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Resumo

Modelização do processo de evaporação por laser dos dentes

O objectivo final do trabalho descrito nesta tese consiste na determinação dos
melhores parâmetros de funcionamento de lasers de modo a ser posśıvel escavar
túneis compridos e estreitos através do esmalte e da dentina, um dos procedimen-
tos necessários para se proceder a um tratamento minimamente invasivo da cárie
dentária. Primeiramente é apresentada uma revisão da literatura onde são identifi-
cadas as gamas de valores dos parâmetros de funcionamento do laser para as quais
são esperados os melhores resultados, e são identificados os problemas que necessi-
tam de ser resolvidos. Os lasers que deverão produzir os melhores resultados com o
mais baixo custo financeiro são os de CO2 e os de Er:YAG, com pulsos de duração
na ordem dos microsegundos e com arrefecimento por água. Os problemas a re-
solver incluem os danos mecânicos infligidos ao material e a possibilidade da água
de arrefecimento absorver grande parte da radiação incidente e deste modo impedir
que sejam produzidos túneis compridos. Após uma breve introdução ao Método
dos Elementos Finitos (a ferramenta de modelização utilizada neste trabalho), são
apresentados os modelos produzidos para o estudo da interacção entre os lasers de
CO2 e Er:YAG e o esmalte dentário e os resultados obtidos com esses modelos,
para o regime sub-ablativo. Finalmente, são apresentadas as conclusões princi-
pais obtidas com este trabalho, sendo dada particular ênfase às linhas de acção
práticas que estas sugerem para se obterem melhores resultados experimentais, e
são delineados trabalhos futuros que interessa desenvolver nesta área.
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Abstract

Modelling of dental laser ablation

The ultimate aim of the work described in this Thesis is to determine the
optimal laser operating parameters to drill long, narrow tunnels through enamel
and dentine, necessary to treat dental caries in a way that minimizes the amount
of material removed from the tooth. In order to do this, a review of the literature
is first presented in which the ranges of laser parameter values for which the best
results exist are narrowed down and the issues to be solved are identified. It
is expected that CO2 and Er:YAG lasers with microsecond pulse duration and
water cooling will produce the best results at a minimum financial cost. Issues to
be addressed include the extent of mechanical damage caused by the lasers and
whether the cooling water will absorb a large fraction of the incident radiation and
thus prevent the material from being ablated. After a brief introduction to the
Finite Element Method (the modelling tool used throughout this work), the models
designed to investigate ablation of dental enamel by the CO2 and Er:YAG lasers
are described and the results obtained for a sub-ablative regime are presented.
Finally, the main conclusions obtained by this work are given and the practical
guidelines to obtain better results when ablating dental enamel are presented. A
brief indication of the work to be done in the future concludes this Thesis.
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Chapter 1

Teeth, caries and dental care

In this chapter the generic structure of teeth will be described, together with the

morphology and composition of the two tissues that are most commonly ablated

during dental laser treatment: enamel and dentine. The description of enamel will

be more complete than that of dentine, given that in this Thesis only the subject

of enamel laser ablation is addressed. Subsequently the theme of dental caries

will be introduced and the state-of-the-art in caries treatment will be described,

highlighting the aspects that need to be improved. To conclude, the case for the

need of minimally invasive caries treatment will be presented and the requirements

of the laser technique being developed by Pearson and co-workers at Queen Mary

Westfield College in London, United Kingdom, which provided the motivation for

this work, will be emphasized.

1.1 The structure of teeth

Teeth, either deciduous or permanent, have the basic structure which can be seen in

Fig. 1.1: the outer layer is the enamel, beneath it one finds dentine and at the center

is the pulp of the tooth. The junction between enamel and dentine is called the

amelodentinal junction (ADJ). Enamel and dentine are highly mineralized tissues

displaying a complex mesostructure which still today fascinates researchers because

of its beauty, functionality and complexity. Enamel is the hardest substance in

the human body; in fact, its hardness is comparable to that of mild steel. It is

mainly composed by hydroxyapatite (HA) mineral (≈ 95% by weight, or w/w),

and it also contains small amounts of water (≈ 4% w/w) and organic material

(≈ 1% w/w), which make up for the remaining material [2]. The actual percentages

vary according to the source of the information because of the variability associated

1
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Figure 1.1: Cross-sectional image of a tooth; only hard tissue is shown. Source: ref. [1],
pp. 3.

to the different samples used by each author and also the type of measurement

technique used. For example, work by Dibdin [3] suggests that the total water

in enamel may amount only to 2.0 ± 0.4% w/w, or 6.0 ± 1.2% by volume (v/v).

Also, it is known that the degree of mineralization increases from the ADJ to the

surface of the tooth, and that deciduous teeth have a lower mineral concentration

and higher porosity than permanent teeth [4, 5].

HA has the chemical formula Ca10(PO4)6(HO)2, but substituents such as Cl−,

F−, Na+, K+, Mg2+ and CO2−
3 exist in the crystal lattice. The last substituent,

carbonate, is the most important of all, representing 3% to 5% w/w. This mineral

is organized in hexagonal crystallites that have an average diameter of 40 nm

and length of 40 nm to 1 µm (see Fig. 1.2), which in turn organize into larger

structures, called the enamel rods or prisms. The orientation of the crystallites in

the rods obeys an intricate pattern which can be seen in Figs. 1.3 and 1.4. The

enamel rods have an average diameter of approximately 5 µm, and extend from

the enamel-dentine junction to the free surface of the tooth, being approximately

perpendicular to that surface.

Water and organic material are mainly located in micropores at the interface

between crystallites; the region of highest porosity is the boundary between enamel

rods, the rod sheath. The pore surface-area and volume distributions in enamel

are not known accurately, because of the difficulty in determining these quantities;

however, work by Dibdin et al. [3] suggests that enamel has a minority of larger

pores, holding approximately 0.3% v/v water and located mainly in rod bound-

aries, and a majority of smaller pores, holding approximately 6% v/v of water.
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(a) A schematic representation of a single
crystallite.

(b) Electron micrograph of
enamel crystallites. Or-
ganic material and water ex-
ist in the spaces between
the crystallites. Source:
ref. [1], pp. 218.

Figure 1.2: Enamel crystallites.

Figure 1.3: Fine structure of enamel, highlighting the orientation of the crystallites as
a function of their position in the rod. Source: ref. [1], pp. 222.

The characteristic diameter of the smaller pores is thought to range from 2 nm

to 20 nm [7], but the uncertainty associated with these values is high (could be

as high as ≈ 50%). The diameter of the larger pores was not established in the

literature. The water in enamel pores seems to behave like liquid bulk water as

far as diffusion is concerned, even for pores as small as a few nanometers [8]; this
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Figure 1.4: Electron micrograph of a cross-section through enamel rods. The orien-
tation of the crystallites is different at the ”bodies“ B and at the ”tails“ T. (approxi-
mately 5000 ×.) Source: ref. [6], pp. 52.

observation is supported by theoretical and computational work done by Liu et

al. [9] and Giaya et al. [10], indicating that water in pores made of an hydrophillic

substance such as HA should behave like liquid bulk water.

The mechanical properties of enamel have been investigated extensively for

over 30 years, but studies attempting to measure mechanical properties at a

micrometer scale were possible only in the past 10 years. Cuy et al. [11] used

nanoindentation to determine the hardness (H ) and Young’s modulus (E ) of den-

tal enamel for the mesial half of a maxillary M2 tooth 1, and have found that they

vary significantly (over 50%) even within the same tooth, increasing between the

ADJ and the free enamel surface as can be seen in Fig. 1.5. They related the

observed variations mainly to changes in mineral content, and found them to be

less dependent on the microstructure or rod alignment. However, other authors

have found some evidence that the orientation of the rods and the location of the

indentations (at the body of the rod or at the tail) have a significant influence on

the values of E and H. For example, Habelizt et al. [12] have found that E and H

can be higher by ≈ 20% when measured in directions parallel to the enamel rods

than in directions perpendicular to the rods. They also found that E and H are

lower at the tails of the enamel rods and in the inter-rod enamel than at the bodies

1The front half of the second upper molar.
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Figure 1.5: (a) Enamel hardness, H, and (b) Young’s modulus, E, for the mesial half
of a maxillary M2 tooth determined by Cuy et al. by nanoindentation. The standard
deviations for these averages range from 0.2 to 0.3 GPa for H and from 2 to 5 GPa for
E. Average values of H and E that were reported by several other authors were included
by Cuy et al. in the image. Source: ref. [11].

of the rods. They attributed these variations to the changes in the alignment of

the apatite crystals which can be seen in the scheme in Fig. 1.3. This suggestion

is supported by the results obtained by Spears [13] using Finite Element models

in which the orientation of the crystallites and of the rod was explicitly accounted

for.
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Dentine is a much less mineralized tissue than enamel: it is composed of

only ≈ 70% w/w HA, ≈ 20% w/w organic material and ≈ 10% w/w water ad-

sorbed on the surface of the mineral or in micropores between the crystallites.

