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Abstract: Laser ablation of hard-tissue is coming today the most common medical application of the laser, mainly 
because of ability to cut faster, less invasive, and free incision geometry with a higher quality than the competing 
processes. Great efforts have been taken in the past to develop laser systems suitable for efficient laser ablation of 
hard-tissue. One of the drawbacks of the water-cooled laser-assisted bone cutting process is the limitation in 
incision depth. There are two main energy loss mechanisms which limit the achievable depth in addition to the 
absorption and scattering of laser energy by water. The first is the growing heat diffusion from the increasing 
surface area of the incision. The second is the increasing absorption and scattering of laser light by the ablation 
debris which is confined in deeper cuts. The desired specifications on the laser hard tissue ablation vary a lot in 
terms of laser parameters. In this paper, the influence of main laser parameters on water-cooled hard tissue laser 
ablation is reviewed. In particular, the role of the laser intensity, wavelength, duration of the laser pulse on depth 
of incision and mechanisms of photon energy transfer to biomedical materials are presented. In addition, the 
dependence of the ablation efficiency AE on the water content of the hard-tissue is presented. Finally, we 
presented a novel method that can bypass the limitation of the incision depth that can be introduced to laser 
osteotomy by long-pulsed mid-infrared lasers. In this technique an array of rotational micro-lens combined with 
a normal lens focuses the laser light on the bone tissue sample to increase the maximal incision depth. 
 
Keywords: Er:YAG laser, CO2 laser, Er:YSGG laser, Micro-lens array, Thermo-mechanical ablation, Laser 
osteotomy, Incision depth. 
 
 
 

1. Introduction 
 

Bone machining such as drilling, cutting, slicing, 
sawing, milling, coring, and grinding are basic 
operations of orthopedics and trauma surgery. Using 
conventional tools like drills, saws, hammers, 
grinders, or burs osteotomes present significant 
limitations because of high mechanical load, high 
cutting temperature, poor accuracy, potential of 
damage to the surrounding tissues, high bleeding, and 
long operation time that make orthopedic surgery 
extremely complicated with the precision which is 
determined in part by the size and workspace of the 
tool. Indeed, undesirable physical or biological effects 

to the hard tissue apart from the material removal may 
result in severe mechanical trauma, long recovery and 
healing time, permanent impairment, pain and thermal 
damage to the adjacent remaining tissues [1-5]. 
Particularly, the main problem concerning hard bone 
tissue processing with invasive traditional orthopedic 
saws, blades or drills normally is generating 
substantial heat and raising temperature as well as 
non-smooth and non-precise cutting surface [1, 6]. In 
addition, the choice of incision geometry drastically 
limits to straight cuts or large radii of curvature. 

Zhang, et al. [7] provided a comparison review on 
orthopedic surgery using piezosurgery and 
conventional tools. Although the state-of-the-art 
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piezo-osteotome has been applied increasingly in 
orthopedic surgery mainly because of its tissue 
selectively cutting function obtained by different 
frequencies as well as much more precision compared 
to the conventional tools, however, it still presents 
low-grade cut precision compared with laser-assisted 
hard bone tissue ablation. Cut edges show poor 
histological sharpness with irregular cut lines and poor 
incision quality with bone debris in the cut surface [8].  

The need for clean, narrow, sharp, and precise cut 
geometry in orthopedic surgery lead lasers with 
various wavelengths have been evaluated continually. 
Such precision cuts are hard to achieve with 
conventional mechanical tools which normally induce 
mechanical stress, mechanical trauma, vibration, 
carbonization, and sometimes massive bleeding [9]. 

The rising temperature without cooling water 
increases with increasing laser fluency linearly and 
distributes into the surrounding tissues exponentially 
[10]. The water spray limits the temperature rises 
induced in the tissue to less than 3°C [10]. Lasers in 
the near-to mid-IR are eminently suitable for 
nondestructive hard tissue ablation in laser surgery. 
This is mainly due to very strong absorption of this 
functional wavelength regime by minerals 
(hydroxyapatite) as well as water in hard tissue, as 
shown in Fig. 1 [11]. The small amount of water 
presented in tissue absorbs laser energy strongly and 
vaporizes locally to generate enough pressure and 
ablate the tissue surface based on the 
thermomechanical ablation process. 

 
 

 
Wavelength [μm] 

 
Fig. 1. Absorption spectra of various biological components [12]. 

 
 

The amount of water in the human body ranges 
from 50-75 %. Much of the water is in blood plasma 
(20 % of the whole body). According to a study 
performed by Mitchell [13], the amount of water in the 
human heart and brain is 73 %, the lungs are 83 %, the 
muscles and kidneys are 79 %, the skin is 64 %, and 
the bones are around 31 %. It is remarkable that the 
water percentage in different tissues and different 
organs of the body varies at different stages of growth 
[14]. The percentage of water in infants is much 
higher, typically around 75-78 % water, dropping to 
65 % by one year of age. Fat tissue does not have water 
as much as lean tissue. Thus, people with more fatty 
tissue have less water than people with less fatty tissue 
(as a percentage). In adult women, fat makes up more 
of the body than men, so they have about 55 % of their 
bodies made of water; about few percent less than 
men, averaging around 50-65 % [15]. 

Although, non-contact laser surgery presents 
several advantages such as effectively less damaging 
surrounding tissue, less pain, less swelling, less 
bleeding, eliminating trauma, better cutting quality, 
and high accuracy [16], however, the cut depth 

saturates and the ablation efficiency drops with 
increasing incision depth [5]. This phenomenon is 
generally found in laser cutting of all kinds of 
materials. The trend is faster for Gaussian lasers with 
longer pulse width and smaller beam radius. There are 
two main energy loss mechanisms which limit the 
achievable depth in addition to the absorption and 
scattering of laser energy by water in water-assisted 
laser surgery. The first is the growing heat diffusion 
from the increasing surface area of the incision. The 
second is the absorption and scattering of laser light 
due to interaction of laser with the ejected ablation 
products (debris) which are more and more confined 
in the cut profile as the cut progresses deeper into the 
tissue and interact more and more even when pulse 
width is larger. 

The first functional laser was invented by Maiman 
in 1960. It was a ruby laser in visible region  
(694.3 nm) which pumped by a xenon flashlamp. It 
was the first laser used in medicine in 1960 by Leon 
Goldman “father of laser medicine” tried to lighten 
tattoos by aiming a ruby laser at the pigmented skin 
until the pigment granules broke apart. In 1963 
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Charles Campbell used a ruby laser to treat a detached 
retina. In 1965 Goldman, et al. [17] and Stern and 
Sognnaes [18] introduced the first ruby laser in 
dentistry. Since then lasers are used in different 
medical applications i.e. osteotomy, surgery, 
lithotripsy, ontogenetic, cancer treatment, 
ophthalmology, dermatology, densitry, phlebology, 
and so on. In general, it is mostly because to their 
unique advantages, such as, contactless (sterile), 
vaporizational (coagulation) and precise (small focus 
diameter and wavelength-dependent penetration 
depth), methodology and good roughness [19-20]. In 
1980s the Nd:YAG flashlamp pumped laser was 
developed. Soon after, novel laser diode pumped 
solid-stare lasers with different gain medium were 
constructed. So far, CW or pulsed solid-state laser 
from different crystals, mainly Nd3+ doped, such as 
Nd:YAG, Nd:YLF, Nd:YVO4, (Er, Nd):YAG, (Ho, 
Nd):YAG, Nd:GdVO4, Nd:LYSO, Nd:YAP, 
Nd:YAB, Nd:Mgo:LiNbO3, Nd:GSAG, Nd:LuVO4 
Nd:YAIO3, Er,Cr:YSGG, Er:YAG, Ti:sapphire, 
Yb:KGD(WO4)2 and Nd,La:SrF2 with different laser 
emission wavelength has been demonstrated (see, for 
instance [21-30]). The active ion of Nd3+ has mainly 
three allowed transitions of 4F3/2→4I9/2, 4F3/2→4I11/2, 
and 4F3/2→4I13/2; corresponding to the emitting 
wavelengths around 0.9 μm, 1.06 μm, and 1.3 μm, 
respectively, makes it possible to achieve single- and 
multi-wavelength operations of an Nd3+ laser through 
a proper design of the laser. The capability of a laser 
can be extended by multiple wavelength engineered 
emission. The dual- or multi-wavelength 
simultaneously emission laser sources have been used 
in different scientific and technical applications in 
optical coherence tomography (OCT) [31-32], optical 
testing [33], atom interferometry [34], spectroscopy 
[35], THz radiation generation [36-37], and remote 
sensing [38-41].  

