to colors, dispersion is
roughly twice as high as absorption in densely colored soft tissue like skin.
The Nd:YAG laser's heating impact is appropriate for ablation of possibly
hemorrhagic aberrant tissue, as well as hemostasis of tiny capillaries and

venous vessels [92].

However, because the surface color of, tissue is not a dependable sign of
heat injury, the scattering effect makes assessing the depth of diffusion more

difficult, especially into pale colored tissue. Whenever the device was utilized
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to eliminate the smear layer off dental roots in vitro, there was a considerable
increase in intra pulpal heat injury [93,94]. The contact tip provides tactile
feedback for the surgeon, which is not accessible with non-contact Nd:YAG
or carbon dioxide lasers or Er:-YAG lasers. However, the degree of tissue
damage was still higher than with a standard scalpel [95]. Using specially built
hand pieces having contact and non-touch probes, the Nd:YAG laser system,
intended and advertised for oral a well as dental applications, which can
provide up to 3 w of power. In 1990, the FDA approved it all for oral tissue.
The FDA, on the other hand, has prohibited any laser producer from claiming

that it can disinfect an area or that it is harmless [96].

Water does have an absorbance peak in the Nd:YAG lasers wavelength
range, but the major or biggest absorbance peak is in the 3 um range, which is
why Er:YAG is used. Water absorbs the YAG laser efficiently [70]. The
coefficients of absorption (o) and the depth of penetration (L) of Nd:YAG
laser is 0.61 cm™ and 1.6 cm accordingly into water, whereas for Er:YAG
laser a is about 12000 cm™ and L matches to 0.00008 cm into water [70],
whereas in the tissue the depth of penetration for Nd:YAG laser span 2-5

millimeter in the tissue [76].

Because the Nd:YAG laser absorbs effectively in pigmented tissue, a
decayed lesion could be considered a pigmented tissue, and thus the Nd:YAG
laser could be utilized to treat incipient caries. Some have suggested that
photo absorbing black dyes be applied topically to the tissue to improve
energy uptake on the surface [76,97] Meanwhile, due to heat condensing and
subsequent evaporation of organic components of tissue, which results in
tissue carbonization, vaporization throughout healthy tooth structures cavity
preparation using Nd:YAG laser would take much longer. These carbonized

layers will boost Nd:YAG laser absorption [76].
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1-9 Methods Used in Determining Temperature Changes

A sum of methods has utilized when quantifying changes in temperature in

vitro including:

1. Infrared thermography [98] by means of infrared apparatus quantifying
temperature beginning from 0-500 °C that has three channels in order to
record ambient temperature, humidity of room, and measured temperature of

the surface.

2. Thermocouple measurements using tooth sections [78,99] as well as a
thermocouple measurement among whole teeth that could be placed on the
outside surface of the tooth or else placed into the pulp chamber by utilizing

thermocouple probe which attached with thermometer [63].

3. Thermistor is a resistance thermometer, or a resistor whose resistance is
dependent on temperature. The term is a combination of “thermal” and
“resistor”. It is made of metallic oxides, pressed into a bead, disk, or
cylindrical shape and then encapsulated with an impermeable material such as

epoxy or glass.

The previous surveys show that the measured of the temperature rise have
been employed throughout composite resin polymerization utilizing a
thermistor [100,101], thermocouples [29,102-106] as well as infrared
thermography [55,107]. These investigations, on the other hand, exclusively
assessed temperature changes at the lower surface of composites [100,102],
[101], at the pulpal wall of dentin [29,104,105] or at the middle region of
composites[103,106]. Lately, Chang et al. [108] was used the infrared
thermography, which the researchers assessed the polymerization temperature
across multiple locations anywhere along external surface of such Class Il

cavity based on the curing depth as well as proximity to the cavity wall . A
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thermal image could now be captured using a thermos camera, which can then

be registered and analyzed using scientific imaging software [109].

Now a days, all optical fiber founded temperature sensor applications have
progressed amazingly and is now begun to truly challenge other traditional
temperature sensors, since it is founded on bulk structures or materials [13].
Furthermore, they are good enough for accomplishing distributed as well as
multi-point analysis, which allow for the monitoring the temperature in
different points of ambiguous tissue via insertion of condensed sized, facile
structured sensor appliance. [2,19]. In addition to the mentioned appreciated
properties, optical fiber sensors have also good accuracy (finer than 1°C), high
sensitivity, cost efficacy, conciseness, soundness, possibility of distant
sensing, high-rise sensitivity, as well as vulnerability to electromagnetic
interference. Furthermore, they are chemically plus biologically passive and
could be joint with complex setups for real time multi parametric sensing
[110,111].
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1-10 Optical fiber sensors (OFSs):

Fiber optic cable is indeed a dielectric waveguide that is flexible and
transparent and has various protective coatings. It is made up of 2 cylindrical
rods, usually composed of plastic or glass, that have differing doping levels. A
transparent core (with a diameter of almost 5-100 pum) is wrapped by a
cladding with a somewhat reduced refractive index (almost all of the cladding
does indeed have a diameter of approximately 125-200 um) within those
fibers. An extra plastic coating of buffer layer is applied to the cladding
providing environmental protection as well as mechanical support [112]. A
typical cross section of conventional single mode fiber is shown in figure (1-
5). Optical fiber has indeed been widely used as a waveguide because of its
resistance to electromagnetic field influence and minimal signal loss. When
light is transmitted via the two ends of the fiber, it propagates contained
within the core due to the phenomena of "total internal reflection”. Total
internal reflection happens when the incidence angle is larger than the critical

angle, as according Snell's law [113], as revealed in figure. (1-6).

Strength Member

Cladding

Outer Jacket Coating

Fig. (1-5): conventional structure of optical fiber [113].
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Fiber Works By “Total Internal Reflection”

Light Rays Total Internal Reflection
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Fig. (1-6): total internal reflection inside an optical fiber [113].

Optical fiber sensors (OFSs) witnessed rapid development in the fields of
optoelectronics as well as the optical fiber communication [114]. Optical
fibers have been used as recognizing devices in a variety of sensing
applications, including medical sciences [115], natural configurations [116],
biological group [117], analytical chemistry [118], environmental condition
[119], as well as additional physical parameters [120]. Because OFSs offer
various magical benefits over electronic sensors let’s say it can merely be
incorporated inside structures because of to their comparatively small size as
well as cylindrical geometry, creating what is recognized as smart
configurations. These are in addition purely dielectric; consequently, they are
appropriate to be utilized simply in hazardous zones, as well as are resistant to
electromagnetic interference. Furthermore, they are tough, lightweight, plus
have broader bandwidths in addition to these advantages; enrichments in the
sensitivity along with cost reduction have been also momentous interest in
OFS during the latest decade [121].

Generally, at curves in their courses, optical fibers experience radiation
losses. This really is owing to the evanescent field's energy surpassing the

cladding's light velocity at the curve. Bends are divided into two types: Macro
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bend loss which refers to losses generated in bends around mandrels of a
specified diameter. Microscopic bends with radius of curvature approximating
to the fiber radius mustn't be produced in the fiber cabling process. These so-
called micro bends loss denotes to specified minimum scale "bends" in the
fiber, often from pressure applied on the fiber itself. But on the other side,
Mach—Zehnder interferometric structures founded on macro bent optical fiber
(e.g. balloon-like shape, U-shape, S-shape, etc.) have been extensively studied
for constructing miniature RH sensors owing to their cost efficacy, system
easiness, no need for preprocessing, suitable accuracy, as well as greater
constancy, which severely releases their usefulness in definite sensor systems,
as well as their capacity to sweep large field with excellent measurement
repeatability [122-125]. In the present work, the balloon-like fiber
construction comprises a division of SMF and also a capillary tube to boost
twisting  SMF hooked in balloon-like configuration, which is modal
interferometer founded on MZI principle could be created with a proper
bending radius. As light signal travels through the bent part, the MZI begins to
work, allowing portion of the light to escape the core border and enter the
cladding. At the bend's waist, light would couple back through fiber core. The
modal interference is formed by the variation in optical pathway length
between both the cladding as well as core modes [113,126]. Essentially, the
usual one achieves this deformation by bending the fiber into a series of circle
or semi-circle shapes with small bending radii. So, many bend path leads to
repeat this process and then more improvement in the sensor sensitivity
[127,128]. Additionally, this basic idea behind these sensors relies on that, as
the fiber is bent over a critical diameter, the optical energy of the guided mode
suffers loss as long it travels along the bent section because of the sudden
variation in the critical angle [129]. Bending loss in optical fiber is determined

by the fiber's characteristics, the surrounding medium in contiguity with the
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bent region, and the bending curvature diameter, which have to be precisely

modeled for sensing application [130].