The organic material in dentine is mainly collagen (unlike enamel, which has no

collagen), as well as some proteins. The structure of dentine is characterized by

the presence of a large density of dentinal tubules (as many as 60 000 to 70 000

per square millimeter), which extend from the pulp of the tooth to the ADJ (see

Fig. 1.6). Extending from the dentinal tubules at approximately 90◦ are the mi-

crotubules. The tubules are wider close to the enamel, where their characteristic

diameter is 3 to 4 µm, than close to the pulp, where it is only ≈ 1 µm. Although

there is not yet a full consensus as to the content of the dentinal tubules, they are

thought to hold tissue fluid and an odontoblast process2, and to be lined by a thin

layer of organic material. The dentine that forms the wall of the dentinal tubule

is called the peritubular or intratubular dentine and has a much higher degree of

mineralization (≈ 40%) than the intertubular dentine [1].

Figure 1.6: The structure of dentine, seen by light microscopy, A, and scanning electron
microscopy (SEM), B. The dark central spots are empty dentinal tubules surrounded by
intratubular dentine. Source: [1], pp. 158.

1.2 Caries

Dental caries is a disease caused by bacteria where these organisms demineralise

the inorganic component of the tooth and disintegrate its organic component.

A young carious lesion, one that affects only enamel, comprises several different

2Citoplasmatic extensions of the cells that form dentine, the odontoblasts.
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areas when seen under the light microscope as in Fig. 1.7. The free surface of

enamel is normally still mineralized, because although bacteria are demineralizing

it, minerals present in the saliva can precipitate at the surface and thus coun-

teract the effect of the bacteria. Bellow the surface, at the body of the carious

site, is where most of the demineralization takes place. However, just below the

body of the lesion one can find an area which was at some point demineralized

by the bacteria but which was remineralized subsequently, and that has a dark

appearance when seen under polarized light. Finally, below this dark area is a

translucent zone, which is in fact the inner advancing front of the carious lesion.

Caries is thus the result of a competition between the acid attacks by the bacteria

Figure 1.7: Enamel caries seen by polarized light. The translucent zone, dark zone,
body of the lesion and surface zone are all visible. Source: [1], pp. 416.

and the physicochemical processes occuring naturally at the tooth that tend to

deposit minerals back in enamel. This means that enamel can repair itself if the

demineralization/remineralization equation is shifted to our favor, by reducing the

concentration of bacteria, and that early carious lesions can be treated without

any sort of invasive treatments, by simply maintaining adequate eating and oral

hygiene habits. However, most people find it hard to do this consistently, which

justifies the need for the work presented in this Thesis...

A mature carious lesion, which has reached dentine, is composed of two areas

– the infected layer and the affected layer – frequently hidden from the eye by a

thin enamel layer still intact. The infected layer contains large amounts of bacteria

and has a soft consistency, because it is composed of ”denatured and unstructured

enamel and dentine debris“ [14, 15]. The affected layer lies underneath the infected

layer and is composed of demineralised dentine that still presents clearly defined
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dentinal tubules supported by the collagen matrix. Like for enamel, the progression

of the infection in dentine is a dynamic competition between the bacteria that

demineralize dentine and the tooth’s defense mechanisms, which consist in laying

out a layer of highly mineralized tissue with low tubule density, called reparative

or sclerotic dentine, attempting to stop the caries progression. However, without

outside intervention the reparative processes are not enough to stop the spread of

the caries, and bacteria eventually win the race thus causing pain and inflammation

of the tooth. The various existing medical procedures to stop the progression of

caries will thus be the subject of the next section of this Thesis.

1.3 Brief description of conventional caries treat-

ment

The principles of the only type of caries treatment available until the 1990’s were

established at the end of the 19th century by G. V. Black. They were based

on the principle of ”extension for prevention“ which meant that when treating

a tooth for caries, the dentist should remove also the healthy tissue that was in

regions with a high probability of developing future caries. Also, not only the

infected dentine but all the affected dentine should be removed. The guidelines

for cavity classification and preparation were tailored to the needs of the only

cheap and available filling material – amalgam. An amalgam restoration needs

to be extensive so that the strength of the material is increased, it needs 90◦

cavosurface margins3 for resistance to marginal fracture, straight internal walls

and defined line angles, and a macroretentive design by convergence of walls or

proximal grooves [14, 15]. These requirements in terms of cavity preparation mean

that, after the removal of the infected and affected dentine, more healthy tissue has

to be removed in making the cavity appropriately shaped. Once a tooth has been

treated for caries, it will probably require more treatments in the future because

of re-infection: for example, it is known that over 60% of all restorative dentistry

in the United Kingdom is concerned with the replacement of restorations [16].

This leads to more loss of healthy tissue and a more complex restoration, which

is more costly and has a higher probability of failing again. Eventually, the root

of the tooth may need to be filled, or the tooth may need to be extracted and

3The top edges of the cavity.
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replaced by dentures, bridges or implants [16, 17]. This cycle, termed ”tooth

death spiral” by some authors [18], is further enhanced by the fact that the dental

bur causes notches in teeth adjacent to the tooth being treated in 75% [14, 15]

to 95% [18] of all cases. These notches weaken enamel, increasing the probability

of developing caries. On top of the discomfort, pain and loss of time caused

to patients undergoing treatment of carious teeth, this treatment has significant

financial impact both for the individual and for National Health Systems. Treating

tooth decay costs the National Health Service of England and Wales 4
£173 million

per year in simple, direct restorations (fillings) and £156 million per year in dental

crowns [16]. Improving treatment of caries by making treated teeth less susceptible

to failure can thus significantly improve the health of individuals and minimize the

large financial cost of caries.

The search for an improved dental treatment led several teams to look for

filling materials other than amalgam, for which the cavity design was less stringent

and, therefore, that could provide a less invasive, more aesthetically acceptable

treatment. During the 1990’s, several new filling materials became available [18]:

composite resins, glass ionomer cements, resin-modified glass ionomer cement and

compomers, cast gold (this one was available before the 1990’s) and other alloys.

These are currently widely used, despite the fact that for some of them there

is ”limited evidence on their long-term clinical performance“ [16]. Overall, and

despite the grim picture painted above regarding amalgam fillings, this is still the

material of choice to restore teeth when its dark color does not cause aesthetical

problems: amalgam fillings are the most durable and cheapest. When aesthetics

are an issue, composite restorations with dentine bonding, in particular those that

use an acid primer, are normally used [16]. Composite materials do present an

advantage against amalgam: they do not require the large cavity design described

above because they have better adhesive properties [17]. This means that they can

potentially be used in procedures in which the shape of the cavity after removing

infected dentine does not allow for amalgam filling without further removal of

healthy tissue, which would be of advantage despite the fact that they are slightly

less durable than amalgam. However, a large fraction of dentists still provides

caries treatment without maximizing the conservation of healthy dental tissue [14,

15].

The problems with current dental caries treatment are thus well identified: not

enough emphasis is placed on prevention of caries; the amount of healthy tissue

4No information was available for Portugal.
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removed during invasive treatment of caries is large, thus making the tooth struc-

turally weaker; re-infection of treated sites occurs frequently, and each subsequent

treatment makes the tooth weaker. Clearly, the way to improve this is to mini-

mize intervention by emphasizing prevention and to maximize the preservation of

healthy tissue when an invasive procedure is indispensable [14, 15]. Caries treat-

ment research has been moving towards this goal for a few years now, under the

general denomination of minimally invasive (MI) treatment of caries. A description

of existing and future MI treatments for caries is the subject of the next Section.

1.4 Minimally invasive caries treatment

1.4.1 Current state-of-the-art in minimally caries treat-

ment

Minimally invasive caries treatment is much more than a particular type of treat-

ment for caries; it is an entirely different philosophy to the management and treat-

ment of dental lesions, which aims at maximizing the preservation of healthy tissue

and, consequently, at maintaining the integrity and functionality of the tooth. It is

based on a holistic view of the patient with the aim of making the best treatment

choices for each individual patient, rather than providing standardized treatments

for typified lesions.