The desired specifications of water-assisted hard 
tissue laser cutting vary a lot in terms of output power 
or fluence, wavelength, laser shape, pulse width, pulse 
shape, repetition rate frequency, etc. In order to 
perform minimally invasive medicine, it is important 
to optimize laser parameters such that laser cutting be 
fast, cuts being sharp and precise, the procedure be 
quiet with minimal vibrations imposed on the treated 
tissue, and the amount of residual heat that remains in 
the tissue following laser irradiation be also minimal. 
Up to now, the most promising laser sources for hard 
tissue ablation in mid-IR and IR spectral region, 
mainly because of very strong absorption, were found 
to be the CO2 laser (9.6 μm and 10.6 μm), the Er:YAG 
laser (2.94 μm) and the Er,Cr:YSGG laser (2.78μm). 
CO2 laser was developed first by Kumar Patel in 1964 
at Bell Laboratories. As shown in Fig. 1, the 
wavelength of the Er:YAG laser at 2.94 μm coincides 
with the main spectral absorption peak of 
hydroxyapatite tissue and water [42-43]. This laser 
was first applied in dentistry. In contrast to many other 
lasers, the preparation of hard tissue like dentine, or 
enamel is possible with minimal thermal injury and 
higher cutting efficiency [9, 43-48].  

The possibilities for using laser in dentistry did not 
occur until 1989, with the production of the American 
Dental Laser for commercial use [49]. This laser was 
an Nd:YAG laser, emitted pulses with width of 
approximately 100 μs, a maximum repetition rate of 
30 Hz, and an maximum average output power of 
~3 W. The great advance for dental lasers came in the 
mid-1990s with various laser types such as diode laser 
(810-890 nm), Nd:YAG (1064 nm), Er,Cr:YSGG, 
Er:YAG, and CO2 becoming available to the dentists 
to address their needs for hard and soft tissue 
procedures [50-51]. Soft tissue laser ablation in near 
infrared (NIR) is characterized by a high absorption in 
chromophores (hemoglobin and melanin) found in soft 
tissue, resulting in excellent soft tissue incision, 
ablation and coagulation performance as well as 
antimicrobial effectiveness because of relatively deep 
and highly localized tissue heating. Whereas hard 
tissue laser ablation in mid-IR and infrared is 
characterized by a high absorption of hydroxyapatite 
and water in tissue. 

In recent years, many studies have been carried out 
to evaluate the effects of Er:YAG laser irradiation with 
air jet, water jet, water mist or water spray on hard 
tissues laser ablation [10, 52-54]. In this paper, the 
effects of the main laser parameters on water-assisted 
hard tissue laser ablation are reviewed. In particular, 
the role of the intensity, wavelength, pulse width and 
repetition rate of the laser on depth of incision, 
ablation efficiency, and mechanisms of photon energy 
transfer to biomedical materials are presented. Water 
not only helps to remove debris from the ablation site 
and acts as a cooling agent, but also determines the 
ablation of tissues for thermomechanical effect by 
means of microexplosion of the water itself. In 
addition, the dependence of the ablation efficiency on 
the water content of the hard-tissue is presented. 
Finally, we proposed for the first time, to the best 
knowledge of authors, a novel technique that may 
bypass the limitation of the laser ablation in incision 
depth introduced to laser osteotomy by long-pulsed 
mid-IR lasers. In this technique an array of rotational 
micro-lens which is combined with a normal lens 
focuses the laser light on the hard tissue sample to 
increase the ablation efficiency in incision depth by 
creating channels in laser beam and reducing the effect 
of interaction laser and debris and therefore ejecting 
debris with less interaction with laser light. 
Consequently, the absorption and scattering of the 
incoming laser light by the debris decreases even with 
rising cut depth and thereby most of the energy can 
reach the depth of the incision. 

 
 

2. Background 
 
In two last decades, the remarkable progress in 

development of lasers with different wavelengths in 
the visible to far infrared region have gained laser 
application to various fields of medicine as standard 
instruments that are widely used in medical treatment 
and diagnostics. To better understand the special 
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advantages of lasers in biomedical field and 
effectively use them, the knowledge on radiation and 
biological tissues interaction and the chemistry of the 
tissues is essential. Indeed, it is important to know the 
mechanism of interaction induced by the laser 
radiation and where this process takes place within the 
tissue, in order to be able to avoid undesirable effects 
to the treated volume and surrounding tissues. In this 
section, the structure of hard tissues like bone and 
teeth is briefly presented. The interaction of laser with 
biological tissues, molecules and particles is also 
briefly discussed. 

 
 

2.1. Bone Structure 
 
Natural bone is a composite material composed of 

organic compounds (mainly collagen) reinforced with 
inorganic compounds (minerals). The inorganic 
component of bone is primarily crystalline 
hydroxyapatite, Ca10(PO4)6(OH)2 or HA. The crystals 
are platelets or rods, about 8-15Å thick, 20-40 Å wide 
and 200-400 Å long. Nanostructured HA are located 
discretely within the collagen fibers and thereby 
limiting the possible primary growth of the mineral 
crystals, and forcing the crystals to be discrete and 
discontinuous. Thereby the most prominent structures 
seen at nano-scale are the collagen fibers, surrounded 
and infiltrated by minerals. The detailed composition 
of bone differs depending on species, age, dietary 
history, health status and anatomical location. In 
general, about 70 % of the dry weight of bone consist 
of the inorganic compounds and the organic matrix 
makes up the remainder [55]. It means, around 30 % 
of bone is composed of organic compounds, of which 
90 to 95 % is collagen, the rest being non-collagenous 
proteins. Collagen is a fibrous protein which provides 
the bone with strength and flexibility, and is an 
important component of many other tissues, including 
skin and tendon. Individual collagen molecules 
contain three polypeptides of about 1000 amino acids 
per chain with a high glycine and hydroxyproline 
content. The structure of the collagen molecule is 
stabilised by hydrogen bonds; the most common being 
between the amino group (-NH2) of one residue and 
the carboxyl group (-COOH) of a second residue, 
resulting in both acidic and basic properties. 
Uncharged side-chains also interact with one another, 
but by excluding water from their mutual interfaces 
(i.e. hydrophobic reaction) [56].  

The composed of the organic protein; collagen and 
the inorganic mineral hydroxyapatite provides a 
mechanical and supportive role in the body [57]. 
Depending on the orientation of collagen fibres, two 
types of bone can be distinguished, lamellar bone 
(cortical bone) and non-lamellar (trabecular or 
cancellous bone), which is found in vertebrae, at the 
ends of long bones, the mammalian foetus, at fracture 
joints, and in many lower vertebrates. Three types of 
cavities exit in bone; Haversian canals, marrow 
cavities, and the lacuna, which contain the bone cells 

(osteocytes) from which canalicuae (small tunnels) 
extend [58]. Collagen has an absorption spectrum 
almost similar that of HA, however, its absorption 
coefficient is about 3 orders of magnitude higher 
around 2.94 μm as shown in Fig. 2 [59]. 

 
 

 
 

Fig. 2. The absorption spectra of water, collagen 
and hydroxyapatite [59]. 