Furthermore, the dimensions are particularly delicate to the measuring of
numerous physical characteristics such as temperature, additional to the
refractive index of both fiber core as well as cladding. Thermal expansion
coefficient, photo-elastic characteristics of silica fiber, fiber core refractive
indices, and diameter of the core, intrinsic thermo-optic impact coefficients,
and fiber length all seem to be heat dependent. Henceforth, the spectral shift
for the transmitted spectrum within the fiber alters together with the

surrounding temperature [131].
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1-11 Literature survey:

Throughout laser ablation, heat generation must be considered. Painful
sensations are possible, especially when laser ablation is performed near
pulpal tissues. As dentine pulp complex can be irreversibly damaged by heat.
It is necessary to investigate the role of residual dental tissue thickness in the

heat changes observed in pulp tissue.

In 2010, Laura Emma et .al. [132] after irradiation using Er:YAG
laser having energy of 100 mJ, fluence of 12.7 J/cm?, and along with 150 mJ
energy, fluence of 11 J/cm?, at 10 Hz with water spray, the structural and
morphological alterations of the enamel were investigated. The AFM images
showed cracks with depths between 250 nm and 750 nm for Groups Il and IV,
respectively, and the widths of these cracks were 5.37 mm and 2.58 mm. The
interior of the cracks showed a rough surface. The SEM micrographs revealed
morphological changes. Significant differences were detected in Ca, P, and Cl
in the crater and its periphery.

In 2011, Al Qaradaghi et al. [133] found that reducing remaining
dentin thickness resulting in a greater intra-pulpal temperature rise. Results
showed that laser ablation caused less temperature rise than conventional bur
during cavity preparation taking into account the invitro temperature rise of
class V cavity preparation. The maximum temperature variation for Er;YAG
laser and conventional bur were 2 °C and 3 °C respectively in 1mm depth, and
2 °C and 4 °C respectively in 2mm, temperature elevation less than 5 degree C
considered non threaten to pulp tissue. (Zach and Cohen,1965) nevertheless

Er:YAG laser showed a better results than conventional bur.

In 2012, Janez Diaci and Boris Gaspirc [134] stated that erbium
lasers provide the safest as well as most efficient solutions among the

available Erbium laser equipment, Er:YAG and Er,Cr.YSGG, offers
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maximum absorption characteristics, along with cold ablation achievable
when using minimally invasive small pulse energies. When used on hard
dental tissues, the Erbium laser energy heats up the water within the hard
tissue and causes that water to be turned into steam. This causes a mini-
explosion to occur and the hard tissue is "ablated” (removed). Ideally, the
remaining dental tissue beneath should not be affected by the Erbium laser
ablation, thereby allowing precise control and minimal damage to the
surrounding tissue. The Erbium lasers attained their original target to
supplement as well as improve the confines of the traditional mechanical

devices in the dentist’s office.

In 2013, Marina et al. [135] The infrared pyrometer used
(RAYMIC20LTCB3V, Raytek Co., Santa Cruz, CA, USA) allowed non-
contact infrared temperature measurements between —40 and 600 °C. Its
sensing head was coupled to an aluminum structure, in which an aperture of 4
mm diameter was drilled. The sample was positioned on this aperture, and its
upper surface irradiated. Concomitantly, the temperature radiation emitted
from the opposite surface was directed to the sensing head by an aluminum
mirror. The temperature profile over time was recorded by a computer and the
device software (Marathon MI Series 4.7.5, Raytek Co.). Using this sensor,
identification of the feasibility of using ultra-short pulsed lasers (USPL) in
restorative dentistry while keeping the well-known effects of lasers for caries
eradication and also avoiding drawbacks for instance thermal insult of the

treated substrate was done.

In 2014, Cantekin et. al. [136] compared temperature rises in the pulp
chamber induced by halogen, plasma arc, and conventional light-emitting
diode (LED) curing units with that induced via a new generation LED-curing

unit (VALO) in extra power mode. a thermocouple wire (AB 25 NN,
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Thermocoax, Heidelberg, Germany) was inserted into the pulp chamber of
each tooth to measure temperature changes. The wire maintained immediate
contact with the dentin via a thin layer of silicon oil-based thermal joint
compound. The greatest temperature increases were observed during
polymerization of composite resin with a halogen curing unit (3.2 degrees
Celsius), followed by plasma arc curing (2.07 degrees Celsius) and VALO
curing (1.44 degrees Celsius); the lowest temperature rise was with

conventional LED curing (1.01 degrees Celsius).

In 2015, Runnacles et.al. [137] evaluated pulp temperature rise in
human premolars during exposure to a light curing unit using selected
exposure modes. A wireless, NIST-traceable, temperature acquisition system
(Temperature Data Acquisition — Thermes WFI, Physitemp Instruments Inc.,
Clifton, NJ, USA) was used. All emission modes produced higher peak pulp

temperature than the baseline temperature (p < 0.001).

In 2016, Andreatta [138] evaluated the temperature variation inside
the pulp chamber during light-activation of the adhesive and resin composite
layers with different light sources. The variation of pulp chamber temperature
was measured with a K-type thermocouple sensor connected to a CPM-45
thermometer (Contemp, Sdo Caetano do Sul, SP, Brazil). The thermocouple
was inserted into the pulp chamber and placed in the center of the cavity in
contact with the inner axial dentin wall. Higher temperature increases were
observed with the adhesive and the first resin composite increment light-

activation, regardless of the employed light source.

In 2017, Cleide et. al. [139] evaluated intra-chamber temperature
increase on 12 standardized teeth extracted human teeth exposed to 670 nm
wavelength laser diode. Type-K thermocouple wire with a 0.5 mm diameter

probe was inserted into the tooth pulp chamber (ICEL-Manaus-brand). The
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laser device (lasotronic-brand InGaAlP) laser diode was used to irradiate tooth
enamel, perpendicularly to the external surface for 30 secs, with power of
levels of 340, 272, 204, 136, and 68 mW. The measurements were taken at
three time points: 0, 30 secs, and 3 min after the laser irradiation. The highest
AT (AT =final temperature—initial temperature) values obtained were
observed to incisors with 340 mW, 272 mW; 204 mW of power (respectively
4.7°C, 4.2°C, and 3.1°C); and canines presented the lowest AT (0.8°C-0.3°C)

with no influence of power output.

In 2018, Fan et. al. [140] compared pulp chamber temperature changes
of Nd:YAP laser, Nd:YAG laser and semiconductor laser with the same
power during dentin hypersensitivity treatment, and evaluated the safety of
these three laser treatments for dentin hypersensitivity. Thermocouple
thermometer was used to record the temperature changes in the pulp chamber.
The smallest temperature rises was in the Nd:YAP laser group, followed by
the semiconductor laser group, and the temperature rise was highest in the
Nd:YAG laser group, but it was still lower than 5.5 ° C that could cause pulp

Nnecrosis.

In 2019, Ra'fat [141] studied the effect of cooling water temperature
on the temperature changes in the pulp chamber and at the handpiece head
during high-speed tooth preparation using an electric handpiece. The
temperature changes in the pulp chamber and at the handpiece head were
recorded using K-type thermocouples connected to a digital thermometer. The
average temperature changes within the pulp chamber and at the handpiece
head during preparation increased substantially when no cooling water was
applied (6.8°C and 11.0°C, respectively), but decreased significantly when
cooling water was added. The most substantial drop in temperature occurred

with 10°C water (—16.3°C and —10.2°C), but reductions were also seen at

34



23°C (—8.6°C and —4.9°C). With 35°C cooling water, temperatures increased
slightly, but still remained lower than the no cooling water group (1.6°C and
6.7°C).

In 2020, Kamath et. al. [142] had used a laser-guided IR thermometry
like an auxiliary method for assessing pulp vitality between vital as well as
non-vital teeth. There were no significant changes in baseline temperature.
Vital teeth however have better surface rewarming as compared to non-vital or
diseased teeth. Laser guided IR thermometry on the other hand, have excellent
surface rewarming than non-vital and diseased teeth. It is a simple and reliable
technology which can be used like a routine pulp vitality check in a clinical
setting. Infrared Thermography's non-harmful nature may also contribute to
enhanced collaboration and patient compliance throughout diagnostic

procedures.

In 2021, Kaushik et al. [143] evaluated and compared the changes in
pulp chamber temperature during direct fabrication of provisional restorations
in maxillary central incisors after using three different cooling techniques
using K-type thermocouple wire that inserted in the tooth and secured at the
pulpal roof using amalgam. Teeth were sectioned 2 mm below cementoenamel
junction and a. Putty index filled with DPI tooth molding resin material
[polymethyl methacrylate (PMMA)] was placed on the tooth and temperature
changes per 5 seconds were recorded by temperature indicating device for the
control, on—off, precooled putty, and dentin bonding agent (DBA) group. The
highest mean obtained was of the control (11.04°C), followed by DBA group
(9.53°C), precooled putty group (6.67°C), and on-off group (1.94°C).
Precooled putty index group took maximum time to reach the baseline

temperature (847.5 seconds).
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1-12 Aims of the study:

1. To establish the efficiency of a novel technique of temperature

measurement using optical fiber sensor that possesses ultrashort response time

2. For instant measurement of temperature rises in dental tissues after laser

radiation.

