
 
 

 
 
 

UNIVERSITÀ DEGLI STUDI DI PARMA 
DIPARTIMENTO DI INGEGNERIA E ARCHITETTURA 

	

DOTTORATO	DI	RICERCA	IN		
Tecnologie	dell’Informazione	

	
	

XXX	CICLO	
	
	
	

	
FIBER	LASER	APPLICATIONS	IN	DENTISTRY	

	
	
	
	
Coordinatore:	
Chiar.mo	Prof.	Marco	Locatelli	
	
Tutore:	
Chiar.mo	Prof.	Annamaria	Cucinotta	
	
	 	 	 	
	
	 	 	 	 	 	 	 	 Dottorando:	 Carlo	 Fornaini
	 	
	
	
	

Anni	2014/2017	



	

	 	



	

 
 

 
 
 

UNIVERSITÀ DEGLI STUDI DI PARMA 
DIPARTIMENTO DI INGEGNERIA E ARCHITETTURA 

 
 
 

Dottorato di Ricerca in Tecnologie dell’Informazione 
XXX Ciclo 

 
 

Carlo Fornaini 
 

FIBER LASER APPLICATIONS IN DENTISTRY 
 

DISSERTAZIONE PRESENTATA PER IL CONSEGUIMENTO DEL TITOLO DI DOTTORE DI RICERCA 
 
 
 

GENNAIO 2018 
 	



	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To Anna, my wife, who supported me during this job 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A person who never made a mistake never tried anything new. 
 Albert Einstein 

 





	
	

Contents 

 
	
1	Laser-Matter	Interactions	......................................................................................	9	

1.1	 Light-matter	interactions	...................................................................................	9	
1.2	 Reflection,	refraction	and	scattering	...............................................................	10	
1.3	 Absorption	.......................................................................................................	12	
1.4	 Laser-matter	processing	..................................................................................	13	
1.5	 Laser	manufacturing	in	the	industrial	field	......................................................	17	

2	Laser-Tissue	Interactions	.....................................................................................	21	

2.1	 Experimental	models	for	energy	deposition	prediction	..................................	21	
2.2	 Role	of	the	chromophores	in	the	energy	absorption	.......................................	24	
2.3	 Photochemical	interactions	.............................................................................	26	
2.4	 Photothermal	interactions	...............................................................................	30	
2.5	 Photomechanical	interactions	.........................................................................	31	

3	Laser	in	Dentistry	.................................................................................................	35	

3.1	 History	of	laser	in	medicine	.............................................................................	35	



Contents 2 
 

3.2	 Early	applications	of	laser	in	dentistry	.............................................................	36	
3.3	 Use	of	laser	in	hard	dental	tissues	...................................................................	37	
3.4	 Diode	lasers	in	dentistry	..................................................................................	39	
3.5	 Fiber	lasers	and	their	possible	role	in	dentistry	...............................................	40	

4	Fiber	lasers	and	soft	tissue	surgery	.....................................................................	42	

4.1	 Introduction	.....................................................................................................	42	
4.2	 Materials	and	Methods	....................................................................................	43	
4.3	 Results	..............................................................................................................	47	
4.4	 Discussion	........................................................................................................	50	
4.5	 Conclusion	........................................................................................................	50	

5	Fiber	lasers	and	di-silicate	ceramics	....................................................................	51	

5.1	 Introduction	.....................................................................................................	51	
5.2	 Materials	and	Methods	....................................................................................	52	
5.3	 Results	and	Discussion	.....................................................................................	55	
5.4	 Conclusion	........................................................................................................	61	

6	Fiber	lasers	and	hard	dental	tissues	....................................................................	62	

6.1	 Introduction	.....................................................................................................	62	
6.2	 Results	and	Discussion	.....................................................................................	66	
6.3	 Conclusion	........................................................................................................	67	

7	Project	for	an	“at	home”	intraoral	device	based	on	Random	Laser	technology	.	68	

7.1	 Introduction	.....................................................................................................	68	
7.2	 Material	and	Methods	.....................................................................................	71	
7.3	 Conclusion	........................................................................................................	74	

Conclusion	and	future	perspectives	.......................................................................	75	
Figures	Captions	......................................................................................................	77	
Tables	Captions		......................................................................................................	81	
List	 of	publications	.................................................................................................	82	
International	Conference	Papers	............................................................................	84	
National	Conference	Papers	...................................................................................	86	
References	..............................................................................................................	87	
Acknowledgement	................................................................................................	109	

 



	
	

Introduction 

The earliest experimental studies of laser–matter interaction, conducted in the 1960s just 
after the first laser construction, studied mainly the thermal effects including heating, 
melting, evaporation of condensed matter, and thermionic electron emission. 
When a particle interacts with light, different effects occur together (reflection, 
absorption, transmission and scattering) leading to decrease or extinction of the incident 
beam, basically representing the total of absorption and scattering.  
Part of the electromagnetic energy of the incident light is absorbed by the particle and 
changed into a different energy form, mostly thermal energy, through infrared radiance 
or convection of the surrounding medium. 
Once inside the material, absorption causes the light intensity decline with a depth value 
which is function of the material’s absorption coefficient α. While, generally, it is related 
to wavelength and temperature, for constant α, the intensity I exponentially decays with 
depth z according to the Beer–Lambert law. 
The laser processes may be classified into three major classes: heating (without 
melting/vaporizing), melting (no vaporizing), vaporising.  
While transformations such hardening, bending and magnetic domain control, which rely 
on surface heating without melting, require low power density laser, surface melting, 
glazing, cladding, welding and cutting (involving melting) require high power density 
laser. Similarly, cutting, drilling and similar machining operations which remove material 



Introduction 4 
 
as vapour hence, need delivery of a substantially high power density within a very short 
interaction/pulse time. 
Laser ablation is the removal of material from a substrate by direct absorption of laser 
energy and it occurs above a threshold fluence, depending on absorption mechanism, 
material properties, microstructure, morphology, presence of defects, and on laser 
parameters, such as wavelength and pulse duration. Typical threshold fluences for metals 
are between 1 and 10 J/cm2, for inorganic insulators between 0.5 and 2 J/cm2, and for 
organic materials between 0.1 and 1 J/cm2. With multiple pulses, the ablation thresholds 
may decrease due to accumulation of defects: above the ablation threshold, thickness or 
volume of material removed per pulse typically shows a logarithmic increase with 
fluence, according to the Beer–Lambert law. 
The applications of laser-matter interactions have today a great importance in industrial 
field due to the great number of its advantages. They are laser cutting, laser drilling, laser 
micro-machining, laser cleaning, laser marking and laser scribing. 
The behaviour of the laser beam when interacting with biological tissues is very different. 
Scattering is very important because it determines the volume distribution of light 
intensity in the tissue. This is the primary step for tissue interaction, which is followed by 
absorption and heat generation. Scattering of light in tissue is caused by inhomogeneity 
such as cell membranes or intracellular structures. The scattering arises due to a relative 
refractive index mismatch at the boundaries between two such media or structures, e.g. 
between the extracellular fluid and the cell membrane. 
The variety of interaction mechanisms that may occur when applying laser light to 
biological tissue is multifarious, depending on both the tissue characteristics (reflection, 
absorption and scattering coefficients, heat conduction and capacity) and the laser 
parameters (wavelength, exposure time, applied energy, focal spot size, power density 
and fluence). 
Although the number of possible combinations of the experimental parameters is 
unlimited, most of Authors agree that the three main categories of laser-tissue interactions 
are: 
-  photochemical interactions. 
-  photothermal interactions. 
-  photomechanical interactions. 
The group of photochemical interactions stems from empirical observations that light can 
induce chemical effects and reactions within macromolecules or tissues and the most 
popular example, created by the evolution itself, it is represented by the photosynthesis. 
In the field of medical laser physics, the two main applications of the photochemical 
interactions are the photodynamic therapy (PDT) and the biostimulation (Low Level 
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Laser Therapy- LLLT) and both take place at very low power densities, typically 1W/cm2, 
and long exposure times ranging from seconds to CW. 
The term “photothermal interactions” stands for a large group of laser-tissue interaction 
types where the increase in local temperature is the significant parameter change, induced 
by either CW or pulsed laser radiation. Photothermal interaction is a complex process 
resulting from three distinct phenomena: conversion of light to heat, transfer of heat and 
tissue reaction, which is related to temperature and heating time. 
Mechanical effects can result from either the creation of a plasma, an explosive 
vaporization, or the phenomenon of cavitation, each of which is associated with the 
production of a shock wave. 
This capacity of the laser to interact with biological tissues has been the basis of the so 
called “laserology” which is now considered as a medical specialization including all the 
possible applications of this technology in medical and surgical fields. 
Medical lasers have made it possible to treat conditions previously considered untreatable, 
or difficult to treat. Patients benefit by improved results and less cost. In the last few years, 
the main focus of the research and development of medical lasers has been on laser hair 
removal, the treatment of vascular lesions including leg veins, and vision correction. The 
thrust of current research is directed towards non-ablative laser resurfacing (“laser skin 
toning”), “no-touch” computerized vision correction, and improved photodynamic 
therapy for treatment of skin cancer and for hair removal.  
The first application of laser technology in dentistry was described by Goldman in 1964, 
four years after the realization of the first laser device, the “Ruby Laser”, by Maiman in 
1960.  
The main reasons of this delay are, on the one hand the difficulty of the beam delivering 
in a small cavity such the mouth which was solved only by the finalizing of efficient 
delivery systems and, on the other hand the necessity to utilize different wavelengths due 
to the different target tissues present into the oral cavity. 
Another problem found by the first researchers who used laser technology in oral 
applications was the need of limit thermal elevation under values compatible with the 
biological integrity of the tissues. 
Therefore, for many years, the utilization of laser in dentistry was limited only to the soft 
tissue surgery.  
In 1990 laser technology was introduced in conservative dentistry by Hibst and Keller, 
who described the possibility to use an Er:YAG laser as alternative to conventional 
instruments, such as the turbine and micromotor. 
A great improvement was reached in 2000’s with the introduction of the diode lasers: in 
fact, this family of lasers, based on the semiconductor technology and allowing to reduce 
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size, costs and the necessity of maintenance, made the utilization of the coherent light in 
dentistry very popular. 
While for many years the diode laser wavelengths used in dentistry have been around 
1000 nm, thanks to the great absorption in haemoglobin and so able to give a good 
haemostasis of the operative field, in the last years a great interest was focused on the 
lasers emitting in the visible portion, particularly the blue, and in the far infrared, 1500 
and 2000 nm, to get all the advantages derived by a great absorption in the water. 
Unfortunately, the main limit of the diode laser utilization in dentistry is related to the 
possibility to treat only the oral soft tissues: in fact, it results very effective when used in 
oral surgery but it cannot be utilized on the teeth for conservative dentistry. 
The employment of laser in dentistry may be summarized in three main targets: 
- hard dental tissues (teeth, bone): the clinic utilization includes mainly the conservative 
dentistry and the bone surgery and it may be performed only by the Erbium family lasers 
(Er:YAG and Er,Cr:YSGG). 
- soft dental tissues (vascularized and keratinized gum): its applications consist of the oral 
surgery interventions and normally Nd:YAG, CO2 and diodes are the first choice lasers. 
- ceramics surfaces (etchable and non etchable porcelain): its employing is related to the 
characterization of the internal surfaces of ceramic prosthetics to enhance the adhesion to 
the teeth and the CO2, Nd:YAP and Nd:YAG laser are utilized. 
By these considerations, it arises that the possibility to have wavelengths able to be 
effective in all the three targets described might be a great success and the aim of this 
study is to evaluate the effectiveness of the use of fiber lasers for dental applications, 
particularly on soft tissues, hard tissues and ceramic surfaces. 
The device used for the tests is a 1070 nm pulsed fiber laser (AREX 20, Datalogic, Italy) 
available in the Photonic Devices Lab at the Engineering and Architecture Department. 
This source has a maximum average output power of 20 W and a fixed pulse time duration 
of 100 ns, while the repetition rate ranges from 20 kHz to 100 kHz. 
Fiber lasers are sources where the active medium is an optical fiber where the core is 
doped by rare earth ions such as Nd (neodymium), Yb (ytterbium), Er (erbium), Tm 
(thulium). The fundamental difference between traditional solid-state lasers and fiber 
lasers lies in the form of the gain medium. In fact, while bulk crystal lasers are typically 
based on conventional rod or slab geometries, in fiber lasers active ions are added into the 
core of an optical fiber, often with a length of many metres. 
The most common applications of fiber lasers regard the industrial field, where they are 
used mainly for material processing (i.e., for cutting and marking) while the utilizations 
of fiber lasers in medicine are related to the lithotripsy, the surgical treatment of vascular 
lesions, the non-surgical skin aesthetic procedures, the urinary surgery, and the eye 
surgery.  
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The first step of this work is to analyse the behaviour of fiber laser on oral soft tissues 
beyond ex vivo tests performed on samples obtained by bovine tongues. 
Thermal elevation during irradiation was recorded by a Fiber Bragg Grating (FBG) 
temperature sensor connected to an interrogator while tissue modifications evaluation 
with a qualitative microscopic observation and a score assigned by a blind pathologist to 
the incisions made by different parameters. 
The second series of tests is focused on di-silicate ceramic samples and, beyond thermal 
recording performed by FBG interrogator, the morphological analysis of the surface is 
observed by SEM as well as elemental composition by EDS to investigate the possible 
structure modifications induced by laser irradiation. 
A third session of experiments is conducted on dentinal sections of extracted human teeth 
to verify the possibility of fiber laser ablation on hard dental tissues; even if the results 
are not encouraging, it is appreciated the capability to perform a “dentinal welding”, also 
using Hydroxyapatite as filler. 
One more topic treated in this thesis is the prototyping of a new laser device to intraorally 
use for the so-called “at home therapy” based on “random laser” technology and, in the 
last chapter, a description of all the steps for arriving to project this appliance are 
described. 
 
 
The thesis is organized with the following outline: 
 
Chapter I: Laser-matter interactions are described, particularly enhancing the 
advantages of the use of this technology in the industrial field and making the list of the 
main laser processing applications. 
 
Chapter II: Laser-tissue interactions are discussed, in function of wavelength, power, 
time of irradiation and tissue characteristics (presence of chromophores); clinical 
applications of different types of interactions are also described. 
 
Chapter III: An overview of the use of the laser in medicine, in surgery and finally in 
dentistry with the description of the fields of application and the wavelengths used. 
 
Chapter IV: Tests on bovine tongue samples with different parameters: discussion about 
the use of fiber laser in the oral soft tissues surgery. 
 
Chapter V: Tests on di-silicate dental ceramics including SEM and EDS observations to 
evaluate the roughness surface modification with minimal thermal damage. 
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Chapter VI: Dentine samples irradiation and SEM observation. Preliminary study on the 
possibility to weld dentine by Hydroxyapatite apposition. 
 
Chapter VII:  Description of a prototype of “At home” intraoral laser device based on 
“Random laser” technology.