 
 

2.2. Tooth Structure 
 

The tooth is constructed of three layers; enamel, 
dentine, and pulp. Pulp cavity is the center part of the 
tooth that consists of blood vessels and nerves that 
enters the tooth from a hole at the bottom of the root. 
Pulp covered with the dentine where the tooth is 
exposed. Dentine is the inner and living tissue layer 
that lies beneath the enamel or cementum. Enamel is 
the outer calcified tissue layer covering the crown of 
the tooth. It is one of the hardest substances in the 
body. Cementum is the hard outer tissue layer 
covering the root and attaching the surrounding gum 
tissue to the root of the tooth. The cementum closely 
resembles cortical bone in composition, except that 
dentine is hard and dense, being almost 75 % weight 
mineral but with a higher collagen content than bone 
(30 % compared to 15 % in bone). The enamel is 
denser and harder and is almost 96 % mineral with the 
hydroxyapatite crystals being much larger than those 
of dentine, cementum or bone and consequently more 
resistant. Enamel has a very low intrinsic water 
content of 3 % weight in contrast to cementum with a 
relatively high intrinsic water content of 22 % weight. 
Dentin contains 12 % weight of water, bone contains 
approximately 22 % weight of water, and soft tissue 
contains 70 % weight of water [57, 60]. The water 
content of cementum is sufficient even for dry and 
efficient erbium laser ablation [61]. 

Table 1 summarizes composition of enamel and 
dentine as volume percent. The mineral in teeth is 
composed of a calcium-deficient carbonated 
hydroxyapatite (Ca10-xNax(PO4)6-y(CO3)z(OH)2-uFu) in 
contrast to hydroxyapatite which has the formula 
Ca10(PO4)6(OH)2. These substitutions in the mineral 
crystal lattice, especially carbonate, renders tooth 
mineral more acid soluble than hydroxyapatite. 
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Table 1. Approximate composition of enamel and dentine 
at volume percent. 

 

Component Mineral Water 
Protein & 

lipid 
Enamel 85  12  3  
Dentine 47  20  33  

 
 

2.3. Interaction of Laser with Biological 
Tissues 

 
When a laser beam strikes on the surface of the 

tissue, a small fraction of the radiation is reflected 
according to the Fresnel equation and the remaining 
fraction is propagated into the tissue and undergoes 
absorption and scattering processes [62]. Intensity, 
wavelength, repetition rate, and duration of laser 
pulses are the most important parameters influencing 
the interaction of laser with molecules, particles and 
matters in macroscopic and microscopic scales.  

The laser energy penetrates into the hard tissue 
depth (normally a few microns) depending on the 
absorption and scattering by tissue. The optical 
response of the tissue is given by the Beer- 
Lambert law: 

 
, (1) 

 
where Fλ(z) is the laser fluence in the tissue [W/cm2] 
at depth z and wavelength λ; Fλ (0) is the incident 
fluence [W/m2] at wavelength λ; R is the Fresnel 
reflection coefficient, z is the penetration depth into 
the tissue [cm], μeff= μa+ μs is the effective attenuation 
coefficient [cm-1], where μa is absorption coefficient, 
and μs is scattering coefficient at the used wavelength. 
The absorption at wavelengths in the visible by 
biological tissues is mainly due to specific pigments of 
the tissue, such as hemoglobin in red blood cells, 
melanin in skin, and rhodopsin in the retina. However, 
in bone, absorption is introduced by collagen, water 
and hydroxyapatite nanocrystals. 

Eq. (1) describes the exponential decrease of light 
fluence as a function of the material depth z due to the 
absorption and scattering processes: In the short range 
of penetration depth, the effective scattering 
coefficient is much smaller than the absorption 
coefficient (μs << μa) and therefor scattering by tissue 
is negligible. The depth at which the irradiance drops 
to the 1/e level is called optical penetration depth, 
d=1/μeff. For instance, for compact human bone the 
penetration depth is limited to few microns in the mid-
infrared spectral region near 3 μm due to strong 
absorption of water. It is remarkable that absorption 
and scattering by biological tissues may change during 
laser exposure. For instance, carbonization, in 
particular, may increase the absorption. However, the 
occurrence of carbonization must be avoided during 
any kind of clinical surgery. 

For a biomedical tissue surrounded by air, the 
Fresnel equation is described as: 

 

, (2) 

 
where n is the refractive index and kext. is the extinction 
coefficient of the tissue. The absorption coefficient μa 
of the tissue can be connected to the extinction 
coefficient kext. and wavelength λ by: 
 

 
(3) 

 
In general, absorption increases strongly by pulse 

duration and low intensity [63]. For polished human 
enamel, the reflectance at 9.6 μm and 10.6 μm has 
measured to be 49 % and 13 %, respectively, while 
human dentin reflects 17 % and 9 % at 9.6 μm and 
10.6 μm, respectively [64]. For hydroxyapatite 
(n≈1.530 and kext.≈8×10-3) surrounded by air (n=1), 
the power reflectance at normal incidence can be 
obtained to be about 4 %.  

Laser is used every day, for instance, to remove 
unwanted tattoos, make incisions during surgeries, and 
treat aches and pains. Each of these applications works 
because of one of the types of laser-tissue interactions: 
photothermal, photomechanical, photoablation, 
plasma-mediated ablation, or photochemical that 
depends on the irradiation time and laser intensity as 
well (see Fig. 3) [62]. 

 
 

 
 

Fig. 3. Types of laser-tissue interactions. 
 
 

2.3.1. Photothermal 
 
Ultrashort pulses (<10 ps) have been shown to 

generate little thermal or mechanical damage. In 
general, thermal effects can be decreased by reducing 
the pulse duration [65-66] or by using lasers with 
radiation wavelength in the UV range [67-68]. Lasers 
that produce a photothermal effect use prolonged 
energy exposure to facilitate an increase in 
chromophore temperature, which in turn leads to 
cellular vaporization. This type of laser-tissue 
interaction is what occurs during surgical, ablation, 
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and hair removal using laser. The absorbed energy by 
biological tissue converts to heat. Thermal effects can 
be induced by either CW or pulsed laser radiation. 
This may lead to distortion or the destruction of a 
tissue volume. In biological tissues, absorption is 
mainly caused by either water molecules or 
macromolecules such as proteins and pigments. For 
instance, water strongly absorbs the Er:YAG 
wavelength at 2.94 μm and thus water within the layer 
of tissue vaporizes to induce localized micro-
explosions. Liquid water is a collection of polar 
molecules connected by hydrogen bonds. When water 
transfers from liquid to vapor, it expands quit a lot and 
therefore induces increase in pressure. The density of 
liquid water is approximately 0.96 gr/cm3 at 100 oC 
and atmospheric pressure. The density of water vapor 
at 100 oC and atmospheric pressure is about a factor of 
1600 less, and therefore water expands by a factor of 
1600 when it turns into vapor at atmospheric pressure.  

Depending on the duration and peak value of the 
temperature of tissue, different effects like 
coagulation, vaporization, carbonization, and melting 
may be distinguished. Fig. 4 shows a scheme of the 
thermal interaction in biological tissues for different 
temperatures. During the process of coagulation, 
temperature reach at least 60 oC At temperatures 
between 50 °C and 100 °C occurs the denaturation of 
the biomolecules and their aggregates (proteins, 
collagen, lipids, and hemoglobin) or irreversible 
coagulation of proteins. When the temperature of the 
tissue reaches about 100 °C the water constituting 
most of the tissues vaporizes to dehydrate the tissue. 
When the presented water in the tissue is completely 
evaporated, the tissue temperature rapidly increases up 
to about 300 °C and the tissue burns. At this point, 
increasing the deposition energy on the tissue, 
carbonization may occur. In this case, the local 
temperature of the exposed tissue drastically 
increases. Actually, at temperatures above 
approximately 100 oC, the tissue starts to carbonize, 
leading to a blackening in color. For medical laser 
applications, carbonization should be avoided in any 
cases. Increasing temperature may lead to melt the 
tissue. For instance, if the temperature reach a few 
hundred degree Celsius, tooth substance which mainly 
consist of hydroxyapatite, a chemical compound of 
calcium and phosphate starts melting. The pulse 
duration of a few microseconds is sufficient enough to 
enable an increase in temperature. 