3. To examine the impact of Nd:YAG laser with wavelength of 1064
nanometer and Er,Cr:YSGG of 2780 nanometer wavelength on pulpal vitality,

during cavity preparation on the buccal surface of samples.

4. Establish the standards for dentists and laser manufacturers (healthcare
professionals) that should be followed to decrease the probability of pulpal

necrosis while handling the tooth structure for cavity preparation purposes.
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8.
9.

Chapter Two
Experimental Methodology

2-1 Materials and Methods

All information of our work, materials, methods, and preparations will
be described comprehensively in the following sub-sections. But firstly, the
most important specimens and devices that are used in the present work are
listed as follows:

A total of 110 healthy, caries-free human maxillary and mandibular premolar
teeth were extracted for orthodontic purposes.

Nd: YAG laser (Quantel Brilliant b), France.

Er,Cr:YSGG laser (Waterlase iplus, BIOLASE Technology, USA).
Er,Cr:YSGG laser handpiece with fiber containing 600 um in diameter (tip
model: ZipTip MZ6 6mm) .

Physiological saline solution, Iraqg.

Double-sided mini diamond disk with a flexible 0.15 millimeter thickness
(handpiece tip), Brazilian.

Fissure bur made of carbide (straight fissure, 8-fluted and 0.9 millimeter
diameter), China.

Clamp.

Convex lens of 5 cm focal length, Iraqg.

10. 3-D linear- computer-controlled micrometer translation stage. Custom made,

Iraq.

11. Hot plate of changeable temperature, China.

12.VVacuum chamber. Custom made, Irag.

13. Heat conductive paste (carbon paper), Irag.

14. Metal gauge. China.
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15. Yokogawa AQ6370 optical spectrum analyzer (OSA) with 0.02 nm
resolution, Japan.

16. Broadband light source (Thorlabs SLD1550S-A1) with a wavelength range of
1450-1650 nm, USA.

17. Rubber cup, Switzerland (Products Dentaires S.A.).

18. Sub gingival ultrasonic scaler, WOODPECKER HW-5L, China.

19. Rail.

20. High-speed handpiece (conventional drill) (NSK PANA-MAX) with water
spray, Japan.

21. Low-speed handpiece with water spray (NSK EX-203C), Japan.

22. Single mode fiber, coring (SMF-28). USA.

23. Capillary tube. Jordan.
In this experiment, fiber optic grounded on the balloon-like construction was

used as temperature sensor.
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Fig. (2-1): Materials used to prepare specimens (A) double sided mini
diamond disk. (B) High speed handpiece, (C) subgingival scaler, (D) Rubber

cup, pumice and low speed handpiece, (E) metal gauge, and (F) Physiological

saline solution with teeth samples.

Fig. (2-2): devices used to measure the temperature rise: (A) broadband
source, (B) optical spectrum analyzer (OSA), (C) Top view for the SMF under
an optical microscope with magnification power (4x) magnification, and (D)

balloon-like shape fiber sensor.
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2-1-1 Sample Collection

In this work, non-carious maxillary and mandibular 1% and 2" premolar
teeth extracted for orthodontic reasons were collected and preserved in saline
solution at room temperature. Then, for removing any calculus deposits, these
specimens were scaled using ultrasonic scaler, then polished with pumice and
rubber cup

In the first step, the collected teeth were checked using a magnifying

lens to rule out any teeth having surface cracking out of the study.

2-1-2 Samples Grouping

The collected 110 teeth samples were grouped into two major groups, which
each group consists of 55 of teeth samples:

- The 1st group represents samples irradiated with Nd:YAG laser.

- The 2nd group represents samples irradiated with Er,Cr:YSGG laser.

Then, each of the above groups was subdivided into subgroups, which each
subgroup consists of 11 teeth that subdivided as:

- Group 1: Consists of temperature changes in 1 mm thickness of enamel hard
tissue.

- Group 2: Consists of temperature changes in 2 mm thickness of enamel hard
tissue.

- Group 3: Consists of temperature changes in 1 mm thickness of dentin hard
tissue.

- Group 4: Consists of temperature changes in 2 mm thickness of dentin hard
tissue.

- Group 5: Consists of temperature changes in 3 mm thickness of dentin hard

tissue.
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2-1-3 Sample Preparation

Freshly extracted caries-free upper and lower premolars, extracted for
orthodontic purposes, were collected. The teeth were extracted for orthodontic
purposes from various patients with age range (10-Y° years) and preserved at
room temperature in a physiological saline solution. The patients had
informed that extracted premolars would be used in an in-vitro experiment.
Scaling and polishing of teeth was done to remove any calculus deposits and
stains that were present. Teeth were segmented longitudinally to their long
axis, using a flexible 0.15 mm thickness double-sided mini diamond disk
(handpiece tip), and pieces of about 4 mm thickness were got. Then these
pieces were reduced using low-speed dental handpiece carbide fissure bur
(straight fissure carbide bur, 8-fluted, 0.9 mm diameter), utilizing a grinding
system (low-speed handpiece, rpm 20,000, EX203C) by water spray, till a
thickness of 1, 2 and 3 mm was attained. Samples were preserved in purified
physiological water saline throughout the experiment. Using Nd:YAG laser,
standardized cavities (4x3 mm mesiodistally) were prepared on the buccal
surfaces of half of the specimens. For Nd:YAG laser, teeth were painted (blue
areas) with heat-conductive paste (carbon paper) to facilitate the absorption of
laser energy (white areas) throughout laser irradiation as shown in figure (2-
3). Then by using Er,Cr:YSGG standardized cavities were prepared on the

buccal surfaces of the other half of the specimens. See figure (2-4).
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Fig (2-4): samples irradiated with Er,Cr:YSGG laser.
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2-1-4 Laser Device

In this experiment, teeth samples had irradiated by two lasers. The first laser
Is infrared Q-switched Nd:YAG laser of pulse duration 9 ns, a 10 Hz
repetition rate, and a total energy of 850 mJ and an average power of ~8.5 W.
These samples irradiated with Nd:YAG laser using heat conductive paste
without any cooling or water spray. The laser head is placed at 10 cm from the
dental hard surfaces, a 5 cm focal length lens was used to concentrate the laser
beam on the sample. The spot size of the laser pulse is 1 mm fixed at constant
distance which is important to confirm a steady beam diameter for each

ablated sample.

The second laser is Er,Cr:YSGG (Waterlase iplus, BIOLASE Technology,
USA) with 2.78 um wavelength, pulse duration of 60 us, energy of 260 mJ,
repetition rate of 15 HZ and power of 4 W have been inspected but in the
situation of damp ablation. Cooling off all through the cavity preparation has
been done with rate of water spray 50% and 80% air. In a non-contact mode,
laser irradiation was conducted perpendicular to the specimen' buccal surface
at a distance of 2 mm from the laser tip. Each tooth was irradiated for total of

15 s. The experimental setup is shown in figure (2-5).
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Fig. (2-5): (a) schematic diagram, (b) the experimental setup of the Nd:YAG
laser, (c) fiber sensor, (d) the experimental setup of Er, Cr: YSGG laser.
2-1-5 Sample Mounting and Cavity Preparation.

For Nd:YAG laser, the samples are fixed on a 3-D linear, computer-
controlled micrometer translation stage to shift it along the ray axis of the
focused pulsed laser. As utilizing this scanner system, rectangular cavities
with a 4 mm length are made in the non-contact mode. The schematic diagram
of the present experimental setup is shown in figure (2-5 a,b,c).

While, for Er,Cr:YSGG laser irradiation was performed perpendicular

to the buccal surface in non-contact mode with fixed at distance of 2 mm
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away from the laser tip. The laser handpiece was fixed by clamp to ensure
consistent distance and subsequently constant energy density and spot size.
The entire period of irradiation for each sample was 15 sec. Diagram of the
present experimental setup is shown in figure (2-5 a, c, d.).

2-1-6 Fiber Sensor and Temperature Measurement

During cavity preparation, temperature measurements are performed
using a temperature fiber sensor attached to the back of the samples. The fiber
thermometric balloon-like shape construction setup is shown in figure (2-6).
This system consists of a broadband source of light having a wavelength
range between 1450 and 1650 nm that is combined with sensor head at the
lead-in to deliver light into the balloon-like shape construction, whereas the
lead-out of the fiber sensor is united to an optical spectrum analyzer (OSA,
Yokogawa AQ6370) having a 0.02 nm resolution for examination of the
temperature variation.