	
	

Chapter 1 

Laser-Matter Interactions 
1.1 Light-matter interactions 

The earliest experimental studies of laser–matter interaction, conducted in the early 1960s 
just after the first high-power lasers construction, studied mainly the thermal effects 
including heating, melting, evaporation of condensed matter, and thermionic electron 
emission. Successfully, when higher laser intensities were reached, it became possible to 
study also the optical breakdown of gas and solid dielectrics. In the 1960s, were also 
proposed the first theoretical models of laser– matter interaction: the simplest models 
were related to moderate laser intensity ranges (I ≃ 105–109 W/cm2) and investigated the 
energy transfer in condensed matter, the kinetics of phase transitions, and the dynamics 
of evaporated material expansion [1-6]. 
Despite many simplifications, the theoretical models may provide a basic outline of the 
actual interaction of laser radiation with solids at moderate laser intensities.  
When a particle interacts with light, different effects occur together, as shown in Fig. 1.1, 
leading to decreasing or extinction of the incident beam, basically representing the sum 
of absorption and scattering.  
Part of the electromagnetic energy of the incidence light is absorbed by the particle and 
changed into a different energy form, mostly thermal energy, through infrared radiance 
(thermal radiation) or convection of the surrounding medium, this one without any 
importance for laser scattering. While for non-transparent particles with a diameter clearly 
above the wavelength of the used light the quantity of the absorption is simply calculated 
from their geometric transverse section, for marginal dimension particles and opaque 
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particles, the absorption coefficient of the material must be known for relating the 
absorption to particle size. About the scattering, a distinction must be initially drawn 
between two different basic forms: the inelastic scattering, where the energy and thus the 
wavelength of the light changes, and the elastic scattering where the wavelength remains 
the same.  
 
 

 

Fig. 1.1 - The four major types of interactions of light with matter: transmission, reflection, 
scattering and absorption (ref. 106). 

1.2 Reflection, refraction and scattering 

Scattering is always present when the incident light deflects from its original direction 
and it can be divided in three parts: reflection, refraction and diffraction. 
The reflection, mostly on the surface of the particles, is described, according to the 
geometric optic, with the law: “angle of incidence equals angle of reflection”. During the 
refraction, the direction of a light beam changes during the transition between two 
materials with different indexes of refraction, according to the “Snell refraction law”; the 
behaviour of an incident light beam when reflected and refracted is shown in Fig. 1.2. 
For instance, when a light beam hits a drop of rain, it is refracted towards the middle of 
the droplet and in the further course, on the outer edge of the rain drop, it is continuously 
back reflected inside the drop again and again.  
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Fig. 1.2 - The behaviour of an incident light beam when reflected and refracted (ref. 106). 

The fraction of the incident power reflected from the surface R depends on the 
polarization and angle of incidence θ1 of the light as well as the index of refraction of the 
atmosphere n1 and the material n2. The reflection coefficients for the s-polarized and p-
polarized components of the light can be calculated from the well-known Fresnel 
equations: 
 

𝑅" =
𝐸%
𝐸&

'

=
𝑛)𝑐𝑜𝑠 𝜃& − 𝑛'𝑐𝑜𝑠 𝜃/
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and are related to the transmission coefficients through Ts = 1-Rs and Tp = 1-Rp.  
For the case of normally incident light on a flat surface, the above equations reduce to the 
more familiar form: 
 

𝑅 = 𝑅" = 𝑅2 =
𝑛) − 𝑛'
𝑛) + 𝑛'

 

 
The reflectivity of a certain material depends on the frequency of the light source through 
the dispersion relation of its index of refraction: in the case of normal incidence, values 
for reflectivity of metals in the near UV and visible spectral range are typically between 
0.4 and 0.95, and between 0.9 and 0.99 for the IR [7]. In addition, the reflectivity of a 
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surface depends on the temperature of the material through changes in the permittivity, 
band structure, plasma oscillations, or material phase [8]. For instance, upon melting, the 
reflectivity of silicon increases by a factor of about 2 [9] while for a metal such as Ni 
changes by only a few percent [10]. In the case of small scale or structured materials, 
additional optical resonances are possible such as surface and bulk plasmons and 
polaritons and these may enhance absorption or reflection due to the photon–electron 
interactions [11]. 

1.3 Absorption 

Once inside the material, absorption causes the light intensity decline with a depth value 
which is in function of the material’s absorption coefficient α; while, generally, it is 
related with wavelength and temperature, for constant α, intensity I exponentially decays 
with depth z according to the Beer–Lambert law:   
 

𝐼 𝑧 = 𝐼5𝑒7∝9 
 
where I0 is the intensity just inside the surface after considering reflection loss.  
The optical penetration or absorption depth δ= 1/ α is defined as the depth at which the 
intensity of the transmitted light drops to 1/e of its initial value at the interface and, 
although the interpretation of absorption depth has been developed for a plane wave, the 
observation that energy absorption is approximately confined within the absorption depth 
still holds for more general beam profiles. Therefore, a wavelength with short absorption 
depths can permit local modification of surface properties without causing an alteration 
of the material bulk. 
Even if the above considerations regard only linear optical phenomena, however they are 
not necessarily valid for all materials, and/or for all incident laser conditions: in fact, some 
materials such as glasses exhibit strong non-linearity in their index of refraction [12] 
which can lead to some interesting effects such as self-focusing, defocusing, or soliton 
propagation [13]. Even if when dealing with CW or nanosecond duration laser pulses, it 
is typically assumed that most of the absorption is due to single photon interactions, 
however, for picosecond (ps) and femtosecond (fs) lasers, the extremely high 
instantaneous intensity enables phenomena such as optical breakdown and multiphoton 
absorption which can significantly decrease absorption depths [14].  
The process of energy deposition from a pulsed/continuous wave (CW) laser beam into 
the near surface region of a solid involves electronic excitation and de-excitation within 
an extremely short period of time [15]. 
 



Laser-Matter Interactions 13 
 

 

Fig. 1.3 - Different effects of a laser beam in function of different pulse durations (ref.15). 

For all laser assisted material processing applications, the first stage involves the coupling 
of laser radiation to electrons within the metal and, initially, photon interaction with 
matter occurs through the excitation of valence and conduction band electrons throughout 
the wavelength band from infrared (10 µm) to UV (0.2 µm) regions. Absorption of 
wavelength between 0.2 and 10 µm leads to intraband transition (free electrons only) in 
metals and interband transition (valence to conduction) in semiconductors. Conversion of 
the absorbed energy to heat involves the excitation of valence and/or conduction band 
electrons, the excited electron–phonon interaction within a span of 10-11–10-12 s, the 
electron–electron or electron–plasma interaction and the electron–hole recombination 
within 10-9–10-10 s (Auger process). Since free carrier absorption (by conduction band 
electrons) is the primary route of energy absorption in metals, beam energy is almost 
instantaneously transferred to the lattice by electron–phonon interaction. 
Similarly, transition in semiconductor or polymers having ionic/covalent bonding with 
energy gap between conduction and valence bands is marginally slower.  

1.4 Laser-matter processing 

The laser processes may be classified into three major classes: 
 
1) heating (without melting/vaporizing).  
2) melting (no vaporizing).  
3) vaporizing.  



Laser-Matter Interactions 14   
 
 
While the transformations such hardening, bending and magnetic domain control which 
rely on surface heating without melting require low power density laser, surface melting, 
glazing, cladding, welding and cutting (melting involving) require high power density 
laser. Similarly, cutting, drilling and similar machining operations which remove material 
as vapour hence, need delivery of a substantially high-power density within a very short 
interaction/pulse time. The different industrial applications, in function of the laser 
parameters, are shown in Fig. 1.4. 
 

 

Fig. 1.4 - Beam parameter product vs. laser power for different applications and laser types. 
Red circles indicate commercially available diode-lasers. Green circle: 200W green solid-
state-laser. 

Beam configuration and beam profile also play an important factor in determining the 
energy distribution at the interaction zone during laser processing. Four types of beam 
profiles are commonly used for material processing: Gaussian, multimode, square (or 
rectangular) and Top -Hat [16].  
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Fig. 1.5 - Difference between Gaussian and Top-Hat beam profiles (ref. 18).  

A Gaussian beam is most suitable for cutting and welding applications rather than for 
surface treatment because, being a ‘sharp tool,’ it tends to vaporize and melt the substrate 
deeply. In contrast, multimode, top hat and square profiles (‘blunt tools’) are preferred for 
surface engineering. Beam shaping is the process of altering an input beam to produce an 
output beam with a desired spatial or irradiance profile while beam shaping plays an 
important role in determining the quality of hardening, welding and laser micro-
processing [17,18]. 
Laser heating with fluence below the threshold of melting can activate a variety of 
temperature-dependent processes within the solid material: in fact, the high temperatures 
generated may enhance diffusion rates promoting impurity doping, the reorganization of 
the crystal structure [19], and sintering of porous materials [20]. 
Also, the rapid generation of large temperature gradients can induce thermal stresses and 
thermo-elastic excitation of acoustic waves [21]: these stresses may be responsible of the 
mechanical behaviour of the material such as work hardening, warping, or cracking. 
A fluence above the threshold of melting can lead to the formation, on the surface, of 
molten material transient pools which may support much higher atomic mobility and 
solubility than in the solid phase, resulting in rapid material homogenization. 
High self-quenching rates with solidification front velocities up to several m/s can be 
achieved by rapid dissipation of heat into the cooler surrounding bulk material [22, 23] 
and this rapid quenching can freeze in defects and supersaturated solutes [24] as well as 
form metastable material phases. Slower re-solidification rates can allow recrystallization 
of larger grains than the original material: use of shaped beam profiles has also been 
shown to allow control of the re-crystallization dynamics [25]. 
 
Laser ablation 
Laser ablation is the removal of material from a substrate by direct absorption of laser 
energy and it occurs above a threshold fluence, depending on the absorption mechanism, 
material properties, microstructure, morphology, the presence of defects, and on laser 
parameters such as wavelength and pulse duration. Typical threshold fluences for metals 
are between 1 and 10 J/cm2, for inorganic insulators between 0.5 and 2 J/cm2, and for 
organic materials between 0.1 and 1 J/cm2 [26]. With multiple pulses, the ablation 
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thresholds may decrease due to accumulation of defects: above the ablation threshold, 
thickness or volume of material removed per pulse typically shows a logarithmic increase 
with fluence, according to the Beer–Lambert law. 
A variety of mechanisms may be active during laser ablation depending on the material 
system and laser processing parameters such as wavelength, fluence, and pulse length 
[27]; at low fluence, photo-thermal mechanisms for ablation include material evaporation 
and sublimation. 
For multicomponent systems, the more volatile species may be depleted more rapidly, 
changing the chemical composition of the remaining material [28-30]. With higher 
fluence, heterogeneous nucleation of vapour bubbles leads to normal boiling and, if 
material heating is sufficiently rapid to approach its thermodynamic critical temperature, 
rapid homogenous nucleation and expansion of vapour bubbles lead to explosive boiling 
(phase explosion) carrying off solid and liquid material fragments [31].  
When in the matter excitation time is shorter than thermalisation time, non-thermal 
photochemical ablation mechanisms can occur: with ultrafast pulses, for instance, direct 
ionization and formation of dense electron-hole plasmas can lead to a thermal phase 
transformation, direct bond-breaking, and explosive disintegration of the lattice through 
electronic repulsion (Coulomb explosion) [32]. 
 

 
 

Fig. 1.6 -  The ionization and Coulomb explosion process, demonstrated for a small cluster 
(Xe55, ion charges are colour coded, electrons in light grey) irradiated by a 25 fs Gaussian 
laser pulse (peak intensity IM = 1015 Wcm-2). (a) Initial tunnel ionizations, generating the first 
ion-electron pairs in the cluster, increasing the local electric field and facilitating further 
ionizations, (b) nanoplasma formation by classical barrier suppression and electron impact 
ionization, constituting the main inner ionization channels, (c) outer ionization and Coulomb 
explosion. The instants of the three snapshots of the time evolution together with the 
oscillating laser electric field are given on the time axis (ref. 31). 
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In some non-metal materials such as polymers and biological materials with relatively 
long irradiation times, photochemical ablation can still occur with short wavelength 
nanosecond lasers, producing well defined ablated regions with small Heat Affected Zone 
(HAZ) [33]. 
In all cases, material removal is accompanied by a highly-directed plume ejection from 
the irradiated zone. The dense vapor plume may contain solid and liquid clusters of 
material and, at high intensities, a significant fraction of the species may become ionized, 
so producing a plasma. Laser material processing offers the possibility of realizing the 
sequent manufacturing finished components directly from the raw materials without any 
elaborate intermediate operation [34-37]. 

1.5 Laser manufacturing in the industrial field 

Laser assisted bending involves the curvature of sheet metal modifying by thermal 
residual stresses induced by laser assisted heating without any externally applied 
mechanical forces [38- 44]. 
Bending angle and properties of the bent zone may be influenced by controlling 
parameters such as laser beam radius, power density, interaction/pulse time, material 
properties (thermal, physical or chemical) and dimension/geometry of the workpiece 
(thickness, curvature, etc.). 
Schuocker [45] developed a mathematical model to predict the temperature and stress 
distribution during laser assisted deep drawing, showing a considerable reduction in 
drawing force: the bending angle, stress–strain relation, temperature and residual stress 
distribution were predicted by the simulation for different materials, sheet thicknesses, 
scanning speeds and laser powers and the experimental results were suitably compared 
with the theoretical prediction. 
Laser rapid prototyping is the development of small, complex and intricate components 
by coupling laser with computer controlled positioning stages and computer aided 
engineering design [46-50] based on repetitive deposition and processing of material 
layers known as additive free-form fabrication technique [51-54]. 
The advantages offered by these techniques include the capabilities to produce 
components of intricate shape with a greater accuracy, faster processing speed, economy 
in energy and material consumption. Laser engineered net shaping is a process in which 
near net shape metal structures are built from powdered metal layer by layer from 
computer generated designs. 
Laser joining is a directed energy beam assisted fusion joining technique which involves 
the application of a high-power laser beam as a source of heat to fuse and join two solids 
of similar or dissimilar natures. The advantages of laser joining over conventional fusion 
or arc welding processes include high welding speed, narrow HAZ, low distortion, ease 
of automation, ability for single pass joining of thick sections and better design flexibility 
with controlled bead size. The special interest in laser joining lies in its capability of 
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fusion joining of dissimilar materials with different section thicknesses, compositions 
and/or physical/chemical properties for industry scale applications particularly in 
automotive and aerospace industry [55-62]. 
Laser welding, because of the sheer volume/extent of work and advancement over the 
years, constitutes the most important operations among the laser joining processes [63-
68]. There are two fundamental modes of laser welding depending on the beam 
power/configuration and its focus with respect to the workpiece: conduction welding and 
keyhole or penetration welding, as shown in Fig. 1.7. 
 
 

 

Fig. 1.7 - Difference between the “Conduction mode welding” and the “Keyhole welding” 
(ref. 64). 