It is possible to control the temperature rise and 
limiting thermal damages to the predetermined target 
to minimize the spread of heat to adjacent tissues. A 
high heating causes an irreversible deformation of 
biological tissues and losing of protein function. In 
situations when a laser pulse width is shorter than 
thermal relaxation time of the tissue (e.g. delivering 
short laser pulses), the initial temperature distribution 
assuming no heat conduction can be given by [69]: 

 

, (4) 

where ΔT(z) [oC] represents the one-dimensional 
temperature distribution, z is the depth [cm], A is the 
area [cm2], c is specific heat [mJ/gr.oC], ρ is density of 
the tissue [gr/cm3], and Qo is the incident energy [mJ]. 

 
 

 
 

Fig. 4. Scheme of the thermal interaction in biological 
tissue for different temperatures. 

 
 

2.3.2. Photomechanical 
 

The photomechanical effects are obtained with 
lasers emitting extremely short pulses, in the 
nanosecond to picosecond range on very small 
surfaces, which causes a destructive shockwave 
mainly induced by the mechanism of explosive 
vaporization of the target. These waves then break up 
the target material into smaller particles, making it 
useful for applications such as tattoo removal, photo 
refractive keratectomy, and treat haemangiomas. In 
the last case, the vessels of the angioma explode. This 
is also what happens during a tattoo removal when 
large fragments of pigment explode and give birth to 
smaller fragments. 

 
 

2.3.3. Photoablation 
 

Photoablation is an efficient, highly precise and 
flexible tool being used for a growing number of 
medical applications. Photoablation consists in the 
spontaneous etching that occurs upon the absorption 
of a pulse of laser at the material surface. Strong 
absorptions of most of the biomolecules in UV and 
visible involve a localized molecular dissociation that 
can be accompanied by thermal effects or not, leads of 
evaporation and ionization with the formation of 
plasma and removal of material from the tissue. The 
laser ablation starts when the laser intensity exceeds 
certain threshold values that allow the removal of 
material from the irradiated target, requires high 
power density (107-1010 W/cm2) and pulse durations 
ranging typically from 10 ns to 100 ns.  

Biological tissues can also be etched or cut 
beautifully with a high lateral and depth resolution 
laser photoablation. Photoablation is the most recent 
light-tissue interaction to be exploited in microsurgery 
such as keratoplasty, angioplasty, and neurosurgery. 
The advantage of using UV light resides in the fact that 
the ablation is strictly confined to the volume that 
absorbs the energy. The presence of water, which is 
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essentially non-absorbing in UV, does not affect 
significantly the cleanliness of the photoablative cut 
by UV laser. Nevertheless, the threshold of ablation is 
increased by wavelength (100 mJ/cm2 at 193 and 
500 mJ/cm2 at 248 nm for the cornea tissue). Due to 
high absorption coefficient in UV of many materials, 
the laser energy is very densely absorbed at the surface 
and therefore ablation volume is very small. UV laser 
Photoablation has an advantage which does not 
damage the tissue. 

UV lasers are used in LASIK (laser in situ 
keratomileusis) eye surgery. Commonly used excimer 
molecules include fluorine (emitting at 157 nm) and 
noble gas compounds (Argon-193 nm, Krypton-
222 nm, etc.). The femtosecond laser is the new 
scalpel for biologists. Since 2000, the surgeons have 
gradually become familiar with this tool, which opens 
up great prospects in life sciences [70-71]. 

CO2 lasers with wavelengths centered around 
10 µm and represent a cost effective alternative to UV 
lasers. Unlike UV lasers, IR laser ablation is a purely 
thermal process. The laser beam directly applies heat 
on the tissue which partially evaporates. They 
typically produce a clean cut structure, thanks to high 
absorbance in IR by hard tissues. 

The photoablation rate (AR) can be assumed to be 
proportional to the difference between the laser 
fluence F and the threshold fluence Fth: 

 

, (5) 
 

where μa is the effective absorption coefficient, and k 
is the rate constant. Photoablation will take place if 
F>Fth. The ablation depth d, i.e. the depth at which  
F(z) = Fth, should then be [62]: 
 

 (6) 

 

It shows ablation depth increases logarithmic with 
laser fluence. Above the threshold of plasma 
generation, Fpl, the ablation depth per pulse saturates 
due to the well-known phenomenon called plasma 
shielding. Thereby, all abundant energy dissipates to 
heat leading to additional thermal effects by means of 
nonradiative relaxation. Hence, the crucial parameter 
for differentiating photoablation and thermal 
interaction is the photon energy or laser wavelength. 

For a Gaussian spatial beam profile with a  
1/e2-beam radius (w0), the measured diameters  
(D = 2ra) of the ablated areas are related to the 
threshold fluence Fth [72]  

 

, (7) 
 

where F0 is the applied peak laser fluence. For laser 
pulses with a Gaussian spatial beam profile, the 
maximum irradiation fluence F can be calculated from 
the irradiation pulse energy Ep and the beam radius w0: 
 

 (8) 

From Eq. (7), if the fluence F exceeds the ablation 
threshold fluence Fth, the squared diameters of the 
ablated area of the ablation crater is correlated as [73]: 

 

 (9) 
 

Substituting Eq. (8) into Eq. (9), we can obtain: 
 

, (10) 
 

where 
 

, (11) 
 

 (12) 
 

Eqs. (10)-(12) show that the ablation threshold 
fluence and the radius of the laser beam waist could be 
calculated from fit parameters to squared diameter of 
the ablated areas and the corresponding incident laser 
pulse energy. 

The depths of the ablated features such as holes or 
grooves can be very difficult to estimate. Different 
methods such as probe sensing [74], optical 
profilometry [75], coated replicas [76], profile 
observation [77], tomography [78], and differential 
weighing method [79] employed for estimation the 
depth. Weighing clearly enables faster determination 
of such phenomenological parameters without any 
methodological issue compared to the other methods. 
The ablation volume ΔV can be deduced as: 

 

, (13) 

 
where ρ is the volume density of the tissue. The higher 
the ablated mass is, the more accurate the ablated rate 
is. The ablated mass Δm can be adjusted by changing 
the number of pulses during laser ablation. The 
volume ablation rate τvol being the ablated volume per 
pulse, can be used to calculate the number of pulses Np 

which were used to ablate the tissue. In the static case 
(micro cavity and drilling), Np can be easily 
determined by operator. In the dynamic case (cutting), 
effective number of pulses can be calculated from 
[80]: 
 

, (14) 

 
where f is the repetition rate of the laser, v is the 
velocity of the translation stage, and Ltot is the total 
length of cut. 

The ablated volume per number of pulses being 
calculated, the exact volume ablation rate τtot can be 
determined by [79]: 
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2.3.4. Plasma-mediated Ablation 
 
Plasma-mediated ablation makes use of high 

energy laser pulses to ionize molecules with the first 
few femtosecond of the pulses and induced nonlinear 
absorption. This process leads to ablate the tissues in 
sub-micrometer size with negligible heat damage to 
the surrounding tissues. When the laser intensity 
exceeds 1013-1014 W/cm2 corresponding an electric 
field of ~108-109 V/cm in the order of electric field of 
the bind electrons in molecules, ablation proceeds via 
ionizing molecules at the focus and producing bubble 
of plasma at the focus with a high concentration of 
electrons and ions. This intensity can be achieved,  
for instance, with 100 nJ, 100 fs pulses focused  
into 1 μm2 area.  

In general, the interaction between a femtosecond 
laser and biological tissue takes place via “plasma-
mediated ablation.”[81]. The generated free electrons 
by either multiphoton absorption or tunneling 
ionization, accelerate by inverse-Bremsstrahlung 
absorption, in which electrons absorb photons while 
colliding with molecules, or by laser electric field. 
After achieving sufficient energy to ionize another 
molecules, the density of plasma increases and 
eventually limits the penetration of the incident pulses 
to the skin depth of only few nanometers. Following 
shielding, free electrons recombines with the 
positively ionized molecules and transfers their energy 
to the molecules in a time scale which is shorter than 
~100 ps acoustic relaxation time in materials. 
Consequently, a dramatic increasing pressure within 
the excitation volume can produces rupture and form 
cavitation. The expansion of the cavitation is 
associated with an acoustic shockwave that propagates 
into the surrounding tissues and has potential of 
spreading damage. 