Firstly, to verify the sensitivity/responsivity of the fabricated fiber
thermometric balloon-like shape construction for temperature, the sensor head
was positioned in contact with the hot plate surface with changeable
temperature. The examination had performed through raising the temperature
starting from 21 °C to 33 °C in stages of 2 °C utilizing the temperature-
measured cavity. The spectral examination, the linear fitting of resonant dip
shifts versus the temperature variation as well as the time response are
examined as shown in figure (2-7).

From these results, it can be found that the fabricated thermometric
fiber sensor exhibited a great sensitivity of about 1.975 nm/°C, a high linear
regression coefficient (R?) of 0.993, and a fast response time. Additionally,
there is about a 2 nm shift in the resonant wavelength for each rising 1 °C.

This sensor possesses a rise time of 1.45 ms, a recovery time of 2.73 ms, and
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a fast response time of about 1 ms. For more details about the operation
principle of the proposed sensor, see ref. [20,123,128].

Therefore, the laser heating temperature of the dental hard tissue was
analyzed using the thermometric fiber sensor above. Using translation step,
the tip of fiber sensor was aligned to the laser beam's optical path for all
measurements. To determine the base line value, temperature measurements
began 1 s before the ablation process began. At intervals of 1 s, additional
temperature measuring values were calculated until the maximum
temperature reading reached. All measurements were performed in a room
where a constant temperature of 21 °C was observed by an air conditioning

system.

/? <X
/ } T - : Polymer
\{ d Capillary Tube Clz(l(:l:g

\ J Coremode  ——
\l" d Cladding mode

P

>

v

Fig. (2-6): The schematic diagram of the fabricated fiber thermometric

balloon-like shape construction.
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Fig. (2-7): (A) Spectral response, (B) Resonant dip changes' linear fitting

versus the temperature variation, and (C) Temporal response of the fabricated

thermometric fiber sensor.
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2-2 Statistical Analysis
Data were investigated using one-way analysis of variance (ANOVA) test.
Analyses were conducted at a significance level of a = 0.05. For statistical
analysis, SPSS package Statistics (v 23/ France) was used. The statistical
analysis consists of:
1-  Descriptive Statistics:
. Means
o Standard deviations (SD).
o Minimum value.
o Maximum value.
o Standard errors (SE).
o 95% Confidence Interval.
o Variances.
2- Inferential Statistics:
o Analysis of variance (ANOVA) test to determine if there is a significant
difference among the means of subgroups and groups.
o significance P value was referred to difference among subgroups and
groups.
o Paired t-test is used to compare between each pair of subgroups and
group for each treatment.
o Tukey post hoc test.
P > 0.05 NS (Not Significant)

P <0.05 S (Significant)

P < 0.01 HS (Highly Significant)
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Chapter Three

Results, Discussion, conclusion and Future Work

This chapter incorporates the results of the study work, discussion of the end

results, conclusions as well as the future work will be stated.
3-1 Results

The results in this chapter include temperature increases examination,
statistical analysis, surface morphology of enamel and dentin samples using
AFM (atomic force microscopy) and chemical composition of irradiated

samples using FTIR (Fourier transform infrared spectroscopy test).

3-1-1 Temperature Increases Examination

In this section, the temperature rises in both enamel as well as dentin samples
has been examined using Nd:YAG Laser and Er,Cr:YSGG Laser,
respectively.

3-1-1-1 Temperature Increases Examination for Samples Irradiated with
Nd:YAG Laser

Heat production have been noticed during the ablation of enamel and
dentin samples. Generally, enamel samples exhibited a greater rise in
temperature than the dentine samples. Nevertheless, the thickness of the
corresponding specimen will determine temperature rise. The lowest
temperature could be detected in the 3 mm thickness group of dentine (mean
temperature 2.35 °C) and in the 2 mm thickness group of dentin (mean
temperature value 3.22 °C). The highest temperature increase detected in the 1
mm thickness group of both enamel (mean temperature value 5.59 °C) and
dentine (mean temperature value 5.45 °C). The results are depicated in figure
(3-1).
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Fig. (3-1): Temperature increases examination after laser irradiation with
Nd:YAG laser, (A) Enamel 1mm, and (B) Enamel 2mm, (C) Dentin 1 mm,
and (D) Dentin 2 mm, and (E) Dentin 3 mm.
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3-1-1-2 Temperature Increases Examination for Samples Irradiated with
Er,Cr:YSGG Laser
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Fig. (3-2): Temperature increases examination after laser irradiation with
Er,Cr:YSGG laser, (A) Enamel 1mm, (B) Enamel 2mm (C) Dentin 1 mm, (D)
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Throughout the ablation of enamel as well as dentine samples, heat
generation was noticed. Enamel samples showed a larger increase in
maximum temperature over dentine samples into general manner.
Temperature elevation, on the other hand, was determined by the type as well
as thickness of the related material. For dentin, the minimum temperature
increase was noticed in the 3 mm group. Regarding enamel and dentin
samples of 1mm, the entire rise was 4.3 °C, 3.4 °C over room temperature of

37 °C, respectively. The results are depicted in Fig (3-2).
3-1-2 Statistical Analysis

3-1-2-1 Statistical Analysis of Group 1 (temperature changes in samples
irradiated with Nd:YAG laser).

The highest rise in temperature have been observed in the 1 mm
thickness of the enamel sample (mean value of 5.59 °C), while the minimum
temperature increase was observed in 3 mm thickness of dentin samples
(mean value of 2.35 °C). Comparison of temperature increase between enamel
samples of 1 mm and 2 mm thickness shows non-significant differences in
temperatures (p=0.115>0.05). Comparison of temperature increase between
dentin samples of 1, 2, and 3 mm thickness shows highly significant
differences in temperature (p=0.000 <0.05). Generally, a comparison of
temperature increase between enamel and dentin samples shows highly

significant differences in variances (p<0.05).
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Table (3-1): The statistical measurement for temperature increases under the

effect of Nd: YAG laser.

Study groups Nd:YAG Statistic Std. 95% Confidence
Error Interval
Lower Upper
E1/ENAMEL | N 11 11 11
sampleslmm | Minimum 4.20
thickness Maximum 7.60
Mean 5.5955 | .34970 4.8892 6.2349
Std. 1.1598 41451 | 1.51137
Deviation
Variance 1.345 174 2.284
E2/ ENAMEL | N 11 11 11
samples 2mm | Minimum 3.00
thickness Maximum 6.80
Mean 4.8164 | .31848 4.1782 5.3906
Std. 1.0562 51228 | 1.55424
Deviation
Variance 1.116 .268 2.418
P value ANOVA=265 / NS(0.115)
Elvse2
D1/ DENTIN | N 11 11 11
samples Imm | Minimum 3.80
thickness Maximum 7.90
Mean 5.4591 | .49822 4.4507 6.2978
C
Std. 1.6523 56923 | 1.94758
Deviation 9
Variance 2.730 .343 3.793
D3/ DENTIN | N 11 11 11
samples 2mm | Minimum 1.20
thickness Maximum 5.10
Mean 3.2273 | .39660 2.4765 3.8518
B
Std. 1.3153 56355 | 1.67544
Deviation
Variance 1.730 318 2.808
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D3/ DENTIN | N 11 11 11
samples 3mm | Minimum 1.50
thickness Maximum 3.70
Mean 2.3591 | .22124 1.9279 2.7970
A
Std. 713376 .34357 .95285
Deviation
Variance .538 123 .908
*P value D ANOVA =16.88 HS (0.000)
groups
P value ANOVA =14.986 HS (0.000)
between all
tested groups

* The letters A, B, and C for tested mean represented the levels of significant,
highly significant start from the letter (A) and decreasing with the last one.

Similar letters mean there are no significant differences between tested mean.
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Fig. (3-3): Bar charts represent means temperature rise when Nd:YAG laser

irradiate enamel and dentin samples.
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3-1-2-2 Statistical Analysis of Group 2 (temperature changes in samples
irradiated with Er,Cr:YSGG laser).

Means and standard deviations (SD) of maximum temperature values
increase according to thickness of different dental hard tissues are shown in
table (3-2). Generally, the enamel samples displayed a greater rise in
maximum temperature than dentine samples. However, temperature rise

depended on the thickness of the corresponding dental tissue.

Comparison of temperature increase between enamel samples of 1 mm and 2
mm thickness shows non-significant differences in temperatures
(p=0.115>0.05). Comparison of temperature increase between dentin samples
of 1, 2 and 3 mm thickness shows highly significant differences in
temperature (p=0.000 <0.05). Generally, comparison of temperature increase
between enamel and dentin samples shows highly significant differences in
temperature. To compare the mean of different classes of groups, the
collected data were analyzed using (ANOVA) test. Data were stated as mean
and standard error (SE), with p>0.05 assumed statistically non-significant.
Although p<0.05 and <0.01,0.001 were both considered significantly
different. SPSS package (v 23/ France) was used to conduct the statistical
analysis. For enamel and dentin dental specimens of 1 mm thick, mean
temperature increase were 4.3 °C and 3.4 °C over ambient temperature of 37

°C, accordingly.