Conduction welding occurs when the beam is out of focus (above the surface) and the 
power density is low/insufficient to cause boiling at the given welding speed. In deep 
penetration or keyhole welding, the beam focus lies below the surface so that sufficient 
energy per unit area is available to cause evaporation and formation of a hole in the melt 
pool. The ‘keyhole’ behaves like an optical black body in that the radiation enters the hole 
and is subjected to multiple reflections before being able to escape. The transition from 
conduction mode to deep penetration mode occurs with increasing laser intensity and 
duration of laser pulse applied to the workpiece. 
Laser cutting does have a diversified application starting from thin sheet metal cutting for 
general purpose equipment (such as household appliances, electrical cabinets and 
automotive components) to thick section metal cutting (for trucks, buildings, stoves, 
construction equipment, ship building…). Research efforts that have been successfully 
conducted on laser assisted machining of engineering materials (both metallic and non-
metallic) have been reported in the literatures [69-74]. 
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Laser drilling is a machining operation by melting and evaporation of the workpiece using 
a high-power laser beam. Metals/alloys, polymers and ceramics may be drilled by laser 
assisted drilling [75-86]. It can be done both in pulsed and CW modes with suitable laser 
parameters. The advantage of using laser is that it can drill holes not only vertically but 
also at an angle inclined to the surface (e.g. fine lock pinholes in Monel metal bolts). 
Mechanical drilling is slow and causes extrusions at both ends of the hole that must be 
cleaned. 
Laser micromachining is the ability to machine very small features such as holes into a 
metal, ceramic, semiconductor or polymer sheet/film by laser ablation with an unmatched 
precision, accuracy and speed has opened a very useful scope application of laser material 
processing in microelectronic industry. 
The combination of a high-energy laser pulse for melting coupled with a properly tailored 
high intensity laser pulse for liquid expulsion results in efficient drilling of metal targets. 
The improvement in drilling is attributed to the recoil pressure generated by rapid 
evaporation of the molten material by the second laser pulse. 
Laser cleaning is the removal of small particles or continuous layers from a metal surface 
and it can be carried out by laser beam using a selected area irradiation at an optimum 
combination of incident power, interaction/pulse time and gas flowrate (that sweeps the 
dislodged atoms from the surface) [87-95]. 
At the initial stage, a plasma plume is formed due to ionization of the atoms vaporized 
from the surface and blocks the beam/surface contact. As the irradiation stops, the 
temporary compression on the surface changes into tension and causes spallation of the 
oxidized layer. A dramatic improvement in cleaning efficiency in terms of area and 
energy is possible when laser beam irradiates the workpiece at an oblique or glancing 
angle of incidence rather than direct or perpendicular irradiation of the surface. 
Laser marking may be used in metallic, polymeric and glassy materials [96-103]. 
Laser ablation can be applied as a means for direct marking on plastics or polymer 
compounds as it is fast, economical and ecofriendly compared with the conventional 
marking processes. 
Besides embossing a mark/design on a surface for identification or aesthetics, laser 
marking is also useful in non-contact and dry etching and printing of polypropylene or 
polyethylene plastics using a 532 nm laser pulse.  
Similarly, laser irradiation can produce controlled micro-cracking or fracture of soda lime 
and borosilicate glasses. 
Laser scribing involves laser ablation of a groove or row of holes that form perforation 
lines to separate a large substrate into individual circuits. Laser scribing is extensively 
used for machining of ceramics in the microelectronics industry. The quality of scribing, 
particularly for silicon chips and alumina substrates is judged by the amount of debris 
produced and size of HAZ (the smaller the better for both). Laser scribing needs a very 
low power so as not to melt the surface and the mechanisms responsible for improvement 
include magnetic domain refinement, stress relaxation and inhibition of domain wall 
movement. Laser scribing also relieves the stresses that are induced in the material during 
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manufacture. The scribe lines increase the surface resistivity of the material, resulting in 
reduced eddy current loss. Laser scribing of polycrystalline thin films used for solar cells 
can eliminate the frequently observed problem of ridge formation along the edges of scan 
wavelength range [104]. 



	
	

 

  

Laser-Tissue Interactions 
2.1 Experimental models for energy deposition prediction 

The prediction of light energy deposition in human tissues is essential during various 
biological applications [105-113] and for this reason much efforts are being made in the 
study of light interaction with biological tissue due to the development and wide use of 
lasers for surgical and therapeutic applications. The rapidly increasing use of light in 
diagnostic and therapeutic medicine has created the need of exact determination of light 
distribution in tissues [114-119]. 
If a laser beam strikes biological tissue, a specific distribution of the laser light inside the 
irradiated volume is observed. Part of the radiation is absorbed by the tissue and, 
consequently, may be therapeutically active while another part will be transmitted either 
directly at or after multiple scattering, this depending on the layer thickness while a further 
fraction of the photons will be scattered in the tissue and leave it as re-emission. 
Only a small percentage will be directly reflected at the surface, due to a step in the value 
of the refractive index. 
The measurable quantities of re-emission, reflection and transmission are often called 
macroscopic optical properties and are in function of wavelength, tissue type and layer 
thickness. The distribution of the laser light inside the tissue and the resulting macroscopic 
optical properties are determined by three processes, absorption, scattering and refraction. 
If during the laser irradiation the tissue structure changes, as in the case of bleaching by 
coagulation or blackening by carbonization, the optical properties may considerably 
change. 
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Numerous models for the prediction of the fluence rates in tissue, or reflection and 
transmission of light by tissue have been developed. The accuracy of these models 
ultimately depends upon how well the optical properties of the tissue are known. Optical 
parameters are obtained by converting measurements of observable quantities (e.g., 
reflection) into parameters which characterize light propagation in tissue. The conversion 
process is based on the theory of light transport in tissue. 
In past years, most of the studies have reported values for the total attenuation coefficient, 
the effective attenuation coefficient, the effective penetration depth, the absorption and 
scattering coefficients and the scattering anisotropy factor for a variety of tissues at a 
variety of light wavelengths and their results are based upon approximations to the 
radiative transport theory (e.g., diffusion theory). Yet sufficient variations in model 
assumptions (e.g., isotropic-anisotropic scattering or matched-mismatched boundaries), 
measurement techniques, experimental apparatus, calibration schemes, and biological 
heterogeneities exist that efforts to extract average values for different tissue types is 
complicated.  
The Monte Carlo simulation technique, which is based on the statistical nature of radiation 
interactions, has been widely applied in laser radiation transport studies. This 
mathematical modeling may provide a better understanding of the interaction between 
tissue and laser depending on the wavelength and help to determine the effective 
wavelength as a function of penetration in tissue. When the photon is launched, if there is 
a mismatched boundary at the tissue surface, some specular reflectance will occur. The 
specular reflectance depends on the average refractive index and on the surface texture 
[120]. The photon weight after the specular reflection is transmitted into the tissue.  
The step size of each launched photon(s) and the azimuthal angle Ф are calculated based 
on a random sampling of the probability distribution for the photon's free path, the 
computer's random number generator yields a random variable from 0 to 1: 
 

S = −ln ζ / µt 
Φ = 2πζ 

 
where ζ is a random number equally distributed between 0 and 1 (0 < ζ ≤ 1). µt is the 
extinction coefficient (µt =µa +µs) where µa is the absorption coefficient and µs is the 
scattering coefficient [121]. 
In case of multi-layered tissue, the photon may hit a boundary between each tissue layers 
during the simulation. The photon can be either internally reflected by the boundary or 
escape as observed reflectance. Four steps are involved in the simulation when the photon 
hits a boundary of the layer:  
1) The distance between the photon point and the boundary is calculated.  
2) Next step decides whether the step size is greater than distance between the photon 
point and the boundary.  
3) If the photon hit a boundary, probability of a photon is computed whether photon being 
internally reflected, which depends on the angle of incidence onto the boundary [122].  
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If the angle of incidence is larger than the critical angle, the internal reflectance is set to 
1. 
4) To determine whether the t photon is reflected by the boundary or transmits into lower 
tissue, a random number (ζ) is generated: if ζ ≤ R(θi), the photon is reflected while if ζ > 
R(θi) the photon is transmitted [123]. 
Some of the transmitted light will re-emerge through the air-skin interface into the air. 
The re-emergence of light will result in the observed diffuse reflection. Their weights are 
accordingly scored into the diffuse reflectance or diffuse transmittance depending on 
where the photon packet exits. The diffuse reflectance comprises photons which enter the 
tissue and subsequently are scattered back through the irradiated tissue surface. Therefore, 
the diffuse reflectance determines the probability that a photon is backscattered by either 
single or multiple scattering interactions, and absorption along its optical path within the 
tissue depending on the tissue scattering coefficient and scattering anisotropy [124].  
As we showed in the study [125] performed in the Photonic Devices Lab of the 
Department of Engineering and Architecture by using a supercontinuum source on 
different kinds of rat tissues, generally, each irradiated tissue had no transmission in two 
wavelength intervals, the first one (350-600 nm) in the visible section of the “therapeutic 
window” due to the presence of chromophores, the other one in the infra-red portion 
(1300-1700) due to the water absorption peak (Fig. 2.1) 
 

 
Fig. 2.1 - Graphic visualization of the wavelengths transmitted by the different samples in 
relationship with the most commonly used laser in surgery and LLLT (in increasing order: 
Blue diode, KTP, red diode, IR diode, Nd:YAG, Nd:YAP and IR diode) (ref. 125). 
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2.2 Role of the chromophores in the energy absorption 

Chromophores are all the tissue elements absorbing a certain wavelength or spectrum of 
light energy to a high degree. 
In biological tissues the chromophores are predominantly coupled to cellular components 
(e.g. to membranes), or they are present in the form of a cellular substructure like the 
nucleic bases of DNS/RNS. In the NIR and MIR, tissue absorption is dominated mainly 
by the absorption in water. Absorption by molecules, e.g. glucose, plays an insignificant 
role. Besides low-energy electronic transitions, mainly higher harmonics and combination 
vibrations will be excited. The combination bands are composed of hydrogen tensile 
vibrations contributed mainly by molecular groups like N-H (amino), O-H (hydroxyl) and 
C-H (hydrocarbon). 
The scattering behaviour of biological tissue is also important because it determines the 
volume distribution of light intensity in the tissue. This is the primary step for tissue 
interaction, which is followed by absorption and heat generation. Scattering of light in 
tissue is caused by inhomogeneity such as cell membranes or intracellular structures. 
Scattering arises due to a relative refractive index mismatch at the boundaries between 
two such media or structures, e.g. between the extracellular fluid and the cell membrane. 
Scattering of a photon is accompanied by a change in the propagation direction without 
loss of energy and the scattering structures of the tissue can be: 
  
1) macroscopic like muscle fibers, skin layers, or dentin tubules. 
2) microscopic like cells or intracellular structures.  
3) sub-microscopic, considering macromolecules or nanoparticles. 
 
Scattering, is expressed by the scattering coefficient µs (cm−1). The inverse parameter, 
1/µs (cm), is the mean free path length until a next scattering event occurs. For red light 
in the human skin, the mean free path length for absorption is 50 µm, and the mean free 
path length for scattering is 5 mm: this means that, statistically, a photon is scattered 100 
times until it is absorbed. 
The energy states of molecules are quantized; therefore, absorption of a photon takes 
place only when its energy, E = hv, corresponds to the energy difference between such 
quantized states. 
Absorption of a photon by a chromophore causes either a quantized change in the distance 
between charges (electron transition, ultraviolet or visible spectrum) or a quantized 
change of vibrational modes of the molecule (vibration transition, near infrared [NIR]). 
Absorbing molecular components of the tissue are porphyrin, haemoglobin, melanin, 
flavin, retinol, nuclear acids, deoxyribonucleic acid (DNA)/ribonucleic acid (RNA), and 
reduced nicotinamide adenine dinucleotide, where electronic transitions are excited, 
leading to discrete and intense (broad) absorption bands. In the NIR and mid-infrared 
(MIR) region, tissue absorption is dominated by water absorption, with the maximum at 
3 µm, as shown in Fig. 2.2. 
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Fig. 2.2 - Absorption coefficients of the main chromophores in tissues (ref. 126). 

The absorption coefficient a characterizes the absorption and it is the product of absorber 
concentration ca (cm-3) and absorption cross-section s (cm2), measured in cm-1.  
In general, different absorbers contribute at one wavelength, consequently µa must be 
considered the sum of all substances involved: 
 

𝜇; = Σ𝑐;	𝜎; 
 
Biological tissues typically display absorption coefficients in the range 0.01 cm-1 < µa < 
100 cm-1 [126, 127] and generally, in tissue optics the absorption coefficient is given in 
mm-1 (1 mm-1 = 10 cm-1). 
For exclusively absorbing materials the intensity of the part IT transmitted through a layer 
of thickness d (cm) can be easily calculated according to Beer-Bouger-Lambert law. 
If I0 is the intensity on entry into the substrate: 
 

IT = I0 exp (-µa d) 
 
The variety of interaction mechanisms that may occur when applying laser light to 
biological tissue is multifarious, depending both by the tissue characteristics (reflection, 
absorption and scattering coefficients, heat conduction and capacity) both by the laser 
parameters (wavelength, exposure time, applied energy, focal spot size, power density 
and fluence). 
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Although the number of possible combinations for the experimental parameters is 
unlimited, most of authors agree that the three main categories of laser- tissue interactions 
are: Photochemical interactions, Photothermal interactions, Photomechanical interactions 
(Fig. 2.3). 
 

 

Fig. 2.3 - The main laser-tissue interactions in function of the PD and time of irradiation (ref. 
106). 

2.3 Photochemical interactions 

The group of photochemical interactions stems from empirical observations that light can 
induce chemical effects and reactions within macromolecules or tissues and the most 
popular example, created by the evolution itself, it is represented by the photosynthesis. 
In the field of medical laser physics, the two main applications of the photochemical 
interactions are the photodynamic therapy (PDT) and the biostimulation or Low Level 
Laser Therapy (LLLT) and both take place at very low power densities, typically 1W/cm2, 
and require long exposure times ranging from seconds to CW. 
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PDT was first developed at the beginning of the twentieth century in Munich when Oscar 
Raab and his professor, Herman von Tappeiner, noticed the effects of photosensitivity on 
paramecia. Raab observed the rapid death of the protozoon Paramecium caudatum after 
light exposure in the presence of acridine dye. The presence of light, which modified the 
effect of the dye, led to the identification of a photosensitizer. Subsequently, Professor 
von Tappeiner went on to carry out other experiments and discovered that the presence 
of oxygen was necessary for the reaction occurring, thus creating the term PDT. 
PDT involves the administration of a photosensitizing agent into the tissue of a tumor, 
followed by the activation of this agent using light at a specific wavelength. The treatment 
consists of two stages. In the first stage, the photosensitizing agent is accumulated, 
particularly in the tumor cells, following topical or systemic administration. In the second 
stage, the photosensitized tumor is exposed to light at a wavelength that coincides with 
the absorption spectrum of the photosensitizing agent. As shown in Fig. 2.4, this activated 
agent transfers energy to molecular oxygen, generating reactive oxygen species (ROS); 
the subsequent oxidation of the lipids, amino-acids and proteins induces necrosis and 
apoptosis. In addition, ROS indirectly stimulate the transcription and release of 
inflammatory mediators [128]. 

 

Fig. 2.4 - Main reactions involved in Photo Dynamic Therapy (ref. 128). 