The most important aspect is that the laser pulse is 
significantly shorter than the time it takes for electrons 
to transfer their energy to the lattice via electron-
phonon coupling. The laser-induced plasma then 
absorbs the laser energy very quickly, causing the 
rapid removal, or ablation, of the target tissue with 
negligible thermal issues.  

The ablation threshold is affected by the laser pulse 
width, wavelength and pulse numbers, among other 
factors, and was reported to be 0.6-2.2 J⁄cm2 for 
enamel and 0.3-1.4 J⁄cm2 for dentin (see, e.g. [82-83] 
and reference therein). For multiple pulse ablation, the 
decrease of the ablation threshold with an increasing 
number of pulses was observed. When a low laser 
fluence was applied, only a small proportion in the 
center of the laser spot could cause ablation. However, 
when the laser fluence is increased far beyond the 
ablation threshold (Fth), a “plasma shielding” effect 
may take place. Lizerelli, et al. [84] observed a 
conventional ablation pattern with photo thermal 
effect for enamel using femtosecond laser with central 
wavelength of 800 nm and fluence of 13 J/cm2 

corresponding intensity of ~1.8×1014 W/cm2. In this 
case, only part of the energy was enough to cause the 
ablation process. However, with a laser fluence of 

32 J/cm2 and average intensity of 191 mW, a sharp 
edge or rim definition preserving the original 
characteristics of the enamel and a highly prismatic 
structure was observed [84]. In this case that the pulse 
width is of 70 fs less than the vibration relaxation time 
of the crystalline net (photon relaxation time) of the 
enamel, is of 100 fs, there is no time for the energy 
dissipation to the lattice via electron-phonon coupling 
or heat. 

 
 

2.3.5. Photochemical 
 
Lasers using photochemical effects do not destroy 

or break up tissue. Light that interacts with tissue in a 
photochemical manner is absorbed into the 
chromophores and precipitates a biological cascade of 
events that promotes pain relief and inflammation 
reduction. Photochemical laser-tissue interactions are 
operative in therapy applications, such as deep tissue 
laser therapy (DTLT) and photodynamic therapy 
(PDT). Photochemical interaction mechanisms play a 
significant role during PDT. Today, the idea of PDT 
using photosensitizer, e.g. hematoporphyrin derivative 
(HpD), has become one of the major pillars in the 
modern tumor treatment 

Photochemical interactions take place at very low 
power densities (typically 1W/cm2) and long exposure 
times ranging from seconds to CW [62]. The laser 
parameter can be selected such that the laser radiation 
penetrates the tissue. In most cases, wavelengths in the 
visible range are used because of their high optical 
penetration depth. For instance, the relative low 
absorption at approximately 620–630 nm is used for 
clinical purposes where deeper structures can be 
reached due to the lower absorption coefficient of 
most tissues in the red spectrum. 

 
 

2.4. Interaction Laser with Molecules 
and Particles 

 
The laser light interacts with the molecules and 

particles via a multitude of phenomena such as elastic 
scattering (molecular-Rayleigh, aerosol-Mie), 
inelastic scattering (molecular–Raman, particle-
breakdown), fluorescence, and absorption [85]. 
Scattering leads to decrease the transmitted energy 
similar to absorption. It refers to the processes in 
which photons change direction after an interaction. 
The intensity of scattered light depends on some 
parameters such as wavelength and intensity of 
incidence light as well as density, shape and size of the 
scatters. Rayleigh and Mie scattering scatters the 
photon in a different direction to its incoming direction 
without a change in photon energy. Rayleigh 
scattering is observed from particles with dimension 
smaller than the light wavelength. The Rayleigh 
scattering cross section (cm2) is obtained as [86]: 
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where λ [in μm] is the wavelngth, and 
(6 3 ) /(6 7 )δ = + Δ − Δ with the depolarization factor Δ. 

Coefficients values of A, B, and δ are summarized in 
Table 2 for various molecules.  

 
 

Table 2. Coefficients for computing the Rayleigh 
scattering cross-section. 

 
Molecule A(×10-5) B(×10-3) δ 

N2 29.06 7.70  1.05  
Ar 29.06  7.70  1.00  

CO2 43.9 6.4 1.15 
air 28.71 5.67 1.06 

 
 
For a mixture gases, the Rayleigh scattering cross-

section can be obtained from: 
 

,
 

(17) 

 
where nm is the mixing ratio by volume, of molecules 
m. The Rayleigh scattering cross-section for a CO2 
molecule is depicted in Fig. 5 as a function of 
wavelength. Rayleigh scattering by molecules is 
important for wavelengths up to 1.0 μm, The Rayleigh 
scattering cross-section decreases rapidly with 
wavelength, and then this trend becomes flatter and is 
not significantly sensitive to wavelength. 

 
 

 
 

Fig. 5. Rayleigh scattering cross-section as a function 
of wavelength. 

 
 

On the other hand, in the presence of particles with 
size of the order or larger than the incident light 
wavelength, such as a water droplet or debris, the Mie 
scattering becomes predominant. For large particles, 
forward Mie scattering is more probable than 
backward-direction scattering. Mie scattering 
efficiency is generally much bigger than the 
Rayleigh's one. In hard tissue laser ablation, debris 
range in size from a few tenths of nanometer to about 
a hundred micrometers. For a fixed wavelength, the 
attenuation due to molecular scattering is smaller than 
that of aerosol scattering. In other words, the Mie 
scattering losses can be much larger than the Rayleigh 

scattering losses if enough particles are presented, 
especially for large wavelengths.  

The absorption and scattering coefficients of water 
sprays (i.e. cloud of non-uniform size water droplets) 
can be predicted with Mie scattering theory. The 
theory allows one to calculate absorption, scattering 
and extinction efficiency function of homogenous 
particles (droplets) in terms of non-dimensional size 
parameter χ (=2πr/λ) and complex index of reflection 
n΄=n(λ)+ik(λ), where r is the radius of a scattering 
spherical particle, and λ=λ0/n is wavelength. Rayleigh 
scattering, Mie scattering, or Geometric scattering is 
dominant, when χ<<1, χ~1, or χ>>1, respectively. The 
scattering regimes for a single scattering sphere 
particle in ultraviolet, visible, and infrared regions is 
shown in Fig. 6.  

 
 

 
 

Fig. 6. The scattering regimes for a single scattering sphere 
particle. For details refer to the text. 

 
 
Assuming that the particles have the same optical 

properties, the Mie total scattering cross section is 
expressed as the infinite series [87]: 

 

, (18) 

 
where k=2π/λ. The coefficients an and bn are given by:  
 

,
 (19) 

 

,
 (20) 

 

where the jn’s are spherical Bessel functions of the first 
kind, the hn’s are spherical Hankel functions, and μ1 
and μ are the magnetic permeability of the sphere and 
surrounding medium, respectively. m=nsph /nmed is the 
ratio of the refractive index of the particle to that of the 
surrounding medium. The series expression converges 
after a number of terms slightly larger than the size 
parameter. The normalized scattering cross-section, 
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σ/πr2, versus size parameter, χ, is shown in Fig. 7. The 
cross-section oscillators in the Mie scattering region 
and its maximum amplitude places at χ=1. The 
oscillation is because of constructively and 
destructively interference of wave that reflects directly 
from the frond surface of the sphere and creeping wave 
that travels around the back of the sphere. The 
corresponding Mie scattering cross-section is more 
complex than Rayleigh scattering with wavelength 
dependence proportional to λ-x, where 0.4<x<0.5. 

 
 

 
 

Fig. 7. Normalized scattering cross-section versus size 
parameter, χ [88]. 

 
 
Generally, water is not opaque but semitransparent 

to radiation. However, for wavelengths greater than 
2 μm water becomes strongly absorbing, and large 
droplets are expected to be opaque to incident 
radiation for λ>2 μm. Water sprays are of non-uniform 
size and the droplet size distribution depends on the 
design of the nozzles, water pressure for producing the 
water spray and the operation conditions. According 
to the size of the droplets, it can be divided to class 1, 
0≤d≤200 μm, class 2, 200<d≤500 μm, class 3, 
400<d<1000 μm in diameter. 