The temperature rises among enamel samples of 1 mm and 2 mm
thickness indicates no statistically significant variations (p=0.115>0.05. In
general, there are highly significant variations in variances (p<0.05) when

comparing temperature rise among enamel and dentin specimens.
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Table (3-2): The statistical measurement for temperature increases under the
effect of Er,Cr:YSGG laser.

Statistic Std. 95% Confidence
Study groups/ Error Interval
Erbium Lower Upper
E1/ENAMEL | N 11 11 11
sampleslmm | Minimum 1.90
thickens Maximum 5.90
Mean 4.3182 41775 3.4727 4.9907
Std. 1.3855 17520 1.69865
Deviation
Variance 1.920 .601 2.885
E2/ ENAMEL | N 11 11 11
samples 2mm | Minimum .80
thickness Maximum 5.30
Mean 3.3091 48156 2.3366 4.1182
Std. 1.5971 1.03627 1.91828
Deviation
Variance 2.551 1.074 3.680
P value ANOVA =251 / NS(P=0.29)
Elvs E2
D1/ DENTIN N 11 11 11
samples Imm | Minimum 90
thickness Maximum 5.50
Mean 3.4636 45533 2.6091 4.2182
Std. 1.5101 97683 1.85368
Deviation
Variance 2.281 .954 3.436
D3/ DENTIN N 11 11 11
samples 2mm | Minimum .80
thickness Maximum 4.20
Mean 2.5273 35164 1.8548 3.1000
Std. 1.1662 75416 1.40141
Deviation
Variance 1.360 .569 1.964
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D3/ DENTIN N 11 11 11
samples 3mm | Minimum .70
thickness Maximum 4.00
Mean 2.3818 .33678 1.7548 2.9455
Std. 1.1169 .72916 1.35787
Deviation
Variance 1.248 532 1.844
P value ANOVA =2.33 /NS (P=0.115)
between D
groups
P value ANOVA =3.6 HS (P=0.01)
between all

tested groups
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Fig. (3-4): Bar charts represent means temperature rise when Er,Cr:YSGG

laser irradiate enamel and dentin samples.
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3-1-2-3 Statistical Analysis Comparison Between Group 1 and 2

Comparison of temperature increases between group 1 and group 2
reveals significant differences in temperature between two groups of enamel
samples of 1 mm thickness (p=0.01<0.05).

However, comparison between enamel samples of 2mm thickness show
significant differences in temperature elevation between two groups
(p=0.09<0.05).

Comparison between dentin samples of 1 mm thickness show significant
differences in temperature elevation between the two groups (p=0.003<0.05),
while comparison of temperature increases between dentin samples of 2 and 3

mm thickness shows non-significant differences in temperature between the

two groups (p>0.05).
Table (3-3): comparison of statistical analysis between group 1 and 2
Study groups Statistic| Std. | Statistic| Std. | ANOVA| P
Error Error value
Er,Cr:YSGG ND:YAG
N 11 11
= Mean | 4.3182 |.41775| 5.5955 |.34970| 7.1 0.01
N 11 11
=2 Mean | 3.3091 |.48156| 4.8164 |.31848 8.1 0.009
N 11 11
ot Mean | 3.4636 |.45533| 5.4591 |.49822| 10.77 |0.003
N 11 11
P2 [ "Mean | 25273 | 35164| 3.2273 | 39660 18 |0.186
D3 N 11 11
Mean | 2.3818 |.33678| 2.3591 |.22124| 0.05 0.82
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Fig. (3-5): Bar charts compare of temperature increases between group 1 and
group 2.
In this study one-way ANOVA and two way anova were used: anova one way
used for only one factor or independent variable, whereas there are two
independent variables in a two-way ANOVA. In a one-way ANOVA, the one
factor or independent variable analyzed has three or more categorical groups.

A two-way ANOVA instead compares multiple groups of two factors
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3-1-3 Surface Morphology

Morphological analysis and microstructure of the samples were
examined under Atomic force microscopy (AFM).

Before to AFM examination, the enamel and dentin samples rinsed
with deionized water and then left to dry. Enamel sample of 1mm thickness
and dentin sample of 1 mm thickness were used in this study. All images
possess topography images with a pixel resolution of 408x408. Topography
Images revealed surface and structure variations, while amplitude images
allowed for a more detailed examination of surface characters and fine
specifics. When all AFM images were compared, it was clear that afterward a
high-potency treatment of laser, both of morphology and surface results were
altered. Surface damage or pollution can dramatically affect average
roughness (Sa), which represents the difference between highest and lowest
points on a surface. The magnitude of average roughness for enamel and
dentin samples irradiated by Nd:YAG and Er,Cr:YSGG is illustrated in table
(3-4).

From magnitude of average roughness, one can deduce that the heat
effect in enamel groups is more than in dentin group as a result of the

difference in chemical structure between dentin and enamel.

3-1-3-1 Surface Morphology for Samples Irradiated with Nd:YAG Laser

Following irradiation of dental hard tissues, one sample from each
group was studied under AFM to detect dental fractures, cracks, stains,
carious, and other defects. Figure (3-6 a,b) represented the enamel group

where the Sa are 29.1 nm.
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Fig. (3-6): AFM images for enamel tissue irradiated by Nd: YAG laser, (A)
topography image (B) amplitude image (C) granularity chart.

Figure (3-7) represents dentinal tubules in addition to visible drafts
caused by sample preparation. Dentinal tubules bounded via a wall (maybe
produced by mechanical preparation of specimens) could be demonstrated in
figure. (3-7) which reveals morphology of dentinal tubules as 3D image. Since
dentin is highly vulnerable to dehydration, objects caused by shrinking cannot
be completely avoided in operation. Figure (3-7) represented the dentin group
where Sa is10.5 nm.
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Fig. (3-7): AFM images for dentin tissue irradiated by Nd: YAG laser, (A)
topography image (B) amplitude image (C) granularity chart.

3-1-3-2 Surface Morphology for Samples Irradiated with Er,Cr:YSGG

Laser.
The same procedure used in the previous section, had been repeated

for the samples that treated via Er,Cr:YSGG Laser. Figure (3-8 ab)

represented the enamel group where the Sa is 56.3 nm.

64



242.91nm

. o
200.00nm \\4.

w4
v -
150.00nm

100.00nm nm242~91

[ ...\El.csm
CSPM Title

2001.66
Topography nm
Pixels = (396,398)

Size = (4003nm,4024m

201177

1000.83

1005.88 i

A 0.00 <000 B

25.00

20.00 1

15.00+

Percentage(%)

10.00

5.00 1

0.00

ooo
goook+—-—
00’002
00008
00’00

Diameter{nm)

Fig. (3-8): AFM images for enamel tissue irradiated by Er,Cr:YSGG laser,
(A) topography image (B) amplitude image (C) granularity chart.

Dentinal tubules as well as noticeable drafts generated when handling
a specimen is also illustrated in figure (3-9). Dentinal tubules bounded via a
wall (produced probably by mechanical preparation of the specimens) are
observed in figure. (3-9). The incidence of artifacts triggered by shrinking
can’t be reduced in practice since dentin is intensely sensitive towards
dehydration. Figure (3-9) represented the dentin group where the Sa is 35.3
nm.
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Fig. (3-9): AFM images for dentin tissue irradiated by Er,Cr:YSGG laser, (A)

amplitude image (B) topography image (C) granularity chart.

Table (3-4): Average roughness (Sa) for enamel and dentin samples.

Sample Nd:YAG laser Er,Cr:YSGG
Enamel 1 mm thickness Sa=29.1 nm Sa=56.3 nm
Dentin 1mm thickness Sa=10.5 nm Sa= 35.3 nm
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3-1-4 Chemical Composition:

In the past few decades, Fourier transform infrared spectroscopy (FTIR)
has been utilized widely for chemical description of inorganic materials
(including the mineralized tissues). FTIR is a perfect method to examine the
chemical composition belongings of biological materials, as the frequencies of
numerous vibrational modes of inorganic and organic molecules are effective
in the IR region. Enamel and dentin samples of 1 mm thickness were used in

this study.

A Fourier transform infrared spectrometer is used to record the FTIR
spectra. The spectra are assembled above the 400-4000 cm™ range and zero

fillings 4 cm™.

The peak position (cm™), peak intensity, and peak width (wide,
medium, narrow) are so vital for band explanation. The tooth chemical
composition is diverse from one tooth to other concerning overall organic
matter and mineral matter. The peaks ascribed to enamel organic and mineral
matters are illustrated in table (3-5), figure (3-10).