Oxidation of the cell constituents by ROS damages the plasma membranes and the cell 
organelles, with a subsequent alteration in permeability and transport function between 
the intra- and extracellular media. Inhibition of mitochondrial enzymes appears to 
represent a key event in cell death by PDT [129]. An apoptotic response to PDT was 
reported by Agarwal et colleagues in 1991 [130]. This response may be directly induced 
by PDT without any need for the transduction of intermediary signs that may be lacking 
in certain drug- resistant neoplastic cells. Cell death by PDT does not appear to depend 
on the phase of the cell cycle or on genetic factors (e.g. p53 gene) [131]. 
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PDT targets include tumor cells, tissue micro- vasculature and the host’s inflammatory 
and immune systems. It appears clear that the combination of all these components is 
required to achieve long term control of the tumor. The main characteristic of the 
inflammatory process is the release of vasoactive substances, components of the 
complement, proteinases, peroxidases, cytokines, growth factors and other immuno-
regulators. There is evidence of an increase in the regulation of interleukin-1-beta 
(IL1beta), interleukin-2 (IL-2), tumor necrosis factor alpha (TNF alpha) and granulocyte 
colony-stimulating factor (G-CSF) [132]. 
Biomodulation was born in Hungary in 1967 when Endre Mester noticed the ability of 
the He-Ne laser to increase hair growth [133] and stimulate wound healing in mice [134], 
and, shortly afterward, he began to use lasers to treat patients with non-healing skin ulcers 
[135]. Since those early days, the use of low-power lasers (as opposed to high-power 
lasers that can destroy tissue by a photothermal effect) has steadily increased in diverse 
areas of medical practice that require healing, prevention of tissue death, pain relief, 
reduction of inflammation, and regenerative medicine. 
Low-Level Laser Therapy (LLLT) uses low-powered laser light in the range of 1-1000 
mW, at wavelengths from 632-1064 nm, to stimulate a biological response. These lasers 
emit no heat, sound, or vibration. Instead of generating a thermal effect, LLLT acts by 
inducing a photochemical reaction in the cell. 
Mitochondria are considered the power generators of the eukaryotic cell, converting 
oxygen and nutrients through the oxidative phosphorylation process and electron 
transport chain into adenosine triphosphate (ATP). The basic idea behind cellular 
respiration is that high-energy electrons are passed from electron carriers, such as reduced 
nicotinamide adenine dinucleotide (NADH) and the reduced form of flavin adenine 
dinucleotide (FADH2), through a series of transmembrane complexes (including 
cytochrome c oxidase [CCO]) to the final electron acceptor, generating a proton gradient. 
The gradient is used by FOF1 ATP synthase to produce ATP. Various in vitro 
experiments, such as those that use rat liver isolates, found that cellular respiration was 
upregulated when mitochondria were exposed to a He-Ne laser or other forms of 
illumination. Laser irradiation caused an increase in mitochondrial products (such as ATP 
[136, 137], NADH, protein, ribonucleic acid [RNA] [138]) and a reciprocal augmentation 
in oxygen consumption. As shown in Fig. 2.5, a similar effect is produced when tissue 
that contains mitochondria is exposed to low-level radiation. Visible and near-infrared 
(NIR) light is absorbed by the organelle, and an upregulation of cellular respiration is 
observed [139]. 
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Fig. 2.5 - Action of biomodulation on mitochondria and consequent biochemical effects 
activation (ref. 139). 

LLLT promotes the synthesis of deoxyribonucleic acid (DNA) and RNA [140] and 
increases the production of proteins [141]. It also modulates enzymatic activity [142], 
affects intracellular and extracellular pH [143] and accelerates cell metabolism [144]. The 
expression of multiple genes related to cellular proliferation, migration, and the 
production of cytokines and growth factors also have been shown to be stimulated by low-
level light [145]. 
Today, LLLT is used by physical therapists to treat a wide variety of acute and chronic 
musculoskeletal aches and pains, by dentists to treat inflamed oral tissues and to heal 
diverse ulcerations [146, 147], by dermatologists to treat oedema, non-healing ulcers, 
burns, and dermatitis [148, 149], by orthopedists to relieve pain and treat chronic 
inflammations and autoimmune diseases [150], and by other specialists, as well as general 
practitioners. Laser therapy is also widely used in veterinary medicine [151] (especially 
in racehorse-training centres), and in sports-medicine and rehabilitation clinics [152] to 
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reduce swelling and hematoma, relieve pain, improve mobility, and treat acute soft-tissue 
injuries.  

2.4 Photothermal interactions 

The term “phototermal interactions” stands for a large group of laser-tissue interaction 
types where the increase in local temperature is the significant parameter change, induced 
by either CW or pulsed laser radiation. 
Photothermal interaction is a complex process resulting from three distinct phenomena: 
conversion of light to heat, transfer of heat and the tissue reaction, which is related to the 
temperature and the heating time [153]. 
This interaction leads to denaturation or to the destruction of a volume of tissue. The 
known factors are the parameters of the laser (wavelength, power, time and mode of 
emission, beam profile and spot size) and the tissue being treated (optical coefficients, 
thermal parameters and coefficients of the reaction of thermal denaturation). 
Thermal action of a laser beam can be described as one of these types, depending on the 
degree and the duration of tissue heating [154]: 
Hyperthermia: meaning a moderate rise in temperature of several ºC, corresponding to 
temperatures of 41º to 44º for some tens of minutes and resulting in cell death due to 
changes in enzymatic processes. This is a difficult procedure to control and so it is little 
used in practice. 
Coagulation: refers to an irreversible necrosis without immediate tissue destruction. The 
temperature reached (50º to 100º C) for around a second, produces desiccation, blanching, 
and a shrinking of the tissues by denaturation of proteins and collagen. 
Vaporization: means a loss of material. The various constituents of tissue disappear in 
smoke at above 100º C, in a relatively short time of around one tenth of a second. At the 
edges of the vaporization zone there is a region of coagulation necrosis: there is a gradual 
transition between the vaporization and healthy zones. The haemostatic effect is due to 
this region of coagulation necrosis. If the vaporized zone has a large area of some 
millimetres in diameter, it is possible to destroy tumours bigger than those treated by a 
simple coagulation. If the vaporized region is narrow, a cutting effect is then obtained. 
Carbonization: at temperature above approximatively 100° the tissue starts to carbonize 
leading to a blackening in colour. In surgery, even if carbonization may reduce visibility 
during the intervention, it should be avoided in any case, since tissue already becomes 
necrotic also at lower temperatures. 
Melting: in the teeth irradiated at high power, the temperature may reach a few hundred 
degrees Celsius: it is possible to observe melted and afterwards down-cooled tooth 
substance as well as gas bubbles like solidified lava. 
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Fig. 2.6 - Laser photothermal effects (ref. 107). 

Frequently, not only one but several effects are induced in biological tissue, ranging from 
carbonization at the tissue surface to hyperthermia a few millimetres inside the tissue and 
depending on the laser parameters. 
Reversible and irreversible tissue damage can be distinguished: while carbonization, 
vaporization and coagulation are certainly irreversible processes because they induce 
irreparable damage, hyperthermia can turn out to be able a reversible or irreversible 
process, depending on the type of tissue and the laser parameters [155]. 

2.5  Photomechanical interactions 

Mechanical effects can result from either the creation of a plasma, an explosive 
vaporization, or the phenomenon of cavitation, each of which is associated with the 
production of a shock wave. 
With nano- or pico-second pulsed lasers, a very high intensity of luminous flux over a 
small area (around 1010 W/cm2) ionizes atoms and creates a plasma [156]. At the 
boundary of the ionized region, there is a very high-pressure gradient which causes the 
propagation of a shock wave. It is the expansion of this shock wave which causes the 
destructive effect. These lasers are used principally in ophthalmology for breaking the 
membranes which often develop after the implanting of an artificial lens. The protection 
of the retina is possible by two different mechanisms: firstly, the plasma produced is self-
absorbing, so preventing the light from reaching the retina (plasma shielding); in addition, 
the wide angle of focusing results in a very divergent beam after the focal point and the 
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light reaching the retina has too low a power density to represent a significant danger 
[157]. 
When the exposure time of the laser is lower than the characteristic time of thermal 
diffusion in the tissue, it produces a thermal containment, with an accumulation of heat 
without diffusion and an explosive vaporization of the target: this is the mechanism 
involved in selective photothermolysis; if a mechanical containment is added to a thermal 
containment, the explosive vaporization does not occur, and a gas bubble is created which 
will implode when the laser beam is interrupted, creating the phenomenon of cavitation: 
this is the mechanism which is used for fragmentation of urinary calculi by a laser emitting 
micro-second pulses [158]. 
Photoablation, discovered by Srinivasan and Mayne-Banton in 1982, is defined by as a 
pure ablation of material without thermal lesions at the margins and the typical threshold 
values for this type of interaction are around 108 W/cm2.  It occurs because of the 
principle of dissociation: with very short wavelengths (190 to 300 nm), the electric field 
associated with the light is higher than the binding energy between molecules. The 
molecular bonds are broken and the tissue components are vaporized, without generation 
of any heat at the edges [159]. Photoablation can be summarized as a two-steps process, 
considering the two atoms A and B: 
Excitation:         AB + hv  —> (AB)* 
Dissociation:     (AB)* —> A+B+ Ekin 
This effect is obtained with lasers of very energetic wavelengths such as those emitting 
in the ultra-violet (excimer lasers emit at 193 nm (ArF), 248 nm (KrF) or 308 nm (XeCl)). 
The action is very superficial, only over several microns, because light at these 
wavelengths is very strongly absorbed by tissue. 
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Fig. 2.7 - Difference between photothermal interaction and photoablation (ref. 159). 

The photodisruption (from Latin: ruptus= ruptured) may be regarded as a multi-cause 
mechanical effect starting with optical breakdown and including shock wave generation, 
cavitation and jet formation and all these effects take place at different time scale [160]. 
In fact, while plasma formation begins during the laser pulse and lasts for a few 
nanoseconds afterwards (the time needed for the free electron diffusion into the 
surrounding medium), shock wave generation is associated with the expansion of the 
plasma and, 30-50 ns later, slows down to an ordinary acoustic wave; finally, cavitation, 
which is a macroscopic effect, starts 50-150 ns after the laser pulse and, after several 
oscillations of expansion and collapses within a period of a few hundred microseconds, 
generates a jet formation of a speed up to 156 m/sec [161] in the bubbles near a solid 
boundary. 
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Fig. 2.8 - High-speed micro-cinema-graphic sequence of laser-induced cavitation near a solid 
surface shows the formation of a micro-jet impact with a velocity of approximately 400 km 
per hour (ref. 107).  

The typical parameters of the photodisruption may be considered a pulse duration 
between 100 fs and 100 ns and a power density between 1011 and 1016 W/cm2. 
 
 



	
	

  

Laser in Dentistry 
3.1 History of laser in medicine 

The laser medicine started in 1960 when some pioneers, such as dr. Leon Goldman, began 
research on the interaction of laser light on biologic systems, including early clinical 
studies on humans [161]. Interest in medical applications was intense, but the difficulty 
controlling the power output and delivery of laser energy, as well as the relatively poor 
absorption of these red and infrared wavelengths led to inconsistent and disappointing 
results in early experiments. The exception was the application of the ruby laser in retinal 
surgery in the mid-1960s [162]. In 1964, the Argon Ion laser was developed: this 
continuous wave 488 nm (blue-green) gas laser was easy to control, and its high 
absorption by haemoglobin made it well suited to retinal surgery, soon making clinical 
systems for treatment of retinal diseases available. 
In 1964, Nd:YAG (Neodymium: Yttrium Aluminum Garnet) laser and CO2 (Carbon 
Dioxide) laser were developed at Bell Laboratories, this last laser emitting a CW infrared 
beam at 10600 nm in an easily manipulated and focused beam well absorbed by water. 
Because soft tissue consists mostly of water, researchers found that CO2 laser beam could 
cut tissue like a scalpel, but with minimal blood loss. The surgical uses of this laser were 
investigated extensively from 1967-1970 by pioneers such as Dr. Thomas Polanyi and dr. 
Geza Jako and, in the early 1970s, use of the CO2 laser in ENT (ears, nose, and throat) 
and gynecologic surgery became well established, though limited to academic and 
teaching hospitals [163]. 
Dye lasers became available in 1969 and Excimer lasers, in 1975. Since then, many other 
different laser systems have become available for industrial scientific and 
telecommunications applications, as well as medical uses. 
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In the early 1980s, smaller but more powerful lasers became available, and were soon 
appearing in community hospitals and even physicians’ offices. Most of these   systems 
were CO2 lasers used for cutting and vaporizing, and Argon lasers for ophthalmic use. 
Nd:YAG and KTP laser systems were used by larger hospitals for the new field of 
laparoscopic surgery. These “second generation” lasers were all continuous wave, or CW 
systems, which means to cause non-selective heat injury, and the proper use required a 
long “learning curve” and experienced laser surgeons. 
The single most significant advance in the use of medical lasers was the concept of 
“pulsing” the laser beam, which allowed selective destruction of abnormal or undesired 
tissue, while leaving surrounding normal tissue undisturbed. The first lasers to fully 
exploit it were the pulsed dye lasers introduced in the late 1980s for the treatment of port 
wine stains and strawberry marks in children, followed by the first Q-switched lasers for 
tattoo removal [164, 165]. Another major advance was the introduction of scanning 
devices in the early 1990s, enabling precision computerized control of laser beams. 
Scanned, pulsed lasers revolutionized the practice of plastic and cosmetic surgery by 
making safe, consistent laser resurfacing possible, as well as increasing public awareness 
of laser medicine and surgery. 
Medical lasers have made it possible to treat conditions previously considered untreatable, 
or difficult to treat. Patients benefit by improved results and less cost. In the last few years, 
the main focus of research and development of medical lasers has been on laser hair 
removal, the treatment of vascular lesions including leg veins, and vision correction. The 
thrust of current research is directed towards non-ablative laser resurfacing (“laser skin 
toning”), “no-touch” computerized vision correction, and improved photodynamic 
therapy for treatment of skin cancer and for hair removal [166]. 

3.2 Early applications of laser in dentistry 

The first application of laser technology in dentistry was described by Goldman in 1964, 
four years after the realization of the first laser device, the “Ruby Laser”, by Maiman in 
1960 [167]. 
The main reasons of this delay are, on the one hand the difficulty of the beam delivering 
in a small cavity such the mouth which was solved only by the finalizing of efficient 
delivery systems and, on the other hand the necessity to utilize different wavelengths due 
to the different target tissues present into the oral cavity. 
Another problem found by the first researchers who used laser technology in oral 
applications was the need of limit thermal elevation under values compatible with the 
biological integrity of the tissues. 
For this last reason the first studies, including those by Goldman, Kinersly, Morrant, Stern 
and Taylor may be reminded only for their historical relevance [168, 169] by considering 
the paper by Frame in 1984 as the first which described an “in vivo” oral surgery 
intervention using a CO2 laser without collateral biological damages [170]. 
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Further work in the 1970’s focused on the effects of neodymium (Nd:YAG) and carbon 
dioxide (CO2) lasers on dental hard tissues. Early researchers found that CO2 and 
Nd:YAG lasers produced cracking and disruption of enamel rods, incineration of dentinal 
tubule contents, excessive loss of tooth structure, carbonization and fissuring and 
increased mineralization caused by the removal of organic contents [171]. It was also 
reported that the use of the CO2 laser was unfavourable because of the loss of the 
odontoblastic layer [172].  
 