The spectral absorption varies in different types of 
materials. Absorption spectrum of CO2 and H2O in 
ultraviolet, visible, and infrared regions are compared 
in Fig. 8. Carbon dioxide has three large absorption 
bands in the infrared region at about 2.7 μm, 4.3 μm, 
and 15 μm. Water has several absorption bands in the 
infrared, and even has some absorption well into the 
microwave region. 

 
 

3. Influencing Parameters on Hard 
Tissue Laser Ablation 
 

As mentioned above, the desired specifications of 
laser-assisted hard tissue cutting vary a lot in terms of 
output power, wavelength, laser shape, pulse width, 
repetition rate frequency, etc. In order to perform 
highly efficient minimal invasive laser surgery and 
protecting over-heating surrounding tissues, it is 
important to optimize laser parameters such that laser 
cutting be fast, cuts being sharp and precise, the 

procedure be quiet with minimal vibrations imposed 
on the treated tissue, and the amount of residual heat 
that remains in the tissue following laser irradiation 
being also minimal. 

 
 

 
 

Fig. 8. Absorption spectrum of CO2 and H2O in UV to IR 
regions. (Data from refs. [89-90], original data are 

from Howare, et al. [91] and Goody [92]. 
 
 

3.1. Laser Pulse Shape and Incidence Angle 
 

Assuming a super-Gaussian beam energy profile, 
the following equation applies: 

 
,
 

(21) 

 
where F is the fluence at a radial distance r of the axis 
of the laser beam, F0 is the peak fluence (at the axis of 
the laser beam), w0 is the laser beam size, and N is the 
super-Gaussian order of the beam profile. N=1 
represents a pure Gaussian beam profile, and N→∞ 
represents a flat-top beam profile. 

Similar obtaining Eq. (9) for a pure Gaussian 
beam, the squared diameters of the ablated area of the 
ablation crater is correlated as [93-94] 

 

, (22) 

 
The depth of ablation given by Eq. (6) can be 

modified for non-normal incidence as [93-94]: 
 

, (23) 

 
where θ is the incidence angle. The squared diameter 
given in Eq. (22) is modified to Eq. (24) for non-
normal incidence angle [93-94]: 
 

, (24) 

 
For non-normal incidence the spot area of ablation 

impact is given by [93-94] 
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, (25) 

 

The volume of ablation impact for non-normal 
incidence can be calculated as [93-94]: 

 

, (26) 

 

The optimum spot depth at non-normal incidence 
can be calculated from Eq. (23) when 

 

, (27) 

 

which results 
 

, (28) 

 

The optimum spot diameter at non-normal 
incidence can be obtained from Eq. (24) to result: 

 

, (29) 

 

The optimum spot area at non-normal incidence 
can be calculated from Eq. (25) to obtain: 

 

, (30) 

 

The optimum spot volume at non-normal 
incidence can be calculated from Eq. (25) to obtain: 

 

, (31) 

 
 

3.2. Laser Wavelength 
 
Wavelength is a key factor in the suitability of any 

laser for hard-tissue procedures in dentistry and 
osteotomy. Over the last forty years, the most 
promising laser sources for hard tissue ablation in the 
infrared spectral region were found to be the CO2 laser 
(9.6 μm & 10.6 μm), the Er:YAG laser (2.94 μm) and 
the Er:YSGG laser (2.78 μm). The Er:YAG and the 
Er,Cr:YSGG lasers make up the erbium family of 
dental lasers. When comparing the wavelengths of the 
erbium doped lasers, the Er:YAG laser’s wavelength 
of 2.94 µm matches the absorption peak of water at 

2.94 µm (12000 cm-1) while the absorption coefficient 
of water for the 2.78 µm (4000 cm-1) wavelength is 
3 times lower (see Fig. 9). The difference in the 
absorption coefficients leads to a difference in the 
penetration depth in hard tissues.  

 
 

 
 

Fig. 9. The absorption curve of water in the middle infrared 
region. The blue lines show the position Er,Cr:YSGG and 

Er:YAG lasers. Replotted data from [95]. 
 
 

In the case of relatively large penetration depth, the 
laser energy may spread out to the surrounding tissues 
by the process of thermal diffusion before absorption 
laser energy sufficiently and reach the explosion point 
that is necessary in thermomechanical ablation 
process. In other words, the higher the penetration 
depth, the longer the time required to reach the 
explosion temperature. For effective ablation hard 
tissues with minimal thermal side-effects, it is 
important that the ablation process takes place over a 
short time so that very little heat is transferred to the 
surrounding tissues [96-97]. Fig. 10 shows that the 
ablation efficiency of Er:YAG for hard tissue ablation 
is higher compared to that of Er,Cr:YSGG (see [98] 
and reference therein). The absorption coefficients of 
enamel and dentin at 2.94 μm is 1500 cm-1 and 
2000 cm-1, respectively.  

 
 

 
 

Fig. 10. Ablated volume per pulse energy of dentine 
and enamel for different laser wavelengths both laser 

sources at 260 mJ pulse energy [98]. 
 
 

In contrast to the Er:YAG and Er,Cr:YSGG lasers 
which operate in the region of the major water 
absorption, CO2 and Ho:YAG lasers show 
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significantly lower absorption in water and are thus 
less suited for treatments in this field. Comparison of 
the measured ablation speed (mm3/s) for Er:YAG and 
Er,Cr:YSGG laser shows that ablation speed of 
dentine and enamel increases linearly with fluence and 
the ablation speed of hard tissue with Er:YAG is 
always larger compare to that of the Er,Cr:YSGG. 
 
 
3.3. Laser Fluence and Pule Width 
 

Dependence of the ablation threshold in enamel 
and dentin on the pulse duration and laser type is 
shown in Fig. 11. The ablation threshold for the 
shortest SSP (50 μs) Er:YAG laser pulse is by a factor 
of 3 lower compared to that of the H (500-700 μs) 
Er,Cr:YSGG laser pulse, and by a factor of 6 lower 
compared to the S (1600-2000 μs) Er,Cr:YSGG laser 
pulse. As expected, ablation threshold increases 
towards longer pulse durations. 

The effect of fluence on ablation diameter is shown 
in Fig. 12. It can be seen that D2 varies linearly with 
ln(Ep), where Ep is energy per, to approve Eq. (9). In 
this experiment the beam waist radius (w0) was 
~15 μm and the ablation thresholds (Fth) of dentin and 
enamel were 1.18 and 1.38 J⁄cm2, respectively. The 
laser emitted a Gaussian beam with a wavelength of 
1.025 μm, pulse width of 400 fs, repetition frequency 
of 30 to 200 kHz, and average power up to 4 W. 

 
 

 
 

Fig. 11. Dependence of the ablation threshold in enamel 
and dentin on the pulse duration and laser wavelength [98]. 

 
 

 
 

Fig. 12. The squared diameters of the ablated area 
for dentin and enamel versus natural logarithm of Ep [82]. 

Ultrashort pulses (<10 ps) have been shown to 
generate little thermal or mechanical damage. Thermal 
effects can be decreased by reducing the pulse 
duration [65-66] or by using lasers with radiation 
wavelength in the UV range [67-68]. Ablation rate of 
enamel and dentin as a function of laser fluence with 
350-fs and 1-ns pulses show a clear pattern of 
saturation near 3 J/cm2 for both enamel and dentin. 
With 350-fs pulses, ablation threshold for dentin was 
at 0.5 J/cm2 and for enamel at 0.7 J/cm2 [66]. In 
contrast, ablation threshold for dentin with the longer, 
1-ns pulses of 1050 nm was about 20 J/cm2. A rapid 
exponential drop in ablation efficiency with increasing 
fluence was also observed with 350-fs pulses for both 
enamel and dentin with a slightly higher efficiency for 
dentine [66].  