Providing minimally invasive dental care starts long before dental restorations

have to be made and, ideally, would never allow lesions to progress that far. It

begins with proper diagnosis of lesions, so that early lesions in enamel can be

detected and treated using remineralization techniques [19] that stop the pro-

gression of caries and repair enamel. If the caries has already reached dentine, the

MI approach would not recommend the placement of a restoration unless enamel

cavitation had occurred or if patient discomfort, unacceptable form, function or

poor aesthetics make it the best option [19]. Instead, the dentist attempts to

control the infection by adequate hygiene of the mouth and to monitor the

temporal evolution of the caries over extended periods of time. Finally, when an

invasive intervention is deemed necessary, it is done removing as little tissue as

possible. This procedure thus has the potential to maximize the useful life of the

tooth and to avoid expensive (and painful!) implants, dentures and bridges, thus



Minimally invasive caries treatment 11

contributing to the patient’s well being in a way that is impossible with currently

available dental treatments.

While the above described course of action seems simple to implement, there

are difficulties associated with each of the steps described above due to the state

of the current technology and to the reluctance in practitioners and patients to

change procedures and daily habits. Early caries diagnosis is harder to do than it

sounds, since young caries is not easily identified radiographically and may exist

in areas not visible to the eye. Also, even when the lesion is visible, it is sometimes

hard to distinguish between surface lesions that can be remineralized or slightly

deeper lesions which may require a different treatment. To address this issue, sev-

eral systems are being investigated that may help in the diagnosis; an example

is the spectroscopic analysis of dental fluorescence [20], which can distinguish be-

tween dull, shiny and brown lesions in enamel and evaluate lesions with different

degrees of activity. However, with the currently available diagnosis tools, today’s

dentist often has no choice but to remove some enamel and then visually inspect

the site, in order to assess the extension of the lesion and thus determine the ap-

propriate course of action [17]. Remineralization techniques consist on decreasing

the cariogenic bacteria concentration at the site through adequate hygiene of the

mouth [21], increasing the fluoride concentration in the mouth through adequate

supplements [19] and, very recently, using synthetic enamel to reconstruct the car-

ious site [22]. However, they require that the patients change their oral hygiene

and eating habits, which they may not do to the extent necessary. Monitoring the

evolution of enamel caries involves having dental checks with intervals between

two and five years, since caries normally evolves very slowly5 and (again) depends

on the existence of adequate diagnosis tools. A possible technique to be used in

monitoring enamel thickness is terahertz pulse imaging (TPI), which can detect

changes in the order of 10 µm in enamel thickness [23, 24]. Finally, the currently

existing minimally invasive cavity preparation techniques, while representing a

major improvement relative to the conventional ones, still remove large amounts

of dental material as can be seen in Figs. 1.8 and 1.9.

Clearly, while preventive and reparative measures are the first choice to manage

caries, it is unlikely that the need for invasive treatments will disappear. Conse-

quently, it is necessary to create invasive techniques that remove less material that

the currently available ones. Prof. Gavin Pearson6 and co-workers at Queen Mary

5Although the six-month interval has been recommended for over one hundred and forty years,
there is no evidence to support the need of such frequent visits to the dentist [18].

6Formerly at the Eastman Dental Institute, London, UK.
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Figure 1.8: Example of the type of cavity prepared using currently available MI surgical
procedures (in this case, air abrasion was used to prepare the cavities). Source: ref. [15].

Westfield College, in London, are addressing precisely this aspect of the minimally

invasive caries treatment approach: the development of a better surgical treatment

of caries. They propose a radically different technique, described in detail in the

next Section, which relies on using very narrow tunnels to access the carious site.
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(a) Example of a secondary
caries developing at the mar-
gin of the metal restoration
on tooth 27. Source: ref. [25].

(b) Example of the mini-
mally invasive correction of
a restoration of tooth 27.
Source: ref. [25].

(c) Clinically, the caries on teeth 26
(distal), 26 (occlusal) and 24 (oc-
clusal) is hardly visible at first. Mir-
ror view. Source: ref. [25].

(d) Delicate rotating instruments
were used to access all the cari-
ous lesions. The occlusal extent of
caries on tooth 26 turned out to be
very slight, but on tooth 24 very
great. Note the danger of iatro-
genic damage to the adjacent tooth
when preparing the distal cavity on
tooth 26. Source: ref. [25].

Figure 1.9: Examples of the extent of material removal done by currently available MI
surgical procedures to treat caries.



14 Chapter 1

1.4.2 A new minimally invasive surgical treatment for den-

tal caries

The technique proposed by Pearson and co-workers consists on accessing carious

sites by means of a tunnel not more than 0.5 mm in diameter, introducing a

bactericidal substance to kill the bacteria instead of trying to remove the diseased

tissue and, finally, sealing the tunnel. The differences between this new tunnelling

technique and the currently available procedures, MI or otherwise, are significant,

and the potential advantages are many: because the tunnel used to access the

carious site should be very narrow and no attempt is made to further remove

diseased material, the structural integrity of the tooth is maximized thus making

it less likely to fail; also, because the contact area between the filling material and

the tooth is reduced, it is less likely that the cavity seal will fail and thus that

bacteria re-enter the site. This technique can thus greatly reduce the probability of

a tooth becoming reinfected and, consequently, avoid the need to repair or replace

the initial restoration.

However promising this technique is, there are technological problems that

need to be solved before it can be used in practice. The first issue to be ad-

dressed is the diagnosis of caries: it is vital for this kind of treatment to be able

to detect caries accurately with respect to location and extension, so that an ap-

propriate tunnel can be drilled to access the carious site in the most favorable

manner. This is easier to do if the caries is visible to the eye, but very often

this is not the case. While a radiograph can be very helpful to diagnose caries,

it sometimes happens that caries is undetected in radiographs. Also, radiographs

only provide a two-dimensional image of the tooth, so it may not be possible to

pin-point the 3-dimensional location and extension of caries simply by looking at

a radiograph. New methods to diagnose caries are now emerging, such as laser-

induced autofluorescence spectroscopy using a 337 nm nitrogen laser developed

by Borizova et al. [26] or using a 655 nm diode laser like in DIAGNOdent7, or

TPI [23, 24]. However, at the moment TPI has only been proved to detect le-

sions in enamel [24], and there is evidence to suggest that DIAGNOdent may

not be as accurate in detecting dentinal caries as radiographic (digital or conven-

tional) methods or even visual or tactile inspection [27]. While the fluorescence

method described by Borisova et al. [26] seems promising to identify the depth of

7A commercial version of the method that uses a diode laser fluorescence device emitting
at 655 nm.
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dentinal carious lesions, the efficiency and effectiveness of the method were not

directly compared with traditional means of identifying caries. Another method

currently being developed is laser-induced frequency domain (i. e., modulating

the frequencies of the laser) infrared photothermal radiometric and luminescence

signals. The conjugation of photothermal radiometric and luminescence signals al-

lows the method to be very reliable in detecting both deep and surface caries [28].

However, at the moment the experimental setup is still bulky and cannot be used

by dentists in their practices. It may be possible that a conjugation of various

methods, new and old, may soon provide enough 3-dimensional information about

the location and extension of the caries to allow the practitioner to determine if

drilling is necessary and to choose the appropriate site to drill a tunnel. However,

at the moment these methods do not exist and, consequently, this aspect of the

new minimally invasive surgical treatment of caries proposed here remains one of

the most critical.

The second requirement of this technique is a tool capable of drilling narrow

(diameter < 0.5 mm), high aspect-ratio tunnels through healthy enamel and den-

tine, as well as through carious tissue. The currently available dental burs are not

a good option if the tunnels are to be this narrow, since they all tend to remove

much more material than desired. Air abrasion systems, which consist on using a

high velocity stream of aluminum oxide particles of 27 or 50 µm in diameter to ab-

late hard tissue, are also not able to produce the narrow tunnels necessary for this

approach [17]. The only tool which can potentially be used to drill tunnels with the

desired characteristics is the laser. Several types of lasers are already being used

in practice to ablate dental hard tissue, but in the context of conventional cavity

preparation, acting merely as replacements of the dental bur. Nevertheless, there

are a number of wavelengths that have already been tested for ablation of dental

hard tissue and there is a wealth of data available. A revision of the literature (see

Chapters 2 and 3) indicates that Er:YAG 8and CO2
9 lasers, among others, may

be very good wavelengths for the job, but that it is still necessary to optimize the

laser operating parameters (pulse repetition rate, pulse duration, temporal and

spatial profile) in order to obtain the best results. In order for lasers to be used in

practice, they should drill the appropriate tunnel through dental hard tissues in

an amount of time compatible with the duration of a normal visit to the dentist.