Dentin and enamel tissues are comprised of water, mineral and organic
state. The water is appearing in two shapes: structural water, which is bound
to the tissue powerfully, and adsorbed water, which is bound to the structure
weakly. Covered with the wide H,O absorptions, which the stretching
vibration of the hydroxyl group of hydroxyapatite structure can be perceived
at 3569 cm in the carbonated apatite [144].

The mineral substance of the dental hard tissues is mostly comprised of
calcium ions and phosphate that shape Ca;o(PO4)s(OH), hydroxyapatite
crystals, besides to magnesium, bicarbonate, potassium, citrate ions, and
sodium with little quantities. These crystals vary in volume and amount for

each mineralized tissue. The dentin organic matrix is essentially comprised of
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collagen- type I, and little amounts of other elements. But, the enamel organic

matrix is minor, comprising proteolyzed fragments and an insoluble protein

matrix allocated over the junction of dentin-enamel [144,145].

Phosphate ions possess 4-vibrational modes, namely v1, v2, v3, and v,.

Whole these vibrational modes are infrared-active and perceived in both

dentin and enamel tissues. Also, carbonate ions possess 4-vibrational modes,

three of these are perceived in IR spectrum (o1, v, and v3) and two of these are

perceived in the Raman spectrum (v1, and v4). The carbonate v4-bands are

rarely observed in the IR spectrum and further on possess extremely depressed

Table (3-5): The spectroscopic assignments and corresponded

positions of various vibrational bands from FTIR spectra of human

enamel.

Assignments

Observed peaks (cm™)

PO, 3(02) 484.13

PO43(0a) 561.29

PO43(0a) 603.72

CO32(v2) 875.68

PO.2 (03) 10435

CO5Z (03) 1402.25

COs2 (0a) 1454.33

CO32 (v3) + amide I 1541.42

Carbonate + H,O + Amide | 1633.71
Structural OH*+ amide B: COH /

Stretching mode 2924.09
Structural OH '+ amide B: COH /

3441.01

Stretching mode
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Transmission 100%

Wavenumber(cm™
Fig. (3-10): FTIR spectra for un lased enamel samples.
While the peaks ascribed to dentin tissue are illustrated in table (3-6),

figure (3-11).

Table (3-6): The spectroscopic assignments and corresponded positions
of various vibrational bands from FTIR spectra of human dentin

Assignments Detected valleys (cm™)
PO,3(11) 470.63
POs3(v2) 600-550
PO, 3(v3) 1033.85
CO3?(v3) overlapped with collagen 1454
H.O + Amide I/ C=0 stretching 1641
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100%
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Fig. (3-11): FTIR spectra for un lased dentin samples.

3-1-4-1 Chemical Composition for Samples Irradiated with
Nd:YAG Laser

FTIR spectra of enamel samples irradiated with 1.064 pum laser are
displays in figure (3-12) and Table (3-7). The peaks 3424 cm™* and 2999 cm™
which have intensity locations 27.994 and 44.819, are related to the hydroxyl
(OH™) group, and amide B: COH, respectively. The peak around 1638 cm™
related to the organic matrix which means the teeth possess carbonate and
amide I. While, the peak of 1549 cm™ associated with amide II. The peaks
corresponded with carbonate (vs) are around 1460 cm™, 1415 cm™, the peak
corresponded with carbonate (v,) is around and 874 cm™. The peaks related to
phosphate ions (v1, v, v3, v4, vs) Vibrations located at 470 cm™, 565 cm™, 605
cm1, and 1038 cm ™ and 1092 cm™. Compare with previous works, no change
is perceived in phosphate matter due to it is greatest stable content in
mineralized tissues. The reduction in carbonate and water contents is

accredited to thermal influence in laser-tissue interaction.
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Table (3-7): The spectroscopic assignments and corresponded positions

of various vibrational bands from FTIR spectra of human enamel for group 1

Assignments Observed peaks (cm™)
PO4%(v2) 470
PO4'3(1)4) 565
PO4'3(1)4) 605
C03-2 (1)2) 873.75
PO, (v3) 1037.7
PO, (v3) 1091.75
CO32 (v3) 1415.75
CO; (v4) 1460.11
CO3? (vs) + amide Il 1548.84
Carbonate + H,O + Amide | 1637.56
Structural OH '+ amide B: COH /
_ 2999.21
Stretching mode
Structural OH '+ amide B: COH /
_ 3423.65
Stretching mode
t
=

Wavenumber (cm™)

Fig. (3-12): FTIR spectra for enamel after the irradiation with Nd:YAG laser.
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While in the case of dentin tissue, FTIR spectra are displayed in figure
(3-13) and table (3-8). The greatest intense peaks corresponded to PO, (v,
v2, v3) Vibrations were antisymmetric stretching mode at 1036 cm™ (vs band)
and 600-550 cm™ antisymmetric bending mode related to v, band, while the
peak around 467 cm™! related to vy band. The 1641 cm™ and 1458 cm™ are

related to absorption bands of OH™ and COs2 (v3), respectively.

Table (3-8): The spectroscopic assignments and corresponded positions

of various vibrational bands from FTIR spectra of human dentin for group 1

Assignments Detected valleys (cm™)
PO43(v1) 467
POs3(v2) 600-550
PO43(vs) 1036
CO32(v3) overlapped with
(foll)agen " 1458
H,O + Amide I/ C=0 stretching 1641

80
70 i
60-
50 ]

40 -

Transmission (%)

30

20

- L] = L - L) - L] - L} - L) L Ll
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. (3-13): FTIR spectra for dentin after the irradiation with Nd:YAG laser.
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3-1-4-2 Chemical composition for Samples Irradiated with Er,Cr:YSGG
Laser

The transmission spectra of FTIR that are regarded to enamel samples
irradiated by 2.78 um source are displays in figure (3-14) and Table (3-9).

The peaks 3424 cm™ and 2999 cm™ which have intensity locations 27.994
and 44.819 are related to the hydroxyl (OH™?) group, and amide B: COH,
respectively. The peak around 1638 cm™ related to the organic matrix which means
the teeth possess carbonate and amide 1. While, the peak of 1549 cm™ associated
with amide I1. The peaks corresponded with carbonate (v3) are around 1460 cm™,
1415 cm, the peak corresponded with carbonate (v2) is around and 874 cm™. The
peaks related to phosphate ions (v1, vz, v3 vs, vs) Vibrations located at 470 cm™, 565
cm?, 605 cm, and 1038 cm and 1092 cm ™. Compare with un lased samples, no
change is perceived in phosphate matter due to its greatest steady content in
mineralized matters. The reduction in carbonate and water contents is accredited to

thermal influence in laser-tissue interaction.
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Fig. (3-14): FTIR spectra for enamel after the irradiation with Er,Cr:YSGG

laser.
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Table (3-9): The spectroscopic assignments and corresponded positions

of various vibrational bands from FTIR spectra of human enamel for group 2

Assignments Detected valleys (cm™)
PO+ (v2) 470
PO 3(v4) 567
PO 3(vs) 603
CO3%(vy) 873.75
B-type carbonate 877
PO43(v1) Symmetric stretching 960
PO, (v3) Antisymmetric
stretching 1040
PO, (v3) 1089
CO3%(v3) 1411
CO372 (v3) Antisymmetric 1450-1550
stretching 1544
CO52(vg) Symmetric angular
d(efc))rr:ation g 1458
C-N stretching vibrations 1554
Carbonate + H,O + Amide |
C=0 stretching 1035
1690-1650
H,O + Amide | 1700-1600
1666
COs; 2300-2400
Amide B: COH 2925
Structural OH 3448, 3569
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While in the case of dentin tissue, FTIR spectra are displayed in figure (3-15)
and Table (3-10).

Table (3-10): The spectroscopic assignments and corresponded positions

of various vibrational bands from FTIR spectra of human dentin for group 2

Assignments Detected valleys (cm™)
B-type carbonate 875
A-type carbonate 894
PO4* v, 960
PO4 (vs) 1039.6
COs? v3 overlapped with collagen 14101560
14501640 (43)
COs (v3) 1415
Scissoring CH2 1450
CO32 (va) 1458
CO3?(v3) + amide Il 1548.84
CNH 1500-1600 (39)
Carbonate + H20 + Amide | 1637.5
Adsorbed H20 (v,) 1640
C-O stretching 1630-1650
H20 v , overlap by the collagen band 1660
COs 2300-2400
Structural OH 3300-3600
hydroxyapatite, and amide N—H stretch 3436
Structural OH '+ amide B: COH /
Stretching mode 4215
COs 2300-2400
Structural OH 1+ amide B: COH /
Stretching mode 4215
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3-2 Discussion

Heat production throughout laser ablation may produce permanent damage to
the dental pulp, aching sensations may happen throughout laser ablation adjacent to
pulpal tissues. So, controlling the temperature elevation is a must. In this study, an
instantaneous approach to measure the temperature of the ablated dental hard tissues
experimentally using a novel technique based on an optical fiber sensor (fast
detector) has been designed fabricated and tested .Traditional temperature sensors
like thermocouples suffer from different drawbacks such as relatively low accuracy
of temperature measurements, nonlinearity of a conversion characteristic and
necessity to take into account the temperature of reference junctions and low
sensitivity. So, the current technique of temperature measurement is a step forward
in applying a new approach to avoid all unwanted side effects due to heat elevation
throughout laser radiation [146].