Enamel and dentin were also ablated with a 66 fs 
laser pulses at a wavelength of 800 nm and a repetition 
rate of 1 kHz [82]. The focal spot of the laser was 
~100 μm. The initial temperature of the pulpal 
chamber was 23.6oC. During the laser ablation 
process, the temperature rose to a peak value of 35.9oC 
(ΔT = 12.3oC). Following the addition of air cooling, 
the temperature dropped to 26.6oC (ΔT = 3.0oC). At a 
laser fluence of 11 J/cm2 and a scanning velocity of 
1 mm/s, the ablation rates of enamel and dentin were 
measured to be 5.7×10-3 mm3/s and 56.0×10-3 mm3/s, 
respectively. According to [82], the ablation efficiency 
initially increases almost linearly and then deceases, 
suggesting that it is possible to find an appropriate 
fluence value to achieve a maximum ablation 
efficiency (see Fig. 13). Maximum ablation efficiency 
of dentin 0.019 mm3/J is about 2 times of maximum 
ablation efficiency of enamel 0.009 mm3/J. 
Decreasing ablation efficiency is due to the plasma 
shielding. Taking into account the maximum ablation 
efficiency of enamel and 300 mm3 of dental hard 
tissue, mostly enamel, that is ground out during tooth 
preparation for a typical full metal crown of a molar, a 
femtosecond laser with an average power of ~18 W is 
required to complete the tooth preparation work within 
half an hour.  

 
 
 

 
 

Fig. 13. The ablation efficiency of the ablated area 
of dentin and enamel versus fluence with a 66 fs laser 
pulses at a wavelength of 800 nm and a repetition rate 

of 1 kHz [82]. 
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It is known that the ablation threshold decreases 
towards shorter pulse durations [98-100]. This is due 
to the fact that for shorter times, the energy has little 
time to escape from the irradiated volume to the 
surrounding tissues by heat diffusion to result in faster 
ablation and smaller amount of residual heat 
deposition. Fig. 14 shows ablation depths of drilled 
into dentin (top) and enamel (bottom) with ten 
consecutive Er:YAG at 2.94 μm laser pulses of 
different duration [96]. With pulse lengths of 100 μs 
and 300 μs, the ablation of dentine starts abruptly at a 
well-defined fluence value of 4.0±0.5 J/cm2.Within 
the experimental error, the ablation threshold is 
independent of the pulse duration. At higher fluences, 
the ablation depths increase quasi-logarithmically as a 
result of absorption and scattering of the laser beam by 
the ejected debris. The ablation depths of drilled into 
enamel show qualitatively the same behavior as that in 
dentin. At the pulse length of 100 μs, they follow a 
quasi-logarithmical functional dependence on the 
applied laser fluence, as predicted by the debris 
screening model, except for the fluences above  
50–70 J/cm2 where increasingly deeper craters  
are obtained.  

 
 

 
 

Fig. 14. Ablation depths of drilled into dentin (top) and 
enamel (bottom) with ten consecutive Er:YAG at 2.94 μm 

laser pulses of different duration (see [96] for details). 
 
 

3.4. Water Cooling  
 
The influence of external cooling on the 

temperature rise in the tooth pulpal chamber during 
femtosecond laser ablation was investigated. The 
ablation were performed on dentin using an Yb:KYW 
which generates a Gaussian 1030-nm radiation 
wavelength beam with 560-fs pulse duration [101]. 

The experiments were performed in air and with 
surface cooling by a lateral air jet and a combination 
of an air jet and water irrigation. The ablation rate 
versus fluence for different cooling methods is plotted 
in Fig. 15. Independently of the cooling method used, 
the ablation rate increases linearly with fluence in the 
range of 2–14 J/cm2. External cooling has a negligible 
influence on the ablation rate for fluences in the tested 
fluence range with fs laser pulses. 

 
 

 
 

Fig. 15. Ablation rate versus fluence for different cooling 
methods with 1030-nm laser wavelength and 560-fs [101]. 

 
 
The temporal behavior of the pulpal chamber 

temperature during a laser treatment without external 
cooling, with an average fluence of 7 J/cm2 and a pulse 
repetition rate of 1 kHz, is depicted in Fig. 16 [101]. It 
can be seen that temperature initially increases to 
reach maximum 34.5°C after 65 s, and then remains 
approximately constant during the full duration up to 
the end of the laser treatment (175 s). After stopping 
the laser, the temperature drops almost exponentially 
with the quiet slow cooling rate due to the low thermal 
diffusivity of dentin. 

 
 

 
 

Fig. 16. Dynamic behavior of the pulpal temperature 
during femtosecond laser irradiation with 7 J/cm2 [101]. 

 
 

The temperature increases with fluence from 
approximately 3.1°C for 2 J/cm2 to 17.5°C for 
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14 J/cm2 (Fig. 17). The temperature rise reached 
17.5°C for the treatments performed with 14 J/cm2 and 
without cooling, which was reduced to 10.8 ± 1.0 and 
6.6 ± 2.3°C with forced air cooling and water cooling, 
respectively, without significant reduction of the 
ablation rate. 

 
 

 
 

Fig. 17. Maximum temperature of pulpal versus 
fluence [101]. 

 
 

In addition, the effect of pulse duration on, the 
ablated dentin by Er:YAG laser at 1 Hz with a fixed 
energy at 150 mJ/pulse corresponding to fluence  
~113 mJ/pulse for three seconds with a water spray 
(water: 17.6 ml/min; air: 1.2l ml/min) has been 
reported in [51]. As the pulse duration increased, the 
ablated dentin became deeper but the diameter thereof 
decreased. Fig. 18 shows the depths of the cavities 
after laser irradiation with various pulse durations. As 
the pulse duration of Er: YAG laser increased, depth 
of the cavities increased.  

 
 

 
 

Fig. 18. Depths of ablated dentin after laser irradiation. 
Reproduced from [51]. 

 
 

Fig. 19 shows variation of diameter of the cavities 
after laser irradiation versus pulse duration. The longer 
the pulse duration of Er:YAG laser, the smaller the 
diameter of the irradiated spot.  

As shown in Fig. 20, volume of the cavities did not 
change statistically with the pulse duration of Er:YAG 
laser. The average cavity volume following [51] is 
given by: 

 
(32) 

 
is plotted in Fig. 20 [51]. 
 
 

 
 

Fig. 19. Diameters of ablated dentin after laser irradiation 
as a function pulse duration. Reproduced from [51]. 

 
 

 
 

Fig. 20. Estimated volumes of ablated dentin after laser 
irradiation. Reproduced from [51]. 

 
 

Remarkably different methods have been proposed 
and investigated for remote monitoring incision depth 
in laser surgery [102]. Pulsed laser ablation results in 
vaporization and ejection of tissues, leading to 
generation of laser-induced shockwaves at the  
incision spot. 

On the other hand, recently Kušĉer and Diaci [61] 
measured precisely erbium laser-ablation efficiency in 
hard dental tissues under different water cooling 
conditions. In enamel, the highest AE, with clean 
cavities and no signs of thermal damage, was observed 
under the “pores” conditions when the superficial 
dental tissue was rehydrated only during the time in-
between laser pulses. However, when in addition to 
the rehydration in-between the pulses, the pulsed laser 
beam was intersect with water-spray particles above 
the tooth (“spray” conditions), or with a water layer on 
the tooth surface (“pool” conditions), resulted in a 
reduction of AE. 

The effect of pulse duration on reduction of AE has 
been also investigated [61]. It was found that spray 
functions only as an absorber and not as an enhancer 
of the AE and this effects gains for longer pulse 
durations. This can be explained by noting that during 
longer pulse durations more water is delivered to the 
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tooth, and therefore, more laser energy is required to 
sustain the vapor tunnel [61]. The relative decrease in 
AE due to the presence of spray versus pores, Dspray, as 
a function of Er∶YAG pulse duration is depicted in  
Fig. 21. As expected, an approximately linear 
dependence of Dspray on the pulse duration and 
consequently on the amount of water delivered during 
the duration of each laser pulse is obtained (see [61] 
for details). 

 
 

 
 

Fig. 21. Relative reduction in AE, Dspray, in enamel and 
in cementum as a function of Er∶YAG pulse duration [61]. 