At the same time, the laser must not cause unwanted side effects, such as cracking

8Erbium: yttrium,aluminum,garnet. This laser emits at 2.94 µm.
9Carbon dioxide. The CO2 laser family emits between 9.3 and 10.6 µm.
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or overheating of the pulp of the tooth. Although the dental bur is known to cause

cracks in enamel to a depth of ≃30 µm without the subsequent occurrence of bac-

terial reinfection, cracks deeper than that should be avoided. Regarding heating

of the tooth pulp, the accepted rule-of-thumb is that the temperature at the pulp

should not increase more than 5 ◦C [29]. Despite the array of conditions that must

be met by the laser, research into this aspect of MI surgical caries treatment is

at an advanced stage, and one can expect appropriate laser systems to become

available in the next few years.

Once ablation starts, it will be necessary to identify the type of material being

ablated, so that one can ensure that the tunnel is not drilled beyond the carious

site. One way of doing this could be through acoustic analysis, since experimen-

talists agree that the sound emitted during ablation varies strongly with the type

of material being ablated. A simple microphone and sound analysis software, per-

haps calibrated to account for the age of the patient or the type of tooth being

treated, could help the practitioner identify with accuracy the material being ab-

lated, without the need for bulky or expensive equipment. Saaf et al. [30] have

done preliminary work showing that the intensity of the sound emitted during

ablation varies markedly with the type of tissue being ablated (dental hard tissue,

nasal bone and otic capsule10), but they have not specifically addressed the ap-

plication referred here. Altshuler et al. [31] have demonstrated that the acoustic

signal emitted by enamel can be easily distinguished from the signal emitted dur-

ing ablation by dentine by using a microphone and Fourier transform analysis.

However, further research should be conducted before one can have full confidence

that this method has the necessary precision and accuracy for this application.

Another alternative would be using real-time mass spectrometry. This technique

will certainly identify the material being ablated. The main difficulty with imple-

menting it in dental practice is the added cost it will represent. Still, if this proves

to be the most reliable option available these disadvantages can be minimized by

optimizing a mass spectrometry system to the particular analyzes it will have to

make in the context of dental laser ablation.

As ablation proceeds it is also necessary to have a system that will evacuate

the ablated material, since the degree to which the practitioner, equipment and

personnel in the office become contaminated with bacteria and the bacteria are

inhaled by the patient should be minimized [32].

Another requirement of this technique is a device to hold the laser tip and

10A highly calcified tissue found in the ear.
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detection equipment in place during treatment. Since the aim is to have a tunnel

not more than 0.5 mm in diameter, clearly the laser must not be handheld by the

practitioner. This device must be small and safe to sit inside the patient’s mouth,

easy to install, remove and sterilize. It must allow access of the laser tip to all the

free surfaces of the tooth and the correct positioning of this tip with a precision

of 0.5 mm. Finally, once this device is clamped to the tooth being treated, one must

be able to correct the position of the laser tip using external commands inserted

in a computer, since correcting it by hand would limit the accuracy with which

this can be done. In order to reduce the number of cables coming out the patient’s

mouth, communication between the device and the computer could be done by

infrared (IR) radiation. It is the author’s opinion that both the development of

the device and of the positioning software that must go with it should not pose

significant challenges to today’s miniaturization technology, and thus should not

prevent the commercial implementation of the approach being described here.

Once the tunnel has reached the carious site is is necessary to eliminate the

cariogenic bacteria inside. While lasers like Nd:YAG 11 or Er:YAG have proved to

decrease the number of bacteria in dental tissues [33, 34, 35], the procedure only

works in the areas where the laser can focus directly. In the minimally invasive

operative procedure being proposed here, where the diseased tissue is not ablated,

the lasers will most likely not be able to decrease the concentration of bacteria

to acceptable levels, since the radiation will not reach the entire extension of

the diseased tissue. Instead, one can use photodynamic therapy or a bactericide

substance to kill the bacteria. Prof. Pearson’s group has been doing research in this

topic and they now have verified that photo-activated toluidine blue O is effective

at killing bacteria [36]. Once inserted through a narrow tunnel, toluidine blue O

diffuses through dentine rapidly, killing bacteria not only at the surface but also

through out all the thickness of the diseased dentine.

Finally, the tunnel must be sealed, so that bacterial reinfection can be avoided.

The sealant must possess particular characteristics: it must have low viscosity,

so it can flow through a narrow tunnel and, once in place, it should solidify into

an material with mechanical properties that allow the tooth to be mechanically

stable; it should adhere properly to the walls of the tunnel in order to minimize

the risk of reinfection; it should enhance the tooth remineralization process by

slowly releasing minerals and, finally, it should integrate with the esthetics of the

tooth. Since the 1990’s, a number of dental filling materials (composites and glass

11Neodymium: yttrium, aluminum, garnet. This laser emits at 1.06 µm.
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ionomers) that fulfil most of these requirements have entered the market; they are

widely used today, in particular for restorations where esthetics are important.

Despite extensive research until now, restorations made with these materials are

still less durable than those made with amalgam. However, given that the tunnel

restoration being described here is much smaller than anything done presently

in practice, it is likely that existing composites or glass ionomers will perform

adequately. The only aspect of these materials that may possibly need to be

improved is the viscosity, since the existing materials were not designed to be used

in very narrow cavities. Researchers at Queen Mary Westfield College, London, are

addressing this issue, and a material with the appropriate physical and chemical

characteristics is now available, according to Prof. Pearson.

The work described in this Thesis is concerned with the second requirement of

the new technique being proposed here: the search for the optimal laser operating

parameters to ablate enamel, dentine, cementum and carious tissue. Finding the

best laser operating parameters is not an easy task, because ablation is a highly

non-linear process and dental hard tissues have complex nano and microscale struc-

tures as well as inhomogeneous chemical compositions. Consequently, it is not easy

or it is even impossible to extrapolate from existing results how different (untested)

pulse durations, pulse repetition rates or temporal and spatial laser profiles will

perform. To simply test all possible laser parameter combinations is also not vi-

able, not only because of the sheer amount of work that this task would represent

but also because lasers have limited tunability and some parameter combinations

would be inaccessible. Thus there is a need for analytical and computational mod-

els that give insight into the relevant mechanisms leading to ablation and that

possess sufficient predictive capability to be used in searching for optimal laser

operating parameters. The following two Chapters represent the first step towards

building those models: a revision of the existing literature regarding dental hard

tissue ablation.
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Generic considerations on laser

irradiation of tissues

Identifying the values for the various laser parameters that yield the best ablation

results, starting from purely theoretical considerations or by simply analyzing the

literature that describes experimental results, is an impossible task. Generic the-

oretical considerations are unable to account for the details of the material being

ablated, for example, and the experimentally tested range of values of the various

laser operating parameters is not large, because of limitations in the tunability of

the equipment. However, both these procedures can and should be used to narrow

down as much as possible the ranges of values for the laser operating parameters

that are most likely to produce the best results. These ranges of values will then

serve as starting points for the work which is the subject of this Thesis.

In this Chapter the influence of the various laser operating parameters on

the outcome of laser irradiation will be evaluated generically, with support from

particular examples, and the most adequate operating ranges for those parameters

will be selected. In Chapter 3 the experimental results available on dental hard

tissue ablation corresponding to the selected operating ranges will be evaluated,

thus allowing to identify the laser wavelength/operating parameters combinations

that will be used as starting points for the models described in this Thesis.