In this, in vitro study to measure temperature elevation via laser ablation
process, non-carious extracted premolar human teeth were equally grouped
into two major groups of five subgroups each. Each subgroup was composed
of 11 samples. The major groups consist of two groups which were
representing temperature variation during Nd:YAG as well as Er,Cr:YSGG

lasers cavity preparation.

Two different lasers, namely Q-switched Nd:YAG laser and

Er,Cr:YSGG have been used to perform the experiments .

The 1.064 um wavelength of the Nd:YAG laser processes less
absorption in comparison to Erbium and CO, lasers. Nevertheless, the short
pulse duration (9 ns) can accelerate the ablation process contrary to the
Erbium free-running laser. The current in vitro study has considered the use of

laser with its unique features as a heat source.
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While, Er,Cr:YSGG laser produces photons that possess wavelength of
2.78 um which are strongly absorbed via water as well as hydroxyapatite (the
two principal components of tooth structure) [79]. Absorbed energy induces
vaporization of water and makes micro-explosions of hard tissue [147].
Micro-explosions of irradiated tissues result in micro fragmentation, which is
eliminated by high pressure induced by steam. Temperature elevation is a
direct consequence of this process which also may explain the temperature
difference among Er:Cr:YSGG and Nd:YAG groups. This result come agrees
well with the reults of the previously published work by Cavalcanti et al [31]
and Armengol et al. [148].

Air-water spray cooling is essential in high-speed tooth preparation,
regardless of the pressure applied or type of bur associated with the equipment
[150,151]. However, more water spray will decrease significantly the
efficiency of laser dental ablation. On the other hand, increased intra-pulpal
temperature was believed to be due to reduced dental hard tissue thicknesses.
This will provide the laser operator or dentist with much higher flexibility for

maneuvering.

Experimental characterization of tooth heat transfer can be divided
Into two main types: in vivo and in vitro. In vivo characterization is desirable
since it can reflect the active processes (e.g., blood circulation in pulp
chamber and fluid motion in dentinal tubules [45,46,152] not captured in vitro
[152]. However, in view of the challenges of in vivo tests, in vitro tests are
also widely used. Existing in vitro characterization of tooth heat transfer can
be divided into three categories depending on how the contribution of pulpal
tissue to the tooth thermal behavior is modeled (e.g., with empty pulpal
chamber [154,155], with simulated pupal tissue [63,156], with consideration

of microcirculation [156]. In vitro heat transfer studies have been carried out
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in tooth with empty pulp chamber (pulp soft tissue was extracted) [154,155].
However, in this case, the measured temperature change on pulpal wall does
not necessarily indicate the temperature change in pulp soft tissue, as the
thermal conductivity and heat capacity of teeth with empty pulp chambers are
significantly different from those with filled chambers [157].

Of course, heat diffusion and accumulation depends mainly on the
thermal and optical properties of the tooth. Namely, the thermal conductivity
and diffusivity of enamel and dentine. Human dentin, enamel, and dental
cements have thermal diffusivities of 2.04x103, 3.22x1073, and 0.99-
1.87x102 cm?/sec, respectively. The corresponding thermal conductivities are
1.36x1073, 1.84x10%, and 0.50-1.51x10° cal/cm.sec. [33,159,160]. One
Important issue concerning the above tooth thermal properties is the thermal
relaxation time and its relation with laser pulse width. This fact needs more
extensive investigation to check out how much the amount of the removal of
deposited heat in tooth constitutes for successful cavity preparation.

When hard dental tissues are exposed to laser beam, the temperature rises to a
specific point where the pulp is damaged. In 1965, Zach and Cohen found that
temperature increase in the pulp at about 5.6 °C resulted in a loss of pulp vitality (15
percent of teeth tested) [64]. On the other side, ref. [160] reported that the thermal
agitation in the range of 39-42 °C causes hyperemia in the rat central pulp. Heat
generation of 44 °C and higher resulted in RBC accumulation. Also preserving the
temperatures in the range of 46-50 °C for interval 30 s, causing coagulation and the
cessation of circulating blood. In general, a temperature increase of more than 5.6 °C
was found to produce permanent harm in the pulpal tissue. A fast response (1 ms)
fiber sensor was stuck at the back of the teeth. This sensor gives true readings in a
short time and consequently can provide feedback to reduce the laser energy to

avoid any possible damage to the pulp due to excessive heat generation.
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Generally, enamel specimens exhibited a larger increase in
temperature than dentine tissues during laser-tissue interaction process as a
result of the difference in chemical structure between dentin and enamel.

In Imm enamel specimens, maximum mean temperature achieved during
Nd:YAG laser treatment was (5.59 °C), compared to (4.3 °C) for specimens
irradiated via Er,Cr:YSGG. Temperatures below 5.6 °C are deemed non-threatening
to pulp tissue [64]. Nevertheless, Er,Cr:YSSG laser demonstrated a superior results
than Nd:YAG laser.

The highest temperature increase was seen in the cavity preparation with
laser radiation of Nd: YAG laser was achieved in enamel samples of 1 mm
thickness. All other tested samples showed a little bit lesser temperature increase. In
the current study, a mean temperature rises to 5.59 °C could be detected in a 1mm
thickness enamel irradiated with Nd:YAG laser. Nevertheless, this does not reflect
the total amount of thermal energy dissipated in the pulp tissue Additionally, another
therapeutically essential aspect that must be considered is the temperature rise,
which can be influenced by pulp microcirculation. Simulating an artificially blood
microcirculation with a constant flow of water in within pulp chamber was tested
the influence of numerous light curing units on damp samples [161]. Although the
temperatures rise during enamel ablation was higher than for dentin ablation, the
path to the pulp is shorter in dentin, and pulp survival is more at risk from dentin
warming [163,164].

The thickness of the remaining dentin plays an important role in protection
against thermal injuries of the pulp. Although dentin has a low thermal conductivity,
pulpal damage risk is potentially higher due to the increasing tubular surface area,
especially in deeper restorations [164]. For this reason, the critical dentin thickness
for deep cavities was selected to simulate the deep cavity preparation in clinical

situations.
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The current investigation found that when remaining dentin thickness
decreased, pulpal temperature increased. Because it is impossible to determine the
residual dentin thicknesses in vivo, the operator must select appropriate laser
parameters for ablation of sound or carious dental tissue. Based on clinical expertise
and other parameters including size of the tooth as well as the region to be treated,
thus the operator must assess the remaining dentin thickness and also modify the
laser settings. There were some changes in tooth morphology, structure of the
dentin, pulp cavity dimensions, and position. This could explain why the
temperatures of the teeth tested are different [150].

Despite the large temperature spike caused by tooth preparation into this in
vitro investigation, slower or quicker rises and drops in temperature might not be
associated with pulpal injury, because the temperature values findings in this
research cannot be directly translated to temperature variations in vivo, Heat
conduction inside the tooth was not included in the current study's experimental
approach. In addition, the surrounding periodontal tissues can promote heat
dissipation in vivo, limiting the intrapulpal temperature rise [29].

The morphology evaluations of the lased surfaces of the dental samples
revealed a small presence of the Carbone portion, indicating that the laser therapy
was able to photo-effect and effectively treat the structure surfaces, according to the
findings of the current in vitro analysis. Our findings showed that when infrared
laser was used in conjunction with unique protocol and criteria, it produced
successful outcomes. The rise in temperature throughout laser radiation exposure
suggested that the energy transmitted was insufficient to cause morphological harm
to the dental specimen surface. All temperature rise measurements are far below the
10 °C threshold for periodontal tissue damage. As a result, these results support the
protocol's protection in the periodontium

A combination of a highly sensitive fiber sensor with high flexibility to

monitor temperature elevation during the dental cavity preparation may pave for
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establishing a well-defined and forward cavity preparation procedure. This will
reduce or even eliminate any pulpal vitality problems as well giving more access to

the operator (dentist).
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3-3 Conclusions:

1- All class 1 cavity preparations via Nd:YAG laser and Er,Cr:YSGG laser
causes elevation in intrapulpal temperature.

2- Nd:YAG laser cavity preparation without water cooling produced
highest temperature elevation among three subgroups( enamel 1mm thickness,
dentin 1mm thickness, enamel 2mm thickness), which regarded threaten to
dental pulp.