 
 
6. Reducing Debris Effect 

 

It was already known that the interaction of laser 
light with ejected debris has a considerable influence 
on ablation characteristics of erbium lasers [103]. By 
using a quantum square pulse (QSP) chopped pulse 
Er:YAG mode (see Fig. 22) which was designed to 
reduce the temporal crossing of incoming laser 
radiation with ejected debris, it was possible to 
significantly increase dental enamel and cementum 
ablation drilling efficacy and reduce the rate of tissue 
desiccation. The appropriately timed chopped pulse 
structure of the QSP mode was shown to result in a 
high cutting efficacy and low thermal side-effects, a 
characteristic of short pulses, and in low vibrations and 
sharp cuts, which is a characteristic of longer  
pulses [103]. 

Ablation saturation was observed for all measured 
laser modes with the depth dsat depending on the laser 
pulse duration (see Fig. 23). The ablation saturation 
depth was measured to be largest for the QSP mode 
and decreases with increasing laser pulse duration. 

Although the ablation saturation depth and 
ablation efficiency was measured to be largest for the 
QSP mode, but chopper wheel which modulates the 
laser beam blocks the laser light and therefore reduces 
the ablation rate with decreasing energy per pulse. An 
alternative method to reduce the temporal cross-over 
of incoming laser radiation with ejected debris is 
combination of rotational micro-lens array with a 
normal lens (see Fig. 24) which focuses the laser light 
on the hard tissue sample. The rotation velocity 
defines by distance between microlenses in array, 
velocity of ejection of debris and depth:  

, (33) 

 
where l is the distance between microlenses, R is the 
distance of microlenses from center of the array, ω is 
the angular frequency, and v is the average of ejection 
velocity of debris. In this method, debris can be ejected 
from the cannels generated by lenslet without 
interaction with laser beam. 

 
 

 
 

Fig. 22. a) Standard laser pulse; (b) QSP laser pulse.  
A 600-μs macropulse is chopped into five micropulses  

with duration of tQSP= 50 μs, and temporal spacing between 
the micropulses of ΔtQSP=85 μs [103]. 

 
 

 
 

Fig. 23. Dependence of the ablation saturation depth (dsat) 
in enamel for different erbium laser pulse modes [103]. 

 
 

7. Conclusions 
 

Nowadays, only a few studies have investigated 
the difference between laser surgery and conventional 
tools, and the influence of laser parameters are not 
fully understood, especially in depth of incision. By 
analyzing literature relevant to laser surgery and 
conventional tools during surgery research in vivo and 
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in vitro, the influence of laser parameters on water-
cooled hard tissue laser ablation and depth of incision 
is reviewed.  

 
 

 
 

Fig. 24. (a) Front view, and (b) top view of combination 
of rotational micro-lens with a normal lens to reduce the 
temporal crossing of incoming laser radiation and ejected 

debris in hard-tissue laser ablation. 
 
 
The characteristic of hard tissue machining 

comprising conventional surgical instruments can be 
affected by the surgery parameters such as cutting 
force or pressure, cutting rate, cutting speed, cutting 
temperature, bone surface, bone damage, bone 
thickness, cutting efficiency and so on. For 
piezosurgery, in addition to these parameters, 
ultrasonic properties such as frequency and amplitude 
as well as tip structure, and bone density are also 
relevant during surgery. 

Non-contact laser surgery presents several 
advantages such as effectively less damaging 
surrounding tissue, less pain, less swelling, less 
bleeding, eliminating trauma, better cutting quality, 
and high accuracy. However, the cut depth saturates 
and the ablation efficiency drops with increasing 
incision depth which depends on laser parameters. 
This phenomenon is generally found in laser cutting of 
all kinds of materials. The trend is faster for Gaussian 
lasers with longer pulse width and smaller beam 
radius. There are two main energy loss mechanisms 
which limit the achievable depth in addition to the 
absorption and scattering of laser energy by water. The 
first is the growing heat diffusion from the increasing 
surface area of the incision. The second is the 
absorption and scattering of laser light due to 
interaction of laser with the ejected ablation products 
(debris) which are more and more confined in the cut 
profile as the cut progresses deeper into the tissue and 
interact more and more when pulse width is larger. 

Wavelength is a key factor in the suitability of any 
laser for hard-tissue procedures in dentistry and 
osteotomy. So far, the most promising laser sources 

for hard tissue ablation in the infrared spectral region 
were found to be the CO2 laser (9.6 μm & 10.6 μm), 
the Er:YAG laser (2.94 μm) and the Er:YSGG laser 
(2.78 μm). The Er:YAG and the Er,Cr:YSGG lasers 
make up the erbium family of dental lasers. When 
comparing the wavelengths of the erbium doped 
lasers, the Er:YAG laser’s wavelength of 2.94 µm 
matches the absorption peak of water at 2.94 µm 
(12000 cm-1) while the absorption coefficient of water 
for the 2.78 µm (4000 cm-1) wavelength is 3 times 
lower. The difference in the absorption coefficients 
leads to a difference in the penetration depth in  
hard tissues.  

Er:YAG lasers are currently in use for dental hard 
tissue ablation in clinical practice. Ablation is 
accomplished through the localized laser-induced 
generation of heat, an example of the photothermal 
effect. However, as the pulse width of the laser is 
increased, the thermal effect becomes more obvious, 
producing significant collateral damage in the target 
area (e.g., microcracking, carbonation and melting). 

Femtosecond lasers, unlike Er:YAG lasers, use 
ultrashort pulses. When the pulse width is shorter than 
the target material’s thermal relaxation time, thermal 
diffusion cannot take place, and strong peak power can 
ionize the material into plasma, thus greatly reducing 
the generation of thermal effects and collateral 
damage. Indeed, cold ablation processing can be 
attained with high accuracy and almost no effect on 
the vitality of the pulp. When the excitation time is 
shorter than the thermalization time in the material, 
non-thermal, photochemical ablation mechanisms can 
occur. It induces a clean ablation of tissue without 
thermal effects.  

Ablation thresholds decrease toward shorter pulse 
durations, where short pulses are pulses shorter than 
the thermal relaxation time of the ablated tissue In 
general, thermal effects can be decreased by reducing 
the pulse duration or by using lasers with radiation 
wavelength in the UV range. At shorter times, the 
energy has little time to escape from the ablated 
volume, and so less heat is diffused into the 
surrounding tissue. Lasers that produce a 
photothermal effect use prolonged energy exposure to 
facilitate an increase in chromophore temperature, 
which in turn leads to cellular vaporization. This type 
of laser-tissue interaction is what occurs during 
surgical, ablation, and hair removal with laser. Shorter 
pulses, therefore, result in faster ablation and smaller 
amount of residual heat deposition. On the other hand, 
short laser pulses are expected to produce higher-
frequency tissue vibrations and may therefore cause 
more discomfort to patients. 

At short pulse durations, strong absorption of 
incoming laser beam by dense debris cloud above the 
irritated area results a reduced ablation rate. The 
scattering effect caused by the debris cloud leads to 
spreading out the laser beam and therefore less precise 
the cut geometry. The laser reheats the debris and it 
falls back to the tissue surface to additional heating the 
tissue and consequently reducing the ablation rate and 
additional residual heat deposition.  
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A quantum square pulse (QSP) chopped long 
pulses in NIR region makes it possible to significantly 
increase dental enamel and cementum ablation drilling 
efficacy and reduce the rate of tissue desiccation with 
decreasing temporal crossing of incoming laser 
radiation and ejected debris. However, chopper wheel 
blocks the laser light to result modulation of laser 
beam with the expense of energy loss. An alternative 
novel method to reduce the temporal cross-over of 
incoming laser radiation with ejected debris is 
combination of rotational micro-lens with a normal 
lens which focuses the laser light on the bone tissue 
sample. In this method an array of rotational micro-
lens which is combined with a normal lens focuses the 
laser light on the hard tissue sample to increase the 
ablation efficiency in incision depth by creating 
channels in laser beam and reducing the effect of 
interaction laser and debris and therefore ejecting 
debris with less interaction with laser light. 
Consequently, the absorption and scattering of the 
incoming laser light by the debris decreases even with 
rising cut depth and thereby most of the energy can 
reach the depth of the incision. 
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