2.1 Introduction

The response of materials to laser irradiation depends on a variety of parameters,

some related to the material itself or to the environment surrounding it, and some

related to the laser. Material properties include the optical properties such as

19
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absorption, scattering and reflection coefficients and the mechanical and thermal

properties such as density, modulus of elasticity, thermal expansion coefficient,

specific heat and thermal conductivity. Laser operating parameters include the

wavelength, pulse duration, radiation intensity, pulse repetition rate (for pulsed

lasers), spot size and spatial and temporal intensity profiles. Despite the number

of parameters that have an influence in the outcome of irradiation of a material,

mainly five different types of interactions have been identified: photochemical

interactions, thermal interactions, photoablation, plasma-induced abla-

tion and photo-disruption [2]. The main parameter that governs the type of

interaction of lasers with materials is not so much the total amount of energy de-

posited in the material per unit area (the fluence) as the rate at which this energy

is deposited: this means that, for a given laser fluence, the pulse duration is the

principal factor determining the outcome of radiation. For this reason, the various

Sections and Subsections in this Chapter are each concerned with describing the

effects of laser pulses as a function of their pulse duration.

2.2 Very long laser exposures: photochemical in-

teractions

In general, it is agreed that pulse durations on the order of seconds or higher

induce mainly photochemical changes in materials, particularly at low fluences

(provided they are reasonably well absorbed by tissue). These photochemical

changes are certainly not desirable when the purpose of irradiation is the abla-

tion of materials with minimal modification, and thus this combination of laser

parameters seems far from optimal [2]. At very high fluences, irradiation may in

fact lead to dental hard tissue ablation, as was observed by Murgo, Palamara,

Ferreira et al.. Murgo et al. [37] used a 10.6 µm CO2 laser with a 10 s pulse and

very high fluence (650 J/cm2) to ablate enamel, and found that a single pulse can

drill a crater 0.5 mm deep, without evidence of melting, charring or carboniza-

tion. Palamara, Ferreira et al. [38, 39] also used a continuous wave (CW) 10.6 µm

laser without water cooling to ablate enamel (duration of exposure = 6 – 350 µs

or 0.1 s, energy density = 5.3 – 200 J/cm2). Unlike Murgo et al., they found

that the treated enamel surface presented evidence of melting and recrystalliza-

tion, and also of cracking and cratering; similar results were obtained by Pogrel
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et al. [40]. While results may differ to some extent when other wavelengths are

used or when dentine is ablated instead of enamel, they strongly suggest that the

CW or long-pulse lasers are not appropriate to drill tunnels through enamel or

dentine in a clinically safe manner and with the necessary precision. Therefore,

lasers operating in this manner were not further investigated in the work that led

to this Thesis.

2.3 Ultrashort short laser exposures: plasma in-

duced ablation

At the other end of the currently available pulse duration spectrum, one finds the

femtosecond (10−15 s) lasers which, because of the extremely short pulse duration,

interact with materials in an unique way. Femtosecond laser pulses have extremely

high intensity even when the fluence per pulse is on the order of 0.1 – 10 J/cm2,

which enables multiphoton absorption effects to take a prominent role in ablation.

Consequently, the linear absorption coefficient of the irradiated material is less

relevant in this case than for longer pulse durations. In fact, femtosecond laser

ablation can occur even at wavelengths very poorly absorbed by the material [41,

42]. Femtosecond lasers will thus be discussed separately from longer pulsed lasers,

for which the linear absorption coefficient of the material plays an important role.

As the femtosecond laser pulse hits the target, quasi free electrons are produced

as a result of multiphoton coherent absorption of radiation. The free electrons

can subsequently absorb radiation through inverse bremsstrahlung absorption and

transfer energy to electrons in the bound state, thus creating more quasi free elec-

trons through impact ionization. This process is called ”avalanche ionization“ or

”cascade ionization“ [43] and creates a plasma in the material (which reaches a

state called optical breakdown). Ablation occurs when a sufficiently dense plasma

(1021 electrons cm−3) is created [42], thus the ablation mechanism in question here

is plasma-induced ablation. One should note that the depth of the layer in

which most of the energy is deposited is approximately 1 µm. This, together with

the fact that the energy is deposited into electrons much more rapidly (in the fs

time scale) than it can be transferred to the bulk material (in a time scale of tens of

picoseconds) [42], implies that the depth of the ablation crater can be controlled

very precisely. Once the plasma is created (i. e. , above the optical breakdown
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threshold), laser radiation can no longer propagate further down into the tissue,

because it is absorbed by the quasi free electrons and also reflected by them. Only

after the end of the laser pulse does ablation take place. Because of the slow

rate of energy transfer from the electrons into the bulk, most energy leaves the

material with the ejected material and, consequently, very little collateral damage

is expected at the irradiated sites [44]. Also, the short and high intensity laser

pulses generate very high pressures in the µm-thick irradiated layer, which then

propagate as a very high frequency shockwave (frequency on the order of GHz).

Such high frequency shockwaves dissipate into the material within ≃ 1 µm, and

therefore mechanical damage is reduced, unlike what happens for picosecond long

laser pulses [42, 44, 45], for which plasma-induced ablation also occurs. Work by

Perez et al. [46] supports this conclusion since it suggests that the tensile compo-

nent of the stress wave (the component most likely to induce mechanical damage,

since brittle materials are typically stronger in compression than in tension) may

only play a role at fluences close to the ablation threshold, and should disappear

as the fluence becomes higher because of thermal softening of the material.

The above reasoning only holds for moderate fluences, however. If the fluence

per pulse becomes very high, the dominant mechanism responsible for ablation

will no longer be the formation of plasma, but the shock wave generated, and is

called photodisruption [2]. At these higher fluences, the shock wave may have

significant intensity (mechanical effects scale linearly with absorbed energy [2])

and may lead to serious damage to the material. This must be avoided in order

to prevent the formation of cracks that may serve as reentry points for cariogenic

bacteria.

These generic considerations suggest that femtosecond laser pulses at mod-

erate fluences may be very good candidates for the job of drilling long tunnels

through enamel and dentine. However, it is necessary to evaluate whether they

in fact perform as desired on the materials in question here. In general, authors

agree that femtosecond laser pulses can ablate solid materials, in particular brittle

materials, in a very precise manner and with more reduced thermal and mechan-

ical damage than what would be possible to obtain with any other longer pulse

lasers [47, 48]. Femtosecond lasers at various wavelengths have been tested for

ablation of carious and healthy enamel and dentine, and also pure HA, with very

successful outcomes. Kruger et al. [49] investigated the outcome of a λ = 615 nm

femtosecond laser (pulse duration = 300 fs, repetition rate = 3 Hz, fluence per

pulse = 0.5 – 3 J/cm2, 100 pulses per spot) on enamel and dentine, without wa-
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ter cooling, and found that both materials could be ablated very precisely, with

little or no evidence of melting, charring or cracking, and using much lower flu-

ences (1 J/cm2) than those necessary with longer laser pulses. Similar results were

obtained by Rode et al. [50], who used comparable laser parameters but much

higher repetition rates to ablate enamel using lasers with λ = 780 nm (pulse

duration = 150 fs, repetition rate = 1 kHz, fluence per pulse = 2 – 21 J/cm2,

number of pulses per spot > 1000) and λ = 400 nm (pulse duration = 95 fs,

repetition rate = 1 kHz, fluence per pulse = 2 – 36.5 J/cm2, number of pulses per

spot > 1000). They found that both pulse durations and wavelengths produced

cavities with smooth surfaces and without any sort of thermal damage. Rode et

al. also measured the intrapulpal temperature rise and found that, provided that

air cooling was used, the intrapulpal temperature could be kept within clinically

acceptable limits. Finally, they found that the ablation rates for enamel, while on

the order of 1 – 2 µm per pulse and therefore low for removing large amounts of

material, are certainly adequate to drill narrow long tunnels at these high repeti-

tion rates. These conclusions are also valid for dentine, as confirmed by work done

by Serafetinides et al. [51], Armstrong et al. [52] (for ossicular bone), and Neev et

al. [41], who all used comparable laser parameters (lower fluences and repetition

rates but longer pulses in the femtosecond range).

These results strongly indicate that femtosecond lasers are thus potentially

capable of drilling long tunnels through enamel and dentine, thus making them

very good candidates for this job. However, the performance of a laser must be

weighed against its size, ease of operation and cost. Femtosecond systems tend

to be expensive and bulky; furthermore, an adequate delivery system such as an

optical fiber is not yet available [53]. If a laser is to be used in a cost effective

manner in a clinical setting, it must be used frequently; ideally, it should also be

used in ablation and cutting of soft tissue, since these procedures make up a large

fraction of the total work performed in dentistry. However, the lack of thermal

damage inflicted to tissue suggests that it is unlikely that this laser will have a

strong hemostatic effect. This feature makes it less appropriate for soft tissue

procedures.