 

Fig. 3.1- Effects of Nd:YAG irradiation on human dental enamel. (Left: 500X, Right: 1500X): 
micro-cracks, melting and craters are present. 

Therefore, for many years, the utilization of laser in dentistry was limited only to the soft 
tissue surgery.  

3.3 Use of laser in hard dental tissues 

In 1990 laser technology was introduced in conservative dentistry by Hibst and Keller, 
who described the possibility to use an Er:YAG laser as alternative to conventional 
instruments, such as the turbine and micro-motor [173, 174]. Widespread interest in 
employing this new technology stems from the number of significant advantages, as 
described in several scientific studies. Thanks to the affinity of the Er:YAG laser 
wavelength (2940 nm) to water (absorption peak = 3000nm) and hydroxyapatite 
(absorption peak = 2800nm), as shown in Fig. 3.2, laser technology allows for efficient 
ablation of hard dental tissues without the risk of micro- and macro-fractures, as have 
been observed with the use of conventional rotating instruments [175, 176]. The dentin 
surface treated by laser appears clean, without a smear-layer and with the tubules open 
and clear [177]. 
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Fig. 3.2 -  Absorption spectra of water and hydroxyapatite (ref. 175). 

Thermal elevation in the pulp, recorded during Er:YAG laser irradiation, is lower than 
that recorded by using a turbine and micro-motor with the same conditions of air/water 
spray [178, 179]. This wavelength also has an antimicrobial decontamination effect on 
the treated tissue, which destroys both aerobic and anaerobic bacteria [180]. The most 
interesting aspects of this new technology are related to the goals of modern conservative 
dentistry: i.e. minimally invasive treatments and adhesive dentistry. Er:YAG lasers can 
reach spot dimensions smaller than 1 mm which enables a selective ablation of the 
affected dentin while preserving the surrounding sound tissue to produce highly efficient 
restorations [181].  Several in vitro studies have demonstrated that the preparation of 
enamel and dentine by Er:YAG laser, followed by orthophosphoric acid-etching, 
enhances effectiveness in terms of reduced micro-leakage and increased bond strength 
[182]. 
 

 

Fig. 3.3 - Dentine conditioning: bur + orthophosphporic acid (left), Laser (centre), Laser + 
orthophosphoric acid (right). 
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Fig. 3.4 - Resin tags into the dentine prepared by bur + orthophosphporic acid (left), Laser 
(centre), Laser + orthophosphoric acid (right). 

3.4 Diode lasers in dentistry 

A great improvement was reached in 2000’s with the introduction of the diode lasers: in 
fact, this family of lasers, based on the semiconductor technology, and allowing to reduce 
size, costs and the necessity of maintenance, made the utilization of the coherent light in 
dentistry very popular. 
While for many years the diode laser wavelengths used in dentistry have been around 
1000 nm, thanks to the great absorption in haemoglobin and so able to give a good 
haemostasis of the operative field, in the last years a great interest was focused on the 
lasers emitting in the visible portion, particularly the blue, and in the far infrared, 1500 
and 2000 nm, to get all the advantages derived by a great absorption in the water. 
Unfortunately, the main limit of the diode laser utilization in dentistry are related to the 
possibility to treat only the oral soft tissues: in fact, it results very effective when used in 
oral surgery but it cannot be utilized on the teeth for conservative dentistry. 
The employment of laser in dentistry may be up to day summarized in three main targets: 
-hard dental tissues (teeth, bone): the clinic utilization includes mainly the conservative 
dentistry and the bone surgery and it may be performed only by the Erbium family lasers 
(Er:YAG and Er, Cr:YSGG). 
-soft dental tissues (vascularized and keratinized gum): its applications consist of the oral 
surgery interventions and normally Nd:YAG, CO2 and diodes are the first choice lasers. 
-ceramics surfaces (etchable and non etchable porcelain): its employing is related to the 
characterization of the internal surfaces of ceramic prosthetics to enhance the adhesion to 
the teeth and the CO2, Nd:YAP and Nd:YAG laser are utilized. 
By these considerations, it arises that the possibility to have wavelength able to be 
effective in all the three targets described might be a great success. 
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3.5 Fiber lasers and their possible role in dentistry 

Fiber lasers, a new generation of lasers that has recently become commercially available, 
present important advantages as compared with previous technologies in terms of source 
brilliance, stability of the oscillating mode, efficiency, possibility of a monolithic 
packaging and low-maintenance costs. There are a lot of features that differentiate fiber 
lasers from the other existing laser technologies and give them superior overall 
performance. Due to large surface-to-volume ratio, fiber lasers provide better thermal 
management and almost total elimination of thermal lensing, which plagues solid-state 
crystal counterparts. The well controlled spatial distribution of the signal, provided by the 
continuous guidance, results in superior beam quality and stability, while small quantum 
defect, as well as, low cavity and transmission losses result in record wall-plug 
efficiencies. Also, fiber lasers show turn-key operation and small foot print. Their unique 
properties, particularly the output power stability and unparalleled beam quality at high 
output powers, have increased their market penetration and have enabled a great number 
of new applications. The amorphous nature of glass host in the fiber core produces 
inhomogeneously broadened active-ion emission and absorption spectra, which are wider 
than they would be in crystals. This enables fiber lasers to be widely tuned and work 
efficiently from continuous-wave (CW) operation to ultra-short optical pulses. They show 
high gain, which enables master- oscillator power amplifier (MOPA) and cascaded 
amplifier con- figurations and makes them suitable for average power scaling. However, 
the small saturation energy, associated with the relatively small—compared to solid-state 
rod counterparts—fiber core diameter compromises the energy storage capabilities and 
high energy operation.  
Fiber lasers are sources where the active medium is an optical fiber with core doped by 
active ions such as Nd (neodymium), Yb (ytterbium), Er (erbium), Tm (thulium) [183]. 
Even if the first fiber laser was constructed in 1963 by Elias Snitzer [184, 185], for several 
years rare earth doped fiber lasers have been able to produce only few mW of output 
power [186]. It was in fact only two decades later, in the 1980s, that the first commercial 
fiber laser using single mode diode pumping and emitting a few tens of mW appeared in 
the market. Since then, this kind of laser has become very popular, due to its large gain 
and the feasibility of single-mode continuous wave operation not achievable in the 
common crystal laser versions [187]. The fundamental difference between traditional 
solid-state lasers and fiber lasers lies in the form of the gain medium. In fact, while bulk 
crystal lasers are typically based on conventional rod or slab geometries, in fiber lasers 
active ions are added into the core of an optical fiber, often with a length of many metres 
[188]. This laser family emits in a wide range of wavelengths, depending on dopants and 
host materials, operates in continuous wave (CW) or pulsed mode. CW output powers of 
several kW [189] and pulse energies up to around 30 mJ [190] can be currently obtained 
with Yb-doped fiber lasers. When compared to other sources, fiber lasers have a great 
number of advantages, such as high efficiency (>30% pump to signal conversion), high 
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brightness, excellent beam quality, high output powers and easy coupling into other fibers 
or systems [191-195]. 
 

 

Fig. 3.5 - Scheme of a fiber laser (ref. 187). 

The most common applications of fiber lasers regard the industrial field, where they are 
used mainly for material processing (i.e., for cutting and marking). The main utilizations 
of fiber lasers in medicine are related to the lithotripsy [196], the surgical treatment of 
vascular lesions [197], the non-surgical skin aesthetic procedures [198, 199], the urinary 
surgery [200], and the eye surgery [201].  
The aim of this study was to evaluate the effectiveness of the use of fiber lasers for dental 
applications, particularly on soft tissues, hard tissues and ceramic surfaces. 



	
	

  

Fiber lasers and soft tissue surgery 
4.1 Introduction 

As reported in the previous chapter, the first application of laser technology in medicine 
was described by Goldman in 1964, four years after the realization of the first laser device, 
the “Ruby Laser”, by Maiman in 1960. 
One of the main problems found by all the first researchers who used laser technology for 
biological tissues was the need of limit thermal elevation under values compatible with 
their biological integrity. 
To avoid the tissues overheating, and the consequent thermal damage, more and more 
solutions have been provided by the laser manufacturers. For example, there is the 
possibility to get an air-water spray directed in the same point of the laser-tissue 
interaction [202]. As an alternative, very low output powers can be used [203], or the laser 
source can be operated in chopped or pulsed mode, with short irradiation times and long 
pauses to favour the thermal relaxation [204]. 
The aim of this ex vivo study on fresh beef tongue samples was to estimate the 
performance of fiber lasers for the soft tissue oral surgery, by the tissue modifications 
evaluation with a qualitative microscopic observation, and the thermal elevation during 
the irradiation using a Fiber Bragg Grating (FBG) temperature sensor connected to an 
interrogator. A FBG is a wavelength-dependent reflector obtained by introducing a 
periodic refractive index modulation within the core of an optical fiber [205]. Whenever 
a broad-spectrum light beam impinges on the grating, a portion of its energy is transmitted 
through, and another reflected off. The reflected light signal is very narrow and centred 
at the Bragg wavelength. Any change in the grating refractive index or length caused by 
strain or temperature results in a Bragg wavelength shift [206]. As consequence, FBGs 
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have the potential for the measurement of strain/deformation and of temperature, with 
successful applications reported in many different fields, including monitoring of 
highways, bridges, aerospace components, and in chemical and biological sensors.  
Different tests have been performed with a pulsed fiber laser emitting at 1070 nm, with 
maximum average output power of 20 W and fixed pulse duration of 100 ns. Experimental 
results have demonstrated that the best properties in term of cutting capability and the 
lowest heat-induced damages to the tissue can be obtained with a peak power of 2 kW, a 
repetition rate of 50 kHz and a speed of 5 mm/s.  

4.2 Materials and Methods 

Fiber laser device 
The device used, was a 1070 nm pulsed fiber laser (AREX 20) provided by Datalogic, 
Italy. The source has a maximum average output power of 20 W and a fixed pulse duration 
of 100 ns, while the repetition rate ranges from 20 kHz to 100 kHz. By using a dedicated 
software, it is possible to determine in advance the shape and the dimension of the 
irradiation area (line, square, etc), as well as the number of passages (Fig. 4.1). 
 

 

Fig. 4.1 - The pulsed fiber laser (AREX 20, Datalogic, Italy) used for the tests. 
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FBG Interrogator 
Differently to our previous “ex vivo” studies, where we used thermocouples to investigate 
the temperature variations due to laser irradiation [207-209], in these tests we employed 
a FBG-based sensor to measure temperature during all the irradiation time and the 
relaxation time. To monitor the thermal elevation, a 25 mm-long FBG with centre 
wavelength of 1550 nm, reflectivity of 96% and acrylate coating, imprinted in a standard 
SMF (AOS GmbH, Germany), has been connected to an interrogator. The device used 
was the Dynamic Optical Sensing Interrogator sm130-500 (Micron Optics Inc, Atlanta, 
USA) (Fig. 4.2), which is a compact, industrial grade, dynamic optical sensor 
interrogation module, field proven for robust, reliable, and long term operation. The 
software included with the sensing interrogator system provides a single suite of tools for 
data acquisition, computation, and analysis of optical sensor networks. A temperature-
induced wavelength shift of about 13 pm/°C has been considered for the FBG at 1550 nm 
[205]. In biological field, the use of FBG sensors have several advantages thanks to their 
valuable characteristics, i.e., acceptable accuracy and sensitivity, and robustness. 
Moreover, the use of non-metallic probes is advisable to reduce thermal conduction along 
the sensor itself. 
 

 

Fig. 4.2 - The Dynamic Optical Sensing Interrogator sm130-500 used for the temperature 
recording. 

 
 
Samples collection 
The tests were performed on 16 samples obtained by two fresh beef tongues. They were 
provided by a local abattoir, following the pertinent Italian legislation. From the ventral 
side of each tongue samples of 15 x 10 mm dimension and 4 mm of thickness obtained. 
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To avoid the tissue degradation, all the specimens were kept at a temperature of 2-4°C 
and 100% humidity and, just before the test, they were kept at room temperature until 
reaching 22-24° C. They were divided in 4 groups with 4 samples for each of them, 
processed with different parameters.  
The optical fiber sensor, connected at one end to the FBG interrogator, was fixed 
longitudinally in the centre of each sample. Three linear laser irradiations were performed 
on the left and the right side of the optical fiber sensor, at 1, 2 and 3 mm of distance.  
The peak powers utilized were: 10 kW (group 1) 7.5 kW (Group 2), 5 kW (Group 3) and 
3 kW (Group 4) (Figs. 4.3 and 4.4). 
On all the irradiated samples, the repetition rate was 50 kHz on the left side and 20 kHz 
on the right side, while the speed has been keep fixed to 5 mm/s, based on a pilot study 
not reported and not published. Only one passage for each test was performed.  
Two of the irradiated samples are shown in Fig. 4.5, where the three laser cuts performed 
are visible as light-coloured parallel lines. 
 

 

Fig. 4.3 - One of the samples during laser irradiation: it may be appreciated the optical fiber 
in the centre of the specimen. 
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Fig. 4.4 - The setup of the temperature tests on the four sample groups. 

 

 

 
Fig. 4.5 - Two of the samples after laser irradiation and before formalin buffering. 

Histological analysis  
After the laser irradiation, all the specimens were fixed in a 10% buffered formalin 
solution, cut into slices, and embedded in paraffin blocks, according to the conventional 
methods. Sections with thickness of 5 µm were obtained for haematoxylin and eosin 
staining. The histopathological sections were evaluated under low and high-power light 
microscopy (Nikon Lab Phot) by a pathologist unaware of the laser parameters used. 
Specimens were observed at two different magnifications (40× and 100×) for 



Fiber lasers and soft tissue surgery 
 

 47 
 
measurement of tissue injuries widths. The extension of tissue injuries was measured with 
an ocular micrometer (Olympus BX 51). The area with the most evident damage, 
perpendicular to the cut margin, was chosen for the evaluation. Changes grossly 
exceeding the average width of the damage and presumptively associated to manipulation 
artefacts were excluded from the evaluation.  
Tissue modifications were evaluated on the basis of the following histological features: 
1) epithelial changes in proximity of the resection margin, evaluated from the edge of the 
margin to a depth of 1,000 µm. Variables evaluated include nuclear changes (presence of 
picnotic, spindle-shaped and hyperchromic nuclei), cytoplasmatic and cell membrane 
changes (hyperchromic cytoplasm, cell fusion and/or loss of normal cell adhesion), 
possible intraepithelial or subepithelial loss of attachment on the basis of a cut-off value 
of 10% of altered tissue in the whole resection margin. 
2) connective tissue modifications, evaluated from the edge of the margins to a depth of 
1,000 µm. Variables evaluated included carbonization (thermal necrosis), desiccation 
(presence of dense eosinophilic layer underlying the possible carbonization area and 
mainly consisting of collagen denaturation and tissue hyalinization). 
3) presence or absence of vascular modifications, analysed by considering a cut-off value 
of 10% of the above-mentioned changes in the observed area (from the edge of the margin 
to a depth of 1,000 µm), presence of thrombosed or collapsed blood and lymphatic vessels 
(including presence of intraluminal clotted erythrocytes, presence of vascular stasis (not-
collapsed vessels associated to the presence of gathered erythrocytes). 
4) incision morphology, sub classified into regular (presence of a linear, smooth edge for 
more than 90% of the whole resection margin) and irregular (presence of a rough, uneven 
edge for more than 90% of the whole resection margin). 
The pathologist assigned also a score to the epithelial and stromal modification, based on 
these criteria:  1 = Light alterations; 2 = Medium alterations; 3 = High alterations. 
It was also evaluated, by assigning a score, the quality of the cut, based on these criteria: 
0= not evaluable; 1= extremely irregular; 2= very irregular; 3= irregular; 4= poorly 
irregular; 5= regular; the score 5 was considered that obtained by a cold blade. 