3- Er,Cr:YSGG laser cavity preparation water cooling produced less
temperature elevation in comparison with Nd:YAG laser, which produces less
insult to dental pulp.

4- Increasing the cavity depth; decreasing remaining dentin thickness
resulted in higher intrapulpal temperature for Nd:YAG laser.

5- An innovative technique of temperature measurement using an optical
fiber sensor that possesses fast response time has been employed for instant

measurement of temperature rises in dental tissues after laser radiation.

3-4 Future works:

1-  Further histopathological study of pulp tissue is needed to evaluate
cavities prepared with Er,Cr:YSGG laser and Nd:YAG laser.

2-  Further in vitro study is required to evaluate the effect of different laser
parameter on intrapulpal temperature.

3-  Further investigations as SEM, EDS are required to evaluate the
possible changes in the tooth surface structure that may occur due to the

thermal effects generated during cavity preparation.
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I this n'm::pﬂ'i.mnl..thz effect of 1064 m FuJurI laser on both |- and dentin-d I has been
investigated. A total of fifty-five dental hard tissue samples were exposed to Nd:'YAG laser thar possesses a pulse
width of 9 ns and 830 mI of total :nerp'..l.n uplil:al fiber sensorwas put behind ihe ::.rlpl:: |nmﬂ:|.|.r:t|1:t=mpﬂ1-
ture instantaneonshy. & novel, to the best of our knowledge, fiber has been proposed and nsed to measure the
heat generated in dental hard tissues instantanesusly after the application of laser irradiation on the tissue surface.
This np'l:i.:u] sensor exhibits a fase response time of abont 1 ms and hish sensitivity with abont 1.975 nm/*C. The
findings of this stady in decreasing the probability of pulpal necrosis structare while handling the tooth, whether
for ablation, “H.Lus. or tooth J.'EH.II'.EI:iIIs purposes, may extablish standards for dentists and laser manufaciurers

{healthcare professionals) chat should be followed.  © 2021 Optical Scoety of America

hittpswdoi.org1 0L 1364040, 451 3863

1. INTRODUCTION

In recent decades, lazer clinical unloamon for denal hard txsue
treatment has become an actuality. The laser technique is wsed
for several dental trestmens processes in the oral cavicy inchuding
frenectomy. gingivectomy, and soft tssue surgical ewcisions
o incssions, in addition o a mange of pericdonzal proceduses
for soft oral tssues [1.2]. For several years, research on thera
peussc lasers in the denl zone have been carned out to sudy
the potential and appropniateness of laser techniques and their
wvariables to replace the conventional process. The results of the
thermpeuiic bser rely on both the physical feamures of the n=ue
marerial aswell as the laser radiation paramerers | 3]. S0 sccurate
observance has to be achieved by choosing paramerer sectings,
laser types, wavelengzh, pulse width, energy, and opsical feamures
of the targes sessue inchuding the absarpeion ax well ax scantering
influence [4,5]. A lot of researchers are mterested in bser abla
tion af hard tissue for cavity production as it 15 supposed to be
beneficaal, lessens discomibore, and provides patienis with mare
relaxed care by dramatically reducing noise and vibrations com
p.l.r\ed. o convenmonal burs |:- 11]. The term “laser ablarion” is
defined by means of the substance dimination/removal from
the chjective tisue through heang by Lser.

Hear producrion through the elimination of oral denral hard
tizsues results in temperamre nse and trgger aching senses or

1658-128%21/2 16183-10 Journal @ 5021 Optical Society of Amenica
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injure ozl deneal tissues. fn miro study of heat-exposed denal
Pu|p: showed that 2 rize in fEmIpEratre o P Cad °C leads to
increase carculanon (hyperemia) [12]. Thrombosis and a stand
still in circulation occurred when temperamres of 46°C-50FC
are sustained for a few seconds. fn révo research compared the
increase in tooth surface temiperature wath an internal elevason
in temiperarure [13]. A rise to 42.2°C in the pl.L|Pa| remiperanre
oould be seen to concribarte to pulpal death thar has been found
in some instances, and an additional increase in the remperature
in ther animal misdel lead to mare chan half of the teeth having
necrosis. As a result, to prevens unintended side effects, it s
necessary to determine the potential heat production ability
for every new tooth preparation techmique. The efficacy of the
hexting and iss magnitude are mainly governed by rao practices
the absarpson of the laser energy and hest rearganization owing
to heat conduamvity. These facrors decide bser mssue hearing
temperamure and musues heating depth in the exposed regron
and then the degree of marterial eliminarion and the threshold
of the ablason (the smalless value of bser energy thar regards
etching of the timucl. In general, the principal challenge for
the marger under study remains choosing the parameters of
the ber for good ablation [3,14,13). Even though there has
als been development in decreasing, the occurrence of denral
caries, dental decay remains an important health difficuly, and



alad) Cal) g Alad) andail) 3 ) 3

3 day Aaala

\:\M\ C\Lmbéﬂ Joadl) KVE

omaal oL 3 ) jad) da o Bal ) Jladia o pd) (g padd) Cialll Guaia
231 (Al g g2l

) e
Balgud Ju clallaia JLaSiud/ Ak Aaaba/ Llad) cibud jall | 5alll agas
Ol la /)5l (8 agle piuala

J# (e
ad il £ R )
s g adll Aal ja 5 ke G ) SIS

ol il
bl pddaa salgl e ) gisal) S

e\'~\'\ AVE¢Y

107



DAl

Al Gy g ycan o U1 5 ) ) oK1l daii s ) all da o 8 g )1 sy () (S scaagll
S eivse e aaia’ 5 Siam (o sl (a5 3l plad plasiuly Aol iyl
Do el s 5 el L) daliall Gl Al 35 ) jall gl Y (g sall bl

Do Ll sl aNd: YAG @Sy jiasili V1€ da ga sk Er «Cr: YSGG 4a 5 J sk
Zladl s Ll laud) dail e jia gl YYAS

zle s Ll e IS (e 3358k LDl daliall Aaia¥) (e diie V) ¢ paaan 252§ hall 5 3l sall

O oe 5y sSaall ) 3lll il g Jshal (e IS s lial) a3 Aabiae dida AL <l (i)
sda (il 0o &5 Y gl 5alll Gy gad jacaa oW Ll (il e gl el bl 8l s
o) yanll Cani AasY) (e ) alll alasiialy (LSl ddeall Aaua¥IQ-switched Nd:

YAG (A=1.06 Ao+ d8a Jaa)s e in ) v ) )SEJamas dili ol 4 dayi 3al (L s S
3l adl dia sa () same alasinly il o2 amdi a5 Ly j85 il 5 A, 0 8 g8 Jas gia g s Al
0 A (e 3 5 elld dmy ele () 5l 5 gl (s Agal s B SET <Cri YSGG (M
=2.7 300 ) Sidamay e doa e Y0 &8y ¢ 400 5 S0e T Aianibae pe (Lo s S
o)on M, 7A 5ela /00 Jamay g £ 5585 siag Sae T e il iyl jhaig o

o 2 Ay ey L jmiins oL 5 maanaal o5 e pun s (558 JS 8l all A o i) Gl
On Al e Gl e laall g CaSill s A8 aall GLIYY jmiiine aainy ¢ sll) 4ndy JS5
Jalaill (ubie Tase e zladl 5 Lall cilise Mach-Zehnder. a3 g codle jaivall ellia
Als e ¥, VY s s 313 il 55 Hls e ) U ss s Gy s Alaias) 5 caaladii
Asieda ¢/ Jasl ),4V0 s die dlle daglia oo b

& il £l aY (Er,Cr:YSGGs Nd: YAG) _olll e (nilite (e 58 alasia &3 it
Caygad yuoant yedal ddeadiiveall ) lll Cilalea danun Calll & gaad a1 2l Y 1583 yiidal)
& 8 Er,CrYSGG e el sl all da yo i el ) Wl & 55 050 Nd: YAG
Cla o a3 Cidas o Laiy (ae ¥ Linall dlasg ae ¥ Lisall ¢ aa ) Liall) e 56 e sane
(oo ¥ zlall) L il e pandll a5 ) sl

108



48 st pall e 3l el da jo g e ) uadl JalSIL Adaall )5l a3 (8 aSail) o3 el aa g
1548 jmdiiaal) de iy clge i (o B il diailiad Juady addiuall 43 gual) CLIYI jadiiius ye
Al g e Blaall Casliall <8 ) 8 Bake doladid glac) 8

D oo paall L) G 5 5 iy gladl) jpuaadl s LSl e alll G pead) s Slalisnal
Ol Jlaiind Llee JMA (o clll ja5 Caiat] Alaiag duaic 4 s Caniall GlIY) et
ook

109