While it is natural that these drawbacks will be reduced or even eliminated as

the research into femtosecond laser technology proceeds, the femtosecond lasers

remain a poor choice for dental laser treatment in a clinical setting until this

happens, and other possibilities should be explored.
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2.4 Picosecond, nanosecond and microsecond laser

pulses

In between the two extreme cases already discussed, one finds laser pulses with

duration on the order of picosecond, nanosecond and microsecond, which will be

discussed separately in this Section. For each and all of these pulse durations, the

linear absorption coefficient of the material at a particular wavelength determines

to a great extent the outcome of irradiation. Depending on the particular com-

bination of material and laser operating parameters, irradiation may or may not

result in ablation. If it results in ablation, the mechanisms by which material is

ablated may vary substantially.

2.4.1 Picosecond and nanosecond pulses: photodisruption

For pulse durations between 10 ps and 100 ns and high radiation intensity (1011 −
1016 W/cm2), optical breakdown of the material initiates because of thermionic

emission (in which the electrons are released because of thermal ionization). How-

ever, the main effect governing ablation of the material is the very high intensity

shock waves that are generated. Thus, the tissue is teared by mechanical forces,

and the dominant ablation mechanism is called photodisruption. Unlike in the

plasma-induced ablation regime, where damage is somewhat restricted to the opti-

cal breakdown area, the shock waves in photodisruption are able to travel outside

the optical breakdown area, thus causing damage outside it also. This damage is,

non-intuitively, more intense with longer (nanosecond) pulses , where it can affect

areas on the order of millimeters, than with shorter pulses (see ref. [2], pp. 124).

The mechanism in question at these pulse durations and irradiation intensities

strongly suggests that these will be less than adequate to ablate brittle materials

such as dental hard tissues, because of the risk of developing deep cracks. In fact,

this is what has been verified experimentally. Swift et al. [54] investigated the effect

of various wavelengths on dental enamel using a FEL (free-electron laser) which

emits 3.5 µs macropulses, each comprising 10 000 ps pulses separated by 350 ps

intervals. For all the wavelengths they tested (3.0 and 6.1 µm – absorbed by wa-

ter, 6.45 µm – absorbed by the organic material, 8.2 and 9.2 µm – absorbed by

the mineral) and for the laser parameters used (repetition rate = 10 or 30 Hz,
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fluence per macropulse1 = 190 – 350 J/cm2, 100 pulses per spot), they found that

cracking occurred. This happened in all the samples, regardless of whether they

displayed evidence of melting and resolidification (like the 9.2 µm wavelength) or

not (all the others), which suggests that unwanted cracking is less a consequence

of the temperatures reached at these high fluences than of the very small duration

of the micropulses. Niemz [53] used a Nd:YLF 2 laser (pulse duration = 30 ps,

repetition rate = 1 kHz, fluence per pulse3 = 140 J/cm2, number of pulses per

spot = 10) and again found evidence of cracks under SEM examination, which

he attributed to the same cause [2]. Niemz used a very small laser spot (30 µm),

much smaller than the one used by Lizarelli et al. (0.075 mm2), and drilled very

precise craters of 1 m2 area, which indeed suggests that mechanical damage may

be reduced because of the small spot size and small energy per pulse. Still, in

order to fully understand whether cracking is or is not caused by picosecond laser

pulses, it would be good to use a more trustworthy methodology to detect cracks,

such as dyeing the tooth prior to desiccation and examination by an optical mi-

croscope. Cracks can subsequently serve as entry points to bacteria and therefore

cause reinfection to occur, and must be avoided for that reason. Given the lit-

tle experimental information available and the fact that the existing information

points to the existence of mechanical damage in enamel caused by the short pulse

durations, the range of values for pulse duration and intensity of radiation dis-

cussed in this subsection are considered inadequate to obtain the best results in

ablation of dental hard tissue, and will not be further considered in this Thesis.

2.4.2 Picosecond laser pulses: plasma-induced ablation

At lower energy densities than those necessary to ablate material by photodis-

ruption using laser pulses with duration between 1 and 500 ps, plasma-induced

ablation occurs. As was discussed previously (in subsection 2.3), plasma-induced

ablation may also occur when femtosecond lasers are used. However, in the case of

picosecond lasers, thermionic emission of electrons is more important than multi-

photon coherent absorption in generating quasi-free electrons seeds, and the linear

absorption coefficient of the material plays an important role in determining the

outcome of irradiation. Hence, it was deemed appropriate to discuss plasma-

1Not given by the authors; calculated based on reported values of energy per pulse and spot
diameter, and assuming that fluence=energy/area.

2This laser emits at 1053 nm.
3Not given by author; calculated based on the laser spot diameter and energy per pulse.
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induced ablation for picosecond lasers separately from femtosecond lasers.

Once a few quasi-free electrons are generated by thermionic emission, these

will absorb incoming radiation by inverse Bremsstrahlung and will subsequently

generate a cascade of electrons, according to what was already described in 2.3.

While thermal damage is expected to be reduced when using picosecond laser

pulses (the pulse duration is significantly shorter than the time that heat takes to

diffuse out of the irradiated site), the occurrence of mechanical damage is likely

since picosecond-long laser pulses are well below the acoustic relaxation time 4 for

wavelengths in which the absorption coefficient is between 100 and 1000 cm−1,

which should generate very high intensity acoustic waves [55]. The actual mag-

nitude of these stress waves may vary extensively according to the other laser

parameters used. In general, the extent of mechanical damage for shorter laser

pulses is likely to be smaller than for somewhat longer pulse lasers (provided ab-

lation is still occurring under stress confinement), since shorter pulses may have

higher radiation intensity but will also have lower total energy, and therefore less

energy is available to cause fracture [56]. However, it is not possible to conclude,

based on simply generic considerations, whether they will perform adequately or

not when used to ablate dental hard tissue; experimental information is necessary.

Lizarelli et al. [57] have found that the Nd:YAG laser (pulse duration = 100 ps,

repetition rate = 15 Hz, fluence per pulse not given, number of pulses = 450) can

ablate enamel without causing melting, but some cracks are observed at the ab-

lated site. Lizarelli et al. claims that the cracks are caused during the desiccation

process that precedes SEM observation, but does not fully test this claim so the

lack of mechanical damage cannot be confirmed. Since the author could not find

more experimental information and there was indication that mechanical damage

could be quite extensive in this regime, this pulse duration and intensity range

was considered inadequate for the purpose in mind, and it will not be considered

further.

2.4.3 Nanosecond pulses: photoablation

If pulse durations on the order of 10 to 100 ns and ultraviolet (UV) wavelengths

(100 to 350 nm, or 12 to 3.5 eV) are used, the mechanism by which tissue is ablated

is not thermal in nature but photochemical, and it is called photoablation. Lasers

4A more detailed explanation regarding the acoustical relaxation time will be given in Sec-
tion 2.4.4
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emitting in this region are ArF 5 at 193 nm (6.4 eV), KrF 6 at 248 nm (5.0 eV),

XeCl 7 at 308 nm (4.0 eV) and XeF 8 at 351 nm (3.5 eV), among others. The ab-

sorbers in this region will most likely be the covalent bonds existing in the organic

material making up enamel and dentine. Under these conditions the material de-

composes because the energy of the photons is sufficient to break existing covalent

bonds, as can be seen in Table 2.1. The excess energy not used in the dissociation

Type of bond Dissociation energy (eV)
C=O 7.1
C=C 6.4
O—H 4.8
N—H 4.1
C—O 3.6
C—C 3.6
S—H 3.5
C—N 3.0
C—S 2.7

Table 2.1: Dissociation energies of selected chemical bonds. Source: ref. [2].

of the molecule remains in the molecular fragments as kinetic energy and these

subsequently leave the material. Of course, the longer the wavelength the less

likely it will be that the energy is used to break chemical bonds directly, and the

more significant will become the unwanted thermal effects of ablation; in practice,

only wavelengths inferior to 200 nm can be said to ablate material with a pure

photoablation mechanism.

The fact that the main absorber of UV radiation should be the organic material

existing in dental hard tissue, conjugated with its inhomogeneous distribution in

enamel and dentine, suggests that the mesostructure of the material will play a

role during ablation. It also indicates that the preferably ablated regions at the

irradiated surfaces should be the dentinal tubule content, in dentine, and the rod

boundaries in enamel. This may have an influence on the surface morphology of

the irradiated site and, consequently, on the ability of the surface to bond to filling

materials subsequently to ablation.