4.3 Results  

The results, both from the point of view of the microscopic observation and by the FBG 
temperature recording, were very homogeneous inside each group of samples. 
 
Histological evaluation  
The samples evaluation of the different laser parameters made by the blind pathologist 
are resumed in Tab. 4.1. Notice that incision morphology was irregular for all the laser 
parameters used and no modified vessels were found for any condition. The best results 
have been reached with a pulse peak power of 3 kW and a repetition rate of 50 kHz, since 
by these parameters degree 0 of modifications for both epithelial and stromal level has 
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been obtained, as well as the best score (3) was also assigned by the pathologist to the 
quality of the incision. 
By keeping fixed the average output power and by decreasing the repetition rate to 20 
kHz, even if no epithelial and stromal modifications (degree 0) were noticed, in this case 
the pathologist was not able to appreciate the cut and, for this reason, a score of 0 was 
assigned to the quality of the incision. So, these parameters must be considered not 
sufficient to perform an effective incision on the soft tissues tested.  
Conversely, the worst scores are the ones related to the laser cut made with the highest 
peak power, 10 kW, for both the two values of repetition rate used (50 and 20 kHz). 
 
 

 
 

Tab. 4.1 - The samples evaluation of the different laser parameters and the scores assigned by 
the blind pathologist. 
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Temperature analysis 
The temperature variation, recorded in all the sample groups, is reported in Tab. 4.2. 
 

 

Tab. 4.2 - The average of thermal elevation peaks (in C degrees) during the irradiation with 
different parameters. 

The variation of the temperature recorded by the FGB interrogator during and after the 
laser irradiation with repetition rate of 20 kHz, speed of 5 mm/s and peak power of 10 
kW, 7.5 kW, 5 kW and 3 kW is shown in Fig. 4.6.  
 

 

Fig. 4.6 - FBG wavelength shift recorded during and after the laser irradiation of a sample 
with 20 kHz repetition rate, 5 mm/s speed and peak power of (a) 10 kW, (b) 7.5 kW, (c) 5 
kW and (d) 3 kW, at different distances from the fiber sensor.  

As we may see, the thermal elevation, measured in the time interval of 120 s by the FBG 
wavelength shift, had the same behaviour in all the irradiated samples: it started with the 
laser irradiation, had an abrupt increase during the tissue cut and slowly decreased to its 
initial value in 120 sec.  
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The variation of the temperature was most important when the laser irradiation was close 
to the fiber, also in function of both the power and the repetition rate increase. 
The slight differences were recorded between the groups 3 and 4 where, by the peak 
power decreasing, it was appreciated in all the samples a modest reduction of the 
temperature variation, with both the repetition rates used. 

4.4 Discussion 

The term “photothermal interactions” stands for a large group of laser-tissue interaction 
types where the increase in local temperature is the significant parameter change, induced 
by either CW or pulsed laser radiation. It is a complex process resulting from three distinct 
phenomena: conversion of light to heat, transfer of heat and tissue reaction, which is 
related to temperature and heating time [206]. 
From the beginning of the utilization of laser technology in surgery newer and newer 
wavelengths were proposed to improve the effectiveness of the cut minimizing at the same 
time the side effects on the tissue. 
In different previous ex vivo studies performed by thermocouples recording [207-209] we 
analysed the thermal effects produced by different wavelengths, both emitting in the 
infrared portion and visible, on animal models. 
In all these tests, we employed lasers in CW or in pulsed regime or in chopped mode with 
pulses of µsec. Results demonstrated that thermal elevation significantly changes as a 
function of the wavelength used and the parameters utilized in the irradiation.  
This study presents three aspects which may be considered original. The first one is the 
employ of a laser with the active medium formed by an optical fiber: the advantages of 
this kind of devices have been described in the “Introduction” section. 
The second one is the utilization of ns pulses: this short duration allows to reach very high 
peak powers without causing an excessive thermal elevation. The third one is the use of 
a FBG interrogator to record the temperature during all laser irradiation with high 
precision. Histological analysis demonstrated that the biological structures of the 
irradiated tissues had a very low thermal damage coupled with a good quality of the 
incision, at 3 kW power with a repetition rate of 50 kHz.  

4.5 Conclusion 

This ex vivo study shows that 1070 nm Yb-doped pulsed fiber laser can be very useful in 
oral surgery, since it provides a reduced thermal elevation in the irradiated tissues, thus 
consequently respecting their biological structures. Moreover, this work demonstrates 
that FBG sensor, based on the optical fiber technology as the laser source considered for 
the tests, may be a good instrument to record thermal elevation when applied to the ex 
vivo studies on animal models. 



	
	

  

Fiber lasers and di-silicate ceramics 
5.1 Introduction 

The request of ceramic prosthetic restorations has increasingly become common in daily 
dentistry as well as the continuous need of precisions, particularly in cosmetic dentistry. 
where new materials, such feldspathic ceramics, play an important role in prosthetic 
rehabilitations. Unfortunately, failure resulting from porcelain fracture has been described 
as ranging from 2.3% to 8%, and, nevertheless it seems to have a multifactorial cause 
[210-212], with the key role attributed to the composite resin adhesion with porcelain: for 
this reason, the conditioning methods of ceramic surface are very interesting [213]. 
The inside surface of the ceramic prosthetics must be conditioned for optimizing micro-
mechanical retention by the resin penetration into the ceramic micro-roughness: this 
treatment enlarges the surface in contact with the tooth structure through micro-porosities 
creation, so enhancing the cement mechanical retention. [214, 215]. To produce surface 
roughness and to promote micro-mechanical retention, different treatment methods have 
been proposed, such as diamond roughening, air-particle abrasion with aluminium oxide 
and acids etching [214, 215]. All these techniques have been investigated under in vitro 
conditions [216-218]. 
The use of laser technology for surface treatment has been successfully applied in many 
industrial fields by the utilization of high power sources and it today represents a 
controllable and flexible way for the surface properties modification of different materials 

[219, 220], being laser processing parameters during matter modifications able to 
influence the surface microstructure [221].  
The different techniques used for ceramic surface conditioning have demonstrated several 
limits as well as the utilisation of laser had controversial results. Particularly, some tests 
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made on lithium-di-silicate [222] and CAD-CAM ceramics [223] with CW CO2 laser at 
10.6 µm showed the presence of micro-cracks and melting textures, due to the thermal 
effect of the laser irradiation, at output powers higher than 10 W CW (3184.7 W/cm²). 
Moreover, the observation of the ceramics structure irradiated by a 10 W (14185 W /cm²) 
pulsed Nd:YAP laser at 1340 nm showed the presence of holes, micro-cracks and melting 
grains [224, 225]. This is probably caused by the effect of high quantities of radiation 
energy given in a well-defined portion of the ceramic surface over a short period, this 
leading to a very high energy density accumulation. Micro-cracks formation on ceramics 
after CO2 and Nd:YAP laser irradiations may be related to the high thermal effects of 
laser processing which leads to an extreme physical stress in the re-hardening ceramic 
surface [226]. Also Er:YAG laser was used for surface treatment of feldspathic porcelain, 
but its effect resulted significantly weaker than that of the HF surface treatment. The 
achievable assumption is that the laser energy from an Er:YAG laser is not enough 
absorbed in porcelain and so not sufficient to create a micro-mechanical retention pattern 
for more favourable bonding [227]. In agreement with this study, some Authors affirmed 
that, even at a very high energy (500 mJ), Er:YAG laser is not able to cause a roughness 
on the porcelain surface sufficient to promote reliable adhesion to the resin composite 
[228]. Recently, the so-called “ultra-short pulses” lighted up a great interest in the field 
of laser dentistry. Some studies confirmed that Ti:Sapphire femtoseconds laser produced 
a very high mean roughness value [229]. However, this source is very expensive and for 
this reason, to date, it is still utilized only in few laboratories. 
The in vitro study here reported has the aim to verify the possibility of performing the 
surface treatment of Lithium di-silicate ceramic specimens by the irradiation of a 1070 
nm pulsed fiber laser.  
The surface modifications obtained by irradiating the Lithium di-silicate samples using 
different laser parameters were analysed by optical microscope, Scanning Electron 
Microscope (SEM) and Energy Dispersive Spectroscopy (EDS). Moreover, a FBG 
temperature sensor recorded the temperature increase during the tests. Results obtained 
with the different analysis have demonstrated that fiber laser processing with optimized 
parameters can be considered a good technique to increase the adhesion of Lithium di-
silicate ceramics. 

5.2 Materials and Methods 

The circular faces of twelve cylinders of Lithium di-silicate ceramics (e.max Press, 
Ivoclar, Italy) with 10 mm diameter and 8 mm height (Fig. 5.1) were processed in three 3 
x 3 mm square zones by using a 1070 nm pulsed fiber laser (AREX 20) provided by 
Datalogic, Italy (see Chapter 4). 
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Fig. 5.1 - Samples used in the tests (center and right) and metal cylinder used to check the 
focus of the laser beam (left). Notice the groove for placing the FBG sensor in the centre of 
the sample surface. 

Each square zone on the sample faces has been processed with different laser parameters. 
In particular, the output power has been changed from 100% to 30% and the speed from 
50 to 5 mm/s (Fig. 5.2). 
 
 

 

Fig. 5.2 - The ceramic sample during the laser irradiation. 
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After a preliminary pilot study with different parameters it was decided to maintain for 
all the tests a repetition rate of 20 kHz (Fig. 5.3). 
 
 

 

Fig. 5.3 - Some irradiated samples of the pilot study to determine the proper repetition rate to 
use in the tests. 

The lens used with the AREX 20 laser has a focal length of 160 mm. In this configuration, 
the laser beam has a spot-size of 80 µm. Each square zone on the sample surface has been 
processed with a meshed filling pattern with a distance between lines of 0.03 mm. 
The laser beam focalization was checked by a metal cylinder of the same dimension of 
the samples. 
The specimens were subsequently observed by an optical microscope (Olympus MTV-3, 
Japan), then metallized and analysed by a SEM (Ion sputter Jeol JFC 1100E, USA) and 
an EDS system (JSM-35CF, Jeol Ltd., Japan).  
During the irradiation of the sample with the best laser parameters, according to the results 
of SEM and EDS analysis, the thermal elevation was recorded by a FBG-based 
temperature sensor connected to an interrogator. The fiber sensor was positioned into the 
groove in the middle of the sample. The device used to measure the FBG wavelength shift 
induced by the temperature increase was the Dynamic Optical Sensing Interrogator 
sm130-500 (Micron Optics Inc, Atlanta, USA). 
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5.3 Results and Discussion 

SEM observation 
By comparing at higher magnification, the control group (non-irradiated samples) and the 
cylinders processed by the fiber laser, great differences can be noted (Fig. 5.4).  
 
 

 

Fig. 5.4 - (Left): Non-irradiated sample. (Centre): peak power of 7.5 kW and 50 mm/sec 
speed. (Right): peak power of 7.5 kW and 10 mm/sec speed with a carbonization spot (left: 
X35; centre and right: X50). 

In fact, all the treated samples show a rough surface with a great number of holes and 
irregularities. The comparison of the samples irradiated with different laser parameters 
evidenced some areas of melting and burning when the highest energy was used, due to 
the cumulative effect of the laser energy. The presence of some cracks with variable 
intensities, also due to the thermal effects of laser irradiation, has also been noted (Figs. 
5.5 - 5.6 – 5.7 – 5.8).  
 
 

 

Fig. 5.5 - Peak power of 10 kW, speed of 10 mm/s: many zones with melting and 
carbonization are shown (left: X35, centre: X200, right: X500). 
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Fig. 5.6 - Peak power of 10 kW, speed of 50 mm/s: some points with melting are shown (left: 
X100, centre: X200, right: X500). 

 

Fig. 5.7 - Peak power of 7.5 kW, speed of 50 mm/s: presence of melting and carbonization in 
some areas of the sample (left: X35, centre: X50, right: X200). 

 

Fig. 5.8 - Peak power of 5 kW, speed of 10 mm/s: evidence of some zones with melting (left: 
X50, centre: X100, right: X500). 

The laser parameters which seem to be the most effective for surface conditioning without 
damages for the material are peak power of 5 kW, repetition rate of 20 kHz and speed of 
50 mm/sec. In fact, the samples irradiated with these parameters revealed a rough surface 
with holes, irregularities, cavities and recesses, while the presence of thermal damaging 
effects, such as melting, burning and cracks, was not shown (Fig. 5.9). 
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Fig. 5.9 - Peak power of 5 kW, speed of 50 mm/s: no evidence of carbonization and melting 
zones (left: X75, centre: X100, right: X200). 

EDS analysis 
The EDS analysis consists in the percentage recording of chemical elements in the point 
where the probe is placed. Analysed samples showed, in general, slight differences in the 
chemical composition between control groups and irradiated samples, even if some 
variations were detected by changing the laser parameters, thus confirming the 
information shown by the SEM observation.  
The differences of elemental composition between the non-irradiated areas in the different 
samples may be explained by the structure of the ceramic which is not homogeneous, this 
resulting in structural variations of the tested zones (Fig. 5.4, left). 
The samples treated with laser operating at peak power of 10 kW, repetition rate of 20 
kHz and speed of 50 mm/s evidenced in some zones (red spots) a lower percentage of C 
when compared to the control group. Conversely, O and Al elements were slight higher 
in the affected zones (Fig. 5.10). 
 
 

 

 
Fig. 5.10 - (left) Control group and (right) samples irradiated with peak power of 10 kW and 
speed of 50 mm/s: in red the C concentration. 
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The samples irradiated with peak power of 7.5 kW, repetition rate of 20 kHz and speed 
of 50 mm/s showed that only the Carbon concentration was higher in the control group 
(13.6%), while all the other elements considered, that is O, Si, K, Al and Na, presented 
higher concentration values in the treated surfaces (Fig. 5.11). 
 
 

 

Fig. 5.11 - (Left) Control group and (right) samples irradiated with peak power of 7.5 kW and 
speed of 50 mm/s: in red the C concentration.  

Carbon is one of chemical ceramic composition of lithium di-silicate. The presence of 
carbon on ceramic surface is due to the high energy of laser irradiation that leads obtain 
burning and melting ceramic surface.  
On the samples irradiated with the parameters which demonstrated the best results by the 
SEM observations (peak power of 5 kW, repetition rate of 20 kHz and speed of 50 mm/s), 
the analysis was conducted in four different zones. Results showed very slight differences 
for all the elements concentration in each zone analysed. These data, confirmed also by 
SEM observation, demonstrated a poor modification of the ceramic chemical structure 
caused by laser operating with the optimum parameters (Fig. 5.12). 
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Fig. 5.12 - (Left) Control group and (right) samples irradiated with peak power of 5 kW and 
speed of 50 mm/s: in red the C concentration. 