In general, ablation with UV wavelengths does not lead to significant melting

or carbonization, thus making these lasers potentially good choices to drill long

5Argon fluoride.
6Krypton fluoride.
7Xenon chloride.
8Xenon fluoride.
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tunnels through enamel and dentine. However, this pulse duration is rather close

to the acoustic relaxation time of materials (at least for wavelengths at which the

absorption coefficient is between 100 and 1000 cm−1), as can be seen from Table 2.2,

which means that it is possible that these lasers induce mechanical damage (cracks)

in the material, because of the stress transients created. The likelihood of this

happening cannot be ascertained purely based on generic considerations, though.

While this generic discussion indicates that UV lasers may also be good can-

didates for producing long tunnels through dental hard tissue, there are negative

aspects to them, and these must be considered when evaluating their potential for

the application in mind.

The main drawbacks of these UV/nanosecond lasers are their relatively large

size and high cost, and the fact that they may cause cytotoxic effects in biolog-

ical materials. While the first two issues may be solved with more investment

and research, the third one will not. There is evidence that wavelengths as low

as 193 nm [58] and as high as 355 nm may cause mutations in DNA, although

these wavelengths present a much lower mutagenic risk than wavelengths in the

UVB (280 – 315 nm) spectral range. Mutagenic risk is known to decrease strongly

when moving from the UVC (100 – 280 nm) to the UVB and UVA (315 – 400 nm)

spectral zones [59]. UV radiation between 240 and 260 nm [2] seems to be the most

dangerous: it is strongly absorbed by DNA [59] and can generate free radicals in

the tissue [60] thus having potential mutagenic effect. Within the UVC range,

radiation around 200 nm seems to have lower mutagenic effect than radiation of

higher wavelength, which is surprising. The reason for this is that proteins in the

cell matrix seem to absorb strongly around 200 nm, thus protecting the cell nu-

cleus from damage [2]. If this wavelength range is indeed to be used for dental laser

ablation, a careful long-term evaluation of the mutagenic effects of these lasers on

dental tissues must be done before they can be used in clinical practice.

Keeping these drawbacks in mind, it does seem that UV lasers with nanosecond

laser pulses may be good candidates for the application in mind. Before making the

final decision as to their potential, however, it is necessary to analyze the literature

for experimental evidence supporting this. This analysis is rather lengthy and for

that reason it is not presented here but in a separate Section (Section 3.3.2).
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2.4.4 Microsecond pulses: thermal interaction

For pulse durations between 1 µs and 1 min, the response of the tissue to laser

radiation is dominated by the temperature reached, and thus the thermal in-

teraction regime dominates. In this regime, coagulation, vaporization (mostly of

water, in biological tissues), carbonization or melting may occur, depending on

the temperature reached. Of course, coagulation, carbonization and melting are

undesirable effects if the goal is to ablate material. In order to minimize these

effects, diffusion of heat from irradiated sites must be kept at a minimum. The

timescale of heat diffusion from the irradiated sites may be estimated quite easily

from Beer-Lambert’s law and the heat diffusion equation applied to the case where

the laser spot is large compared to the depth of penetration of radiation. Consider-

ing that Beer-Lambert’s law holds reasonably well and neglecting the existence of

scattering, the intensity of radiation inside the tissue, I(z), obeys the relationship

below:

I (z) = I0 exp(−µz) (2.1)

where z is the depth inside the tissue, µ is the linear optical absorption coefficient

and I0 is the intensity of the incident radiation at the center of the laser spot. The

optical absorption depth is defined as the depth at which the intensity of radiation

becomes 1/e of the incident intensity, and is equal to 1/µ.

On the other hand, the thermal penetration depth, ztherm(t), is estimated as

ztherm(t) =
√

4ϑt (2.2)

from the solution to the one dimensional heat diffusion equation (see ref. [2] pp. 70 –

72), where ϑ is the thermal diffusivity. The thermal penetration depth is the

distance at which the temperature has decreased to 1/e of its peak value at a

particular instant in time.

Equating the optical absorption depth (or the beam spot diameter, if it happens

to be smaller than the optical absorption depth), d, to the thermal penetration

depth yields the typical timescale in which heat diffuses out of the irradiated

volume of material defined by the optical penetration depth: the thermal relaxation

time, τther.

τther =
d2

4ϑ
(2.3)

If thermal damage is to be minimized, then, the pulse duration must be made
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shorter than τther, which is normally referred to as operating under thermal confine-

ment conditions. Therefore, the optimal pulse durations are ultimately a function

of the optical properties of the material. For high absorption wavelengths, with

absorption coefficients on the order of 100 to 10000 cm−1, the thermal relaxation

times are on the order of milliseconds to tenths of microseconds, as can be seen in

Table 2.2. Therefore, pulse durations longer than the values references in Table 2.2

Absorption Optical penetration Thermal relax. Acoustic relax.
coefficient (cm−1) depth (µm) time (s) time (µs)
1 10000 50 1.5
10 1000 0.5 0.15
100 100 0.005 0.015
1000 10 5 × 10−5 0.0015
10000 1 5 × 10−7 0.00015

Table 2.2: Thermal and acoustical relaxation time for various optical absorption co-
efficients. Calculated using the material parameters for enamel: thermal diffusiv-
ity = 0.47 mm2/s, density = 3100 kg/m3, specific heat = 880 J/kg/◦C, speed of
sound = 6500 m/s [61]. The thermal relaxation times for dentine are similar. The
acoustical relaxation times for dentine were not estimated.

will inevitably cause more extensive thermal damage and will thus be less prefer-

able than shorter pulses, unless some sort of cooling mechanism such as water

spraying is used. The effects of the cooling mechanism are difficult to predict so

no attempt will be made at this point to draw conclusions on this issue based on

solely on generic considerations; instead, the experimental evidence on the topic

will be evaluated further on in this Thesis.

Another conclusion that can be drawn from Table 2.2 concerns the optimal ab-

sorption coefficient. A very high (>> 1000 cm−1) absorption coefficient will imply

that most of the energy will be absorbed in a layer of material less than 10 µm

thick. Therefore, the depth of material ablated per pulse will be somewhat small,

which indicates that ablation will proceed slowly unless high repetition rates are

used. However, repetition rates may not be raised indefinitely, since at some point

heat accumulation will occur from one pulse to the next and thermal damage will

be more likely to occur. On the other hand, if the material has an absorption

coefficient lower than 100 cm−1, most of the radiation will be absorbed in a layer

over 0.1 mm thick, which clearly does not enable us to obtain the necessary pre-

cision. This implies that the most adequate wavelengths will have an absorption

coefficient in enamel and dentine between 100 and 1000 cm−1, perhaps slightly
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higher. This conclusion is valid for all pulse durations discussed in this Chapter

(provided they are longer than femtoseconds, for which it has already been ex-

plained that the linear optical absorption coefficient plays a less prominent role).

The extent of mechanical damage induced in this pulse duration range is diffi-

cult to predict from generic considerations, because it depends extensively on the

composition and structure of the irradiated materials. In particular in a mate-

rial like human dental enamel – which contains water pores that absorb certain

wavelengths very intensely – very high, localized, stress may be generated at the

pores because of the expansion of liquid water and subsequent vaporization, which

would otherwise not be generated in an homogeneous material. The pore stress is

a function of the temperature at the pore and, consequently, may be thought of

as thermally induced stress. Of course, the heated mineral also expands and thus

experiences thermal induced quasi-static stress, made more intense under thermal

confinement conditions since thermoelastic stress lasts for a time similar to τther.

This makes it likely that quasi-static thermoelastic stress plays a role during ab-

lation even if it is less intense than the stress induced at the water pores, since

damage to materials is a function not only of the stress intensity levels reached

but also of the length of time they are active. However, for both these sources of

mechanical damage it is not possible to infer, by simple generic considerations, the

laser operating conditions that will minimize unwanted damage to the material

while making ablation more efficient, in part because of the role played by the

local material properties [56].

An irradiated material also experiences what is normally called transient stress,

in which high amplitude acoustic waves propagate from the irradiated site to the

rest of the tissue. These waves may have a significantly higher intensity than

the quasi-static stress generated in the material, and therefore can play an active

role during ablation; for the same reason, they may be responsible for extensive

unwanted mechanical damage caused to the material.