 
Thermal analysis 
The temperature increase during the laser irradiation has been measured only when the 
source operates with the best parameters according to the results of SEM and EDS 
analysis. The aim of this measurement was to provide the maximum value of the 
temperature increase, due to the laser processing, that the di-silicate ceramic material can 
stand, without being damaged. Higher energy laser treatments provide a more significant 
temperature change, which is associated with the detrimental surface modifications 
shown by SEM and EDS analysis. 
The thermal elevation of the sample during the irradiation with the laser operating at a 
peak power of 5 kW, repetition rate of 20 kHz and speed of 50 mm/s, has been recorded 
with a FBG connected to an interrogator. The FBG wavelength shift obtained in a time 
interval of 120 s, starting with the laser processing, is reported in Fig. 5.13.  
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Fig. 5.13 - FBG sensor wavelength shift induced by temperature variations during and after 
the laser irradiation with the best parameters (peak power of 5 kW, repetition rate of 20 kHz, 
speed of 50 mm/s). 

The temperature measurement has been repeated three times, by processing three square 
regions on the sample surface. The fiber sensor was placed in the centre of the sample, 
approximately at the same distance from all the areas irradiated by the laser. Notice that 
the wavelength shift measured by the interrogator is between 65 pm and 115 pm, obtained, 
respectively, in the first and the third test. Consequently, the temperature increase due to 
the laser processing is between 5°C and 9°C. The slight growth of the temperature value 
measured in the second and the third test can be due to a gradual heating of the sample, 
due to the previous laser processing. Moreover, slight differences in the distance of the 
three zones irradiated by the laser with respect to the sensitive part of the fiber sensor 
must be taken into account. 
The measure of temperature rise during laser irradiation may give more explanation of 
crack formations: micro-cracks formation on ceramics after laser irradiations could be 
explained through the high thermal effects of laser processing, with the consequence of 
an extreme physical stress in the re-hardening ceramic surface. 
It must be underlined also the importance of the very short pulse duration utilized by the 
fiber laser used in this study (100 ns) which may explain the great difference between the 
fluences of these tests, compared to those given in the cited works where irradiation had 
been performed in CW or in µs. 
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5.4 Conclusion 

As mentioned in the “Introduction”, different surface treatment methods have been 
proposed to provide roughness and promote micro-mechanical retention, such as diamond 
roughening, air-particle abrasion with aluminium oxide, acids etching and laser 
irradiation. In current study, laser irradiation could roughen ceramic surfaces which 
increases the surface in contact with the tooth structure, creating micro-porosities and 
enhancing the potential for mechanical retention of the cement. 
According to several cited Authors and to the data reported here, irradiated surfaces 
showed higher roughness values than non-irradiated surfaces liable to enhance 
mechanical retention due to the extreme physical stress created in the re-hardening 
ceramic surface by the characteristic photo-ionization.  
This in vitro study demonstrated that the utilization of 1070 nm pulsed fiber lasers for the 
Lithium di-silicate ceramics surface conditioning is effective and damage-free. In fact, 
the results obtained using the proper laser parameters (peak power of 5 kW, repetition 
rate of 20 kHz and speed of 50 mm/s) show that it is possible to create an important 
ceramic rough surface, ready to incorporate in its cavities the bonding agent. Moreover, 
thermal elevation recorded during irradiation was very low, thus explaining the few 
damages evidenced and, overall, the poor modifications in the ceramic structure shown 
by the EDS analysis. 
The use of a pulsed fiber laser at 1070 nm represents a new approach in prosthetic 
dentistry, opening new perspectives, which shall be confirmed by further ex vivo studies.  
The next analysis will regard the mechanical properties of irradiated ceramic surface 
(micro-hardness, roughness) and the adhesion characteristics after ceramic sealing 
(wettability, shear bond strength and micro-leakage), to confirm the capacity of 
improving the adhesion of laser processed di-silicate ceramics to the dental tissues. 
 



	
	

  

Fiber lasers and hard dental tissues 
6.1 Introduction 

The use of laser technology in dentistry was reported for the first time in the mid-1960s 
[172] but it was only after 1990 that the number of scientific publications dealing with 
laser-assisted dentistry increased enormously [230]. One of the main reasons for this rapid 
interest increase in the field can be attributed to the possibility of hard tissue ablation by 
the Erbium family of lasers (Er:YAG and Er,Cr:YSGG) [175, 176]. This indication was 
also clinically tested in conservative dentistry, suggesting that the laser was a good 
alternative to conventional instruments such as the turbine and micro-motor [231].  
However, Erbium lasers have still some disadvantages and unsolved problems, such as 
the cost of the device and the large size of the systems due to the complexity of the device, 
particularly related to the necessity of a water cooling system very efficient to minimize 
the high temperature provoked by the optic pumping system consisting in a flash-lamp. 
In addition, with this technology, the treatment time is longer compared to the use of 
traditional instruments. Articulated arm delivery systems ensure low energy loss, but 
these have very poor ergonomics and flexibility.  
For these reasons, several other wavelengths have been investigated for ablation of hard 
dental tissues (i.e, CO2 [232], Nd:YAG [233], Excimer [234] and Argon [235] lasers). 
However, no promising results have been obtained yet. 
In a previous study performed in the Photonic Devices Lab of the Department of 
Engineering and Architecture [204], we investigated the effectiveness of dental hard 
tissue ablation using a picosecond pulsed diode pumped solid-state (DPSS) laser. Several 
in vitro tests on extracted human teeth were undertaken, followed by the evaluation of the 
ablation quality and temperature increase inside the teeth. Results showed the presence of 
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cracks and fissures even if the temperature inside the pulp chamber didn’t reach 5.5°, 
which is considered the limit for maintaining the tooth vitality.  
The aim of this study was to evaluate the capacity of a 1070 nm pulsed fiber laser of 
ablating the enamel and dentine without causing thermal effects such carbonization and 
cracks in the surrounding zones and, eventually, to determine the best parameters for 
obtaining the best and faster cut, coupled to minimal side effects. 
 
Material and Methods 
Seventy-three human extracted third molars were used for this study (Fig. 6.1, left). 
They were stored in 0.5% chloramines solution before the experiment to inhibit microbial 
growth for 1 h until being ready for use. They were maintained for a maximum of 10 days 
before the tests in those conditions and then placed in distilled water according to ISO 
standards 11405. Only dental caries free teeth were selected and, before the experiment, 
the teeth were cleaned with ultrasonic scaling. Teeth labial surfaces of the crowns were 
polished using pumice and water slurry in a rubber cup. Then the teeth were rinsed with 
water for 15 seconds and blown dry with oil-free compressed air (Cattani 
Compressor). The teeth with defects were removed and, at the end, sixty cylinders of 5 
mm thickness were obtained (Fig. 6.1, right). 

 

Fig. 6.1 - (left): the extracted human teeth used for the test; (right): 
 sections obtained and steel cylinders used for laser focal distance adjustment. 

Each sample was processed in three 3 x 3 mm square zones with a 1070 nm fiber pulsed 
fiber laser (AREX 20) provided by Datalogic, Italy (see Chapter 4) with different laser 
parameters. Particularly, the average power has been changed from 100% (peak power of 
10 kW) to 30% (peak power of 3 kW), the repetition rate from 100 to 20 kHz and the 
speed from 50 to 5 mm/s. The laser beam focalization was checked by a metal cylinder 
of the same dimension of the samples. 
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The microscopic observation showed a large amount of thermal damages consisting in 
cracks, fissures and melting zones with all the laser parameters used (Fig. 6.2). 
Consequently, for decreasing the thermal elevation provoked by the laser beam, a small 
cooling system consisting of an air/water spray delivering device was located inside the 
safety box, with the possibility to be oriented exactly at the impact point of the laser on 
the target (Fig. 6.3). It was connected, by a pipeline, to a compressor located outside the 
box. 
 

 

Fig. 6.2: Optical microscope observation sample irradiated with a peak power of 7.5 kW 
without air/water spray: a great amount of melting and carbonization can be appreciated. 

 

Fig. 6.3 - The air/water spray sprinkler. 
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A sequence of tests including all the parameters used in the previous ones was repeated 
using the air/water spray, but results were the same. 
The interesting phenomenon noticed was the formation, in some of the irradiated samples, 
of a great amount of melting without carbonization. 
For this reason, we decided to perform some more tests to verify the possibility to use this 
device for enamel and dentine welding in the fractured teeth. 
The first step was to choose the best parameters for obtaining a large part of melting with 
minimal carbonization and. After many tests, it was established that this was possible only 
with a peak power of 3 kW, a repetition rare of 20 kHz and a speed of 5 mm/s on the basis 
that, with all the other parameters, the teeth were carbonized (Fig. 6.4). 
 

 

Fig. 6.4 - Some carbonized samples after laser irradiation. 

For this purpose, 18 samples with the same dimensions of those used in the previous tests 
were prepared (Fig. 6.5, left) and subsequently cut, by a steel disc, perpendicularly to the 
plane face to obtain two parts by each specimen (Fig. 6.5, centre). The two parts of each 
tooth were put near each other and laser irradiated to reach a welding between them (Fig. 
6.5, right). 
Samples were divided in three groups: 
irradiated with a peak power of 3 kW without filler; 
irradiated with a peak power of 3 kW with apposition of Hydroxyapatite (powder);  
irradiated with a peak power of 3 kW with apposition of Hydroxyapatite (nanoparticles). 
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Fig. 6.5 - The samples used for dentine welding tests. 

6.2 Results and Discussion 

Cavity preparation 
Microscopic analysis revealed, in all the samples and with all the parameters used, a great 
number of cracks, melting and fissures, not compatible with the integrity of the tooth 
preservation (Fig. 6.6). 
 

 

Fig. 6.6 - SEM observation of a sample irradiated with a peak power of 7.5 kW without 
air/water spray: it is possible to appreciate some zones of melting, some cracks and an 
extended fissure interesting all the observed area (Left: X35, Right: X100). 

The addition of an air/water spray did not change the results obtained in the first sequence 
of tests. In fact, also in all the samples processed in this way it was observed the presence 
of several zones with thermal damages with no differences with respect to the images 
appreciated in the teeth irradiated without the spray (Fig. 6.7). 
 



Fiber lasers and hard dental tissues     67 
 

 

Fig. 6.7 - SEM observation of a sample irradiated with a peak power of 5 kW with air/water 
spray: presence of zones with melting and cracks; in the left picture, it is possible to appreciate 
a great and deep fissure (Left: X35, Centre: X75, Right; X100). 

Enamel and dentine welding 
In all the three groups of samples (a, b, c) the microscopic observation showed a process 
of welding with formation of melted dentine inside the gap. 
However, the best results were seen in group c, where the welding process seemed to be 
more important (Fig. 6.8). 
 

 

Fig. 6.8 - SEM observation of one of the group c samples: evident the melted dentine filling 
the gap between the two parts (Left: X35, Right: X100). 

6.3 Conclusion 

While the utilisation of the 1070 pulsed fiber laser seems to be not possible in the dental 
cavity preparation, due the too high temperature which is not compatible with the integrity 
of the tooth vitality, very interesting and promising is the use of this source to realize an 
effective welding of enamel and dentine by inducing a melting of them. 
Several further tests will be necessary to investigate the quality of the process, particularly 
by the point of view of the strength bond and the depth of the link. However, this 
procedure opens new clinical perspectives for the treatment of fractured teeth which, at 
this moment, cannot be treated and are candidate to removal from the mouth. 



	
	

  

Project for an “at home” intraoral 
device based on Random Laser 
technology 
7.1 Introduction 

A laser is usually constructed from two basic elements: a material that provides optical 
gain through stimulated emission and an optical cavity that partially traps the light. When 
the total gain in the cavity is larger than the losses, the system reaches a threshold and 
lases: it is the cavity that determines the modes of a laser, that is, it determines the 
directionality of the output and its frequency. 
Random lasers work on the same principles, but the modes are determined by multiple 
scattering and not by a laser cavity [236]. The difference between traditional and random 
lasers are shown in Fig. 7.1. 



Project for an “at home” intraoral device based on Random Laser technology  69 
 

 

Fig. 7.1- Difference between traditional and random lasers: a- In a regular laser the light 
bounces back and forth between two mirrors that form a cavity. After several passes through 
the amplifying material in the cavity, the gain amplification can be large enough to produce 
laser light; b - In a random laser the cavity is absent but multiple scattering between particles 
in the disordered material keeps the light trapped long enough for the amplification to become 
efficient, and for laser light to emerge in random directions (ref. 236). 

As theoretically predicted by Letokhov [237] and later demonstrated by Lawandy [238], 
the presence of a disorder pattern combined with the amplification given by an active 
material can be exploited to create this new class of lasers with particular properties. 
Inside a disordered active material, the light is forced to travel through longer paths, so 
reaching the lasing threshold with an emission spectrum characterized by narrow peaks 
apparently not correlated with each other’s [237]. Comparing to a traditional laser, the 
feedback mechanism is due to the strong scattering and not to the action of an optical 
cavity. 
There has been tremendous interest in random lasers research over the past decades. 
Laser-like emission has been observed in dye lasers based on solutions containing nano-
particles and in laser crystal powders [239-246]. 
Our interest on random lasers arose from one of their more particular properties, 
consisting on the demonstration that laser emission from the powder could be, from the 
spatial point of view, omni-directional [247]. 
The aim of this work is to prototype of intra-oral random laser to be used by the patient 
himself for the treatment of several diseases of the mouth. 
The characteristics, advantages and indications of biomodulation have been described in 
the Chapter 2. 
Recently, a new laser device, which can be used at home by the patient himself for 
inflammation and pain reduction, has been proposed (Fig. 7.2) 
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Fig. 7.2 - The laser device used for the “at home” LLLT treatment (ref. 248). 

This laser is characterized by reduced dimensions and class II, according the ANSI 
classification, and it is able to solve some problems related to the utilization of traditional 
diode laser for the LLLT treatments.  
In fact, one of the problems related to the LLLT is represented by the necessity, for the 
patients, to go to the therapist twice/three times weekly for treatments of some minutes. 
The arrival on the market of new LLLT appliances, cheaper, smaller and able to be used 
at home by the patients themselves might represent a solution to this problem, giving the 
possibility for the patients to receive daily LLLT treatment, avoiding the risk of 
overpower, as this device has only a power setting [248, 249]. 
Unfortunately, this kind of device cannot find application for treating the intra-oral 
lesions: in fact, even if its dimension is very small, it cannot be introduced into the mouth. 
Moreover, due to the laser beam is collimated, for treating lesions which are distributed 
all over the oral mucosa it is necessary to irradiate sequentially each area corresponding 
to the spot size for at least 5 min, resulting on a very long session. 
It is evident that the opportunity of a laser device spatially emitting in each point of the 
oral cavity might represent a real new therapeutic possibility for operator and patient and, 
for this reason, we started an experimental setup with the final aim to realize a random 
laser to use intraorally. 
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7.2 Material and Methods 

According to the literature [250, 251], we decided to excite a solution of Rhodamine 6G, 
Ethylene Glycol and Antimony oxide nanoparticles (Fig. 7.3) by a pumping system 
consisting in a laser emitting around 500 nm. 
In fact, the absorption peak of Rhodamine 6G is at 530 nm while its emission peaks are 
at 555-585 nm (Fig. 7.4). 
 

 

Fig 7.3 - Reagents used (left) and some of the solutions with different reagents’ concentrations 
tested (right). 

 

Fig 7.4 - Absorption spectrum of Rhodamine 6G. 

The pumping system utilized was a fiber laser located in the Laboratory of our 
Department (Boreas, Eolite Lasers, USA) with these parameters: 
 
Diode Current:  23A 
Frequency:   60 kHz 
Green Power:   0.3 W 
Pulse duration:  10 ns 
 
It emits both at 1030 and 515 nm; given that we decided to use only the visible beam, the 
first step was the positioning of a filter to eliminate the infra-red portion of the emission. 
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Subsequently, by means of some mirrors, the beam was directed on a Power-meter 
(Coherent LabMax top, Transcat, USA) and the energy was adjusted, after several tests 
at 10% of the maximum (168mW recorded by the PM). 
 

 

Fig. 7.5 - The set-up for the random emission laser. 

A cuvette was then put before the power-meter. 
 

 
 

Fig. 7.6 - Left: the cuvette containing the rhodamine solution; Right: the cuvette put behind 
the power-meter, stimulated by the pumping laser and randomly emitting. 
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The cuvette was filled with a solution so composed: 
 
Rhodamine 6G                                                10 g/l 
Solvent (ethylene glycol)                                10 g/l 
number of nanoparticles (antimony oxide)      5.1 X 1011 X cm-3   

 
To record the coherent emission from the cuvette, an Optical Spectrum Analyzer was 
posed at 45° and a lens provided, to guide the beam inside a fiber connected to the device. 
The setup is shown in Figs. 7.5 and 7.6. 
The graph resulting by the OSA analysis shows two peaks, the first at 515 nm, 
corresponding to the pump emission, and the second between 550-580 nm, which is the 
energy emitted by Rhodamine 6G (Fig. 7.7). 
 

 

Fig. 7.7 - The graph resulting by the OSA analysis. 

After this preliminary sequence of laboratory tests, we projected the prototype of the 
device (Fig. 7.8). 
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Fig. 7.8 - The prototype project. 

It is a plastic cylinder, able to be put in the hand, and inside the posterior part is located 
the pumping system emitting toward the anterior portion with the rhodamine, which is 
inside the mouth and which represents the unit “random” emitting in all the directions, 
thanks to the plastic transparency. 
The two portions are separated by a sort of bite and, in this way, the device may be 
maintained firmly by the teeth and at the same time it allows to the mouth to be opened 
and in this way the irradiation may reach all the surfaces inside the oral cavity. 
Posteriorly, a screw top is provided for changing the discharged batteries, and the anterior 
portion, too, is changeable, to assure the perfect efficacy of the emitting solution. 

7.3 Conclusion 

The utilization of this laser may regard its utilization in the LLLT field, to treat some 
inflammatory diseases such apthae, Herpes and other gingival diseases. Moreover, it may 
increase the bone formation, so favouring the teeth movement in orthodontics and to 
reduce the osteo-integration time in implantology. 
It may be used after the oral surgery to speed the healing process and to reduce the 
discomfort, so avoiding the use of painkillers. 
The therapist may also decide to employ it in the PDT field, to treat the periodontal 
diseases: it will be sufficient, for the patient, to rinse some minutes before the irradiation 
with a solution containing a proper cromophore able to absorb the laser wavelength. 
Once the device will be constructed and tested by in vivo test on cell cultures, it will start 
the process for patenting it. 



	
	

Conclusion and future perspectives 
In this study we investigated, by several in vitro and ex vivo tests, the possibility to employ 
fiber lasers in the different dental fields. 
The first sequence of experiments was performed on samples obtained by bovine tongues 
to evaluate the quality of incision as well as the thermal elevation at different distances 
from the irradiated zone. 
Moreover, the degree of the tissue damages was observed by a blind pathologist who 
assigned a score to each observed sample, so determining the best parameters able to 
minimize the intra- and extra-cellular modifications. 
The tests demonstrated that the fiber laser device used is very effective on oral soft tissues 
samples, coupling a high quality of the incision with a lower increasing of the temperature 
which speedy decreases at the end of the irradiation. 
In term of histologic modifications, the blind pathologist assigned the best score to 
samples irradiated at 3kW, 50 kHz which showed slight modifications, even when 
compared to the previous studies done by Authors with different diode and solid state 
lasers. 
The second series of tests, performed on di-silicate ceramic samples for making the 
surface rough to improve the adhesion, demonstrated the capacity of the fiber laser device 
used to modify, with proper parameters, the samples surface with minimal or absent 
thermal damages, as confirmed by SEM observation, and with minimal chemical structure 
perturbation, as shown by the EDS analysis. 
Even if the results will have to be confirmed by other different kinds of test, such 
profilometric and mechanical, this laser may represent a good instrument for this type of 
treatment. 
The last sequence of tests was made on human extracted molars to verify the capacity of 
the fiber laser device to create cavities on dental enamel and dentine without reaching a 
thermal elevation dangerous for the vitality of the pulp. 
Unfortunately, all the tests performed, with and without air/water spray showed that the 
temperature reached during irradiation was very high and not biologically compatible 
with the pulp tissue integrity. 
All these sequences of experiments demonstrated that, even if for the moment the device 
used cannot be employed both in soft and hard dental tissues, however it may represent a 
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new opportunity in the dental field, thanks to its advantages, when compared to the gas 
and solid state laser or diode normally used in dentistry. 
Particularly, very interesting results the poor thermal elevation in the target tissue during 
the irradiation which speedy decreases just after the laser beam emission. 
The main reason of this behaviour may be explained by the pulsed mode consisting in a 
train of very short pulses (ns): their short duration, coupled with a rest time, allows to the 
target tissue to reach the so-called “relaxation pause”, so avoiding the risk of overheating. 
We must remind that the device used in the study was projected and realized for material 
marking and so, for using it in the dental field it will be necessary to make some changes. 
Firstly, both for safety reasons and for working in “contact mode” the free beam must be 
launched into an optic fiber with the possibility, through a proper handpiece, to distribute 
the energy at the impact point. 
It will be necessary also, due to the infra-red emission of the device, to add a visible 
aiming beam (green, red or blue) to show to the operator the zone of irradiation. 
Regarding the intraoral “at home” LLLT device, the future research will be focused on 
the construction of the laser prototype. 
We think to supply the energy for the pump by a little device, such a pointer, emitting 
around 500 nm, but our laboratory tests were performed with a ps pulsed laser and it will 
be necessary to check the thermal elevation around the pointer, which emits in CW, and, 
in case of overheating, to add a chopper to provide some rest times during the irradiation. 
Once the prototype construction will be completed, the first sequence of tests will be 
conducted on cell cultures to verify the biomodulating effects and, at the same time, will 
start the process for patenting the device. 



	
	

 

Figures Captions 
Fig. 1.1 - The four major types of interactions of light with matter: transmission, 
reflection, scattering and absorption. 

Fig. 1.2 -  The behaviour of an incident light beam when reflected and refracted. 
Fig. 1.3 -  Different effects of a laser beam in function of different pulse durations. 

Fig. 1.4 -  Beam parameter product vs. laser power for different applications and laser 
types. Red circles indicate commercially available diode-lasers. Green circle: 200W green 
solid-state-laser. 
Fig. 1.5 -  Difference between Gaussian and Top-Hat beam profiles. 

Fig. 1.6 -  The ionization and Coulomb explosion process, demonstrated for a small cluster 
(Xe55, ion charges are colour coded, electrons in light grey) irradiated by a 25 fs Gaussian 
laser pulse (peak intensity IM = 1015 Wcm-2). (a) Initial tunnel ionizations, generating 
the first ion-electron pairs in the cluster, increasing the local electric field and facilitating 
further ionizations, (b) nanoplasma formation by classical barrier suppression and 
electron impact ionization, constituting the main inner ionization channels, (c) outer 
ionization and Coulomb explosion. The instants of the three snapshots of the time 
evolution together with the oscillating laser electric field are given on the time axis. 

Fig. 1.7 - Difference between the “Conduction mode welding” and the “Keyhole 
welding”. 

Fig. 2.1 - Graphic visualization of the wavelengths transmitted by the different samples 
in relationship with the most commonly used laser in surgery and LLLT (in increasing 
order: Blue diode, KTP, red diode, IR diode, Nd:YAG, Nd:YAP and IR diode). 
Fig. 2.2 - Absorption coefficients of the main chromophores in tissues. 

Fig. 2.3 - The main laser-tissue interactions in function of the PD and time of irradiation. 
Fig. 2.4 -  Main reactions involved in PhotoDynamic Therapy. 

Fig. 2.5 - Action of Biomodulation on mitochondria and consequent biochemical effects 
activation. 
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Fig. 2-6 - Laser photothermal effects. 
Fig. 2.7 - Difference between Photothermal interaction and Photoablation. 

Fig. 2.8 - High-speed micro-cinema-graphic sequence of laser-induced cavitation near a 
solid surface shows the formation of a micro-jet impact with a velocity of approximately 
400 kilometres (250 miles) per hour.  
Fig. 3.1 -  Effects of Nd:YAG irradiation on human dental enamel. (left: 500X, right: 
1500X): micro-cracks, melting and craters are present. 
Fig. 3.2 -  Absorption spectra of water and hydroxyapatite. 

Fig. 3.3 - Dentine conditioning: bur + orthophosphporic acid (left), Laser (centre), Laser 
+ orthophosphoric acid (right). 

Fig. 3.4 - Resin tags into the dentine prepared by bur + orthophosphporic acid (left), Laser 
(centre), Laser + orthophosphoric acid (right). 

Fig. 3.5 - Scheme of a fiber laser. 
Fig. 4.1 - The pulsed fiber laser (AREX 20, Datalogic, Italy) used for the tests. 

Fig. 4.2 - The Dynamic Optical Sensing Interrogator sm130-500 used for the temperature 
recording. 

Fig. 4.3 - One of the samples during laser irradiation: it may be appreciated the optical 
fiber in the centre of the specimen. 

Fig. 4.4 - The setup of the temperature tests on the four sample groups. 
Fig. 4.5 - Two of the samples after laser irradiation and before formalin buffering. 

Fig. 4.6 - FBG wavelength shift recorded during and after the laser irradiation of samples 
with 20 kHz repetition rate, 5 mm/s speed and peak power of (a) 10 kW, (b) 7.5 kW, (c) 
5 kW and (d) 3 kW, at different distances from the fiber sensor.  
Fig. 5.1 - Samples used in the tests (centre and right) and metal cylinder used to check the 
focus of the laser beam (left). Notice the groove for placing the FBG sensor in the centre 
of the sample surface. 

Fig. 5.2 - The ceramic sample during the laser irradiation. 
Fig. 5.3 - Some irradiated samples of the pilot study to determine the proper RR to use in 
the tests.  
Fig. 5.4 - (Left): Non-irradiated sample. (Centre): peak power of 7.5 kW and 50 mm/sec 
speed. (Right): peak power of 7.5  
Fig. 5.5 - Peak power of 10 kW, speed of 10 mm/s: many zones with melting and 
carbonization are shown. (left: X35, centre: X200, right: X500) 
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Fig. 5.6 - Peak power of 10 kW, speed of 50 mm/s: some points with melting are shown. 
(left: X100, centre: X200, right: X500) 

Fig. 5.7 - Peak power of 7.5 kW, speed of 50 mm/s: presence of melting and carbonization 
in some areas of the sample. (left: X35, centre: X50, right: X200) 

Fig. 5.8 - Peak power of 5 kW, speed of 10 mm/s: evidence of some zones with melting. 
(left: X50, centre: X100, right: X500) 

Fig. 5.9 - Peak power of 5 kW, speed of 50 mm/s: no evidence of carbonization and 
melting zones. (left: X75, centre: X100, right: X200) 

Fig. 5.10 - (left) Control group and (right) samples irradiated with peak power of 10 kW 
and speed of 50 mm/s: in red the C concentration.  

Fig. 5.11 - (left) Control group and (right) samples irradiated with peak power of 7.5 kW 
and speed of 50 mm/s: in red the C  

Fig. 5.12 - (left) Control group and (right) samples irradiated with peak power of 5 kW 
and speed of 50 mm/s: in red the C concentration.  

Fig. 5.13 - FBG sensor wavelength shift induced by temperature variations during and 
after the laser irradiation with the best parameters (peak power of 5 kW, repetition rate of 
20 kHz, speed of 50 mm/s). 
Fig. 6.1 - (left): the extracted human teeth used for the test; (right): sections obtained and 
steel cylinders used for laser focal distance adjustment. 
Fig. 6.2 - Optical microscope observation sample irradiated without air/water spray: a 
great amount of melting and carbonization may be appreciated.   
Fig. 6.3 - The air/water spray sprinkler. 

Fig. 6.4 - Some carbonized samples after laser irradiation. 
Fig. 6.5 - The samples used for dentine welding tests. 

Fig. 6.6 - SEM observation of a sample irradiated at 7.5 kW without air/water spray: it is 
possible to appreciate some zones of melting, some cracks and an extended fissure 
interesting all the observed area. (Left: X35, Right: X100) 
Fig. 6.7- SEM observation of a sample irradiated at 5 kW with air/water spray: presence 
of zones with melting and cracks; in the left picture, it is possible to appreciate a great 
and deep fissure. (Left: X35, Centre: X75, Right; X100) 

Fig. 6.8 - SEM observation of one of the group c samples: evident the melted dentine 
filling the gap between the two parts (Left: X35, Right: X100) 

Fig. 7.1 - Difference between traditional and random lasers. In a regular laser the light 
bounces back and forth between two mirrors that form a cavity. After several passes 
through the amplifying material in the cavity, the gain amplification can be large enough 
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to produce laser light. b, in a random laser the cavity is absent but multiple scattering 
between particles in the disordered material keeps the light trapped long enough for the 
amplification to become efficient, and for laser light to emerge in random directions. 
Fig. 7.2 - The laser device used for the “at home” LLLT treatment 

Fig. 7.3 - Reagents used (left) and some of the solutions with different reagents’ 
concentrations tested (right). 

Fig. 7.4 - absorption spectrum of Rhodamine 6G. 
Fig. 7.5 - The set-up for The Random emission 

Fig. 7.6 - Left: the cuvette containing the Rhodamine solution; Right: the cuvette put 
behind the power-meter, stimulated by the pumping laser and randomly emitting. 

Fig. 7.7 - The graph resulting by the OSA analysis 
Fig. 7.8 -  The prototype project 



	
	

 
 

Tables captions 
Tab. 4.1 - The samples evaluation of the different laser parameters and the scores assigned 
by the blind pathologist. 
 
Tab. 4.2 - The average of thermal elevation peaks (in C degrees) during the irradiation 
with different parameters. 
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