The intensity of the pressure at the irradiated site (and, consequently, the

intensity of the acoustic waves that propagate out of it) is maximized when heat-

ing takes place rapidly enough so that the heated volume does not have time to

expand [56, 62], as can be seen from equation 2.4

σij =
3B

1 + ν
[(1 − 2ν) ǫij] − Bβ∆Tδij (2.4)

where σij and ǫij are the components of the stress and strain tensor, respectively,
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B is the bulk modulus, β is the expansion coefficient, ν is the material’s Poisson

ratio, T is the temperature and δ is the Kronecker symbol. The first term of the

expression describes the stress generated because of displacements in the material

and the second term describes the stress generated when the material is heated at

constant volume. As the material expands after being heated (that is, as the first

term becomes larger than zero), it is obvious that the stress experienced by the

material decreases (becomes less negative, i. e., less compressive). Therefore, the

highest pressures will be reached when the laser pulse is shorter than the time it

takes the heated volume to expand. The expansion time corresponds to the time

an acoustic wave takes to travel the smallest distance, d, that characterizes the

irradiated volume (either the laser spot diameter or the absorption depth), and is

called the characteristic time of acoustic relaxation, τac, which can be estimated

by

τac =
d

cs

(2.5)

where cs represents the speed of sound in the material. An estimate of the acoustic

relaxation time for various absorption coefficients can be found in Table 2.2.

For wavelengths at which the absorption coefficient of enamel and dentine are

in the optimal 100 to 1000 cm−1 range it is clear that the acoustic relaxation time

in enamel is in the nanosecond scale, which is below the pulse duration range

being discussed in this subsection. One can conclude that, using microsecond-long

pulses, the thermal interactions dominate and the transient stresses induced in

the material are likely not playing a determinant role in ablation. The transient

stresses are only likely to be significant when the pulse duration is around or below

the nanosecond range, something which is was already discussed in the previous

Subsections.

The above discussion on microsecond-long pulses indicates that, at first sight,

there is nothing suggesting that lasers operating at these pulse durations will

behave poorly, but nothing indicates clearly that they will behave better than

other ranges of pulse durations either. It seems that the optimal results should be

obtained when the optical absorption coefficient of the materials is on the order

of 100 to 1000 cm−1 and when the pulse duration is made significantly shorter

than the thermal relaxation time. It is possible that cooling of the irradiated sites

may significantly reduce the thermal damage inflicted to the material and allow

the use of higher pulse repetition rates, thus increasing the speed of ablation,

but the optimal values for these parameters cannot be determined by generic
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considerations only. The search for the optimal laser operating parameters for this

pulse range will be further narrowed down in Chapter 3.

2.5 Conclusion

This generic discussion indicates that very long pulses (on the order of millisec-

onds or longer) are not adequate for the purpose being sought here. Various sub-

millisecond pulse durations and fluence ranges may be adequate to ablate dental

hard tissue.

Femtosecond laser pulses seem to be very good choices, since both unwanted

thermal and mechanical side effects such as melting or cracking seem to be avoided

due to the pulse characteristics. However, the size, complexity of operation and

price associated with femtosecond lasers (they can cost as much as EUR 200 000),

the lack of optical-fibre delivery systems and the fact that they will most likely

not perform well in soft-tissue ablation makes them less than ideal to use in laser

dentistry and drives the search for other laser systems. If other laser systems

do not present these drawbacks and produce good results, the application of the

minimally invasive procedure described in Chapter 1 in a clinical setting can be

speeded up for several years, which is of significant interest.

For all other pulse durations (in which the linear absorption coefficient of the

material plays an important role during ablation), the evidence presented in this

Chapter indicates that good results may be obtained also, provided that the op-

timal laser operating parameters can be found. The generic discussion presented

here has already considerably narrowed down the ranges of values of the laser op-

erating parameters for which the optimal results are more likely to be obtained.

The wavelengths that are most likely to yield the best results should have an ab-

sorption coefficient between 100 and 1000 cm−1. UV laser pulses with nanosecond

duration may perform adequately, although it is possible that they inflict mechan-

ical damage to tissues. The same may be said of picosecond laser pulses, where

even at lower fluences (where the photodisruption mechanisms does not dominate

ablation), the intensity of stress transients may be high. Microsecond long laser

pulses should perform better than nanosecond or picosecond pulses, provided that

the pulse duration is made shorter than the thermal relaxation time of the mate-

rial at that wavelength, so that thermal damage is kept to a minimum (however,

it is necessary to evaluate whether, even under thermal confinement, the material
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will need to be cooled by other methods); unwanted mechanical damage such as

cracks is likely to be kept at a minimum when microsecond pulse durations are

used, because stress transients are most likely small since the laser is operating

outside stress confinement conditions.

Despite the considerable advance in identifying the best laser operating para-

meters that the discussion in this Chapter represents, the ranges of values for the

laser operating parameters presented are still too broad. In order to further narrow

them down, and thus make the final decision as to which non-femtosecond lasers

are more likely to produce the best results, it is necessary to review the literature

on experimental data available on ablation of dental hard tissues, something that

will be done in Chapter 3.
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Experimental evidence on

picosecond, nanosecond and

microsecond pulses in dentistry

The aim of this Chapter is to critically evaluate the available experimental results

on dental hard tissue laser ablation by picosecond, nanosecond and microsecond

lasers only, which were selected in the previous Chapter as possible pulse durations

to use for dental laser ablation. The wavelengths, pulse duration and intensities

judged in Chapter 2 to be inappropriate to yield the best results will not be

further discussed in the present Chapter. The aim of this review is to compare

existing experimental results and select the most appropriate wavelengths and laser

operating parameters to drill the high aspect-ratio tunnels necessary for the novel

surgical caries treatment described in Chapter 1. This review is intended to be

comprehensive, but not exhaustive, therefore not all representative available works

will be mentioned. Before the actual review begins, however, a summary of the

optical properties of enamel and dentine and a description of the typical temporal

profile of various types of lasers will be presented. This information is necessary

for the understanding of the review that follows. Subsequently, the effects of each

combination of wavelength and laser operating parameters (the most relevant are

pulse duration and fluence) in terms of thermal and mechanical damage caused

to dental hard tissue will be described. Specifically, the occurrence of melting,

resolidification, recrystallization, chemical modification, cracking or changes in

the surface morphology will be discussed. The implications of these changes in

the adhesion of filling materials to the surface and the surface resistance to acid

dissolution and bacteria re-entering will be evaluated. Furthermore, the adequacy

of the ablation rates for a clinical setting and the possibility of drilling long tunnels

35
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will be assessed, and so will the likelihood of inflicting thermal damage to the

pulp of the tooth. To conclude, a brief discussion summarizing the main findings,

suggesting the laser operating parameters that are most likely to perform better in

ablation of dental hard tissue and describing the issues that need to be addressed

in order to use the existing lasers to drill high aspect-ratio tunnels through dental

hard tissue will be presented.

3.1 The optical properties of enamel and dentine

If the objective is to ablate dental hard tissue in a precise way while minimiz-

ing thermal damage to the underlying tissues of the tooth (the pulp), the laser

radiation must be highly absorbed by the tissues: the ideal optical absorption co-

efficient would be in the 100 to 1000 cm−1 range. Therefore, in order to identify

which wavelengths should perform better, the optical properties of the tissues must

be known or, if that is not possible, estimated based on the known properties of

the components of the tissue.

The optical properties of dental hard tissues have been most intensively studied

in the mid-IR, near IR and visible regions; the UV and far IR spectral regions have

not been studied deeply, to the best of the author’s knowledge. The absorption

spectrum of human dental enamel between 2.5 µm and 12 µm is given in Fig. 3.1.

Figure 3.1: Infrared transmission spectrum through a 20 µm thick section of human
dental enamel. The absorption coefficients were calculated from the mean of five samples
of 50 µ thickness. The mean absorption coefficient ± the standard deviation (S. D.) for
each of the laser wavelengths of 2.94, 2.79, 9.6 and 10.6 µm is shown in the boxes.
Source: ref. [63].

The principal absorbers in this region of the spectrum are the mineral OH−

at 2.79 µm, the free water at 2.9 µm (symmetric and asymmetric vibrations [2]),

the CO2−
3 and amide [64] between 6 and 7 µm and the the symmetric and antisym-
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metric PO stretching modes of PO3−
4 between 9 and 11 µm. There are a number

of lasers that emit at these spectral regions, and that consequently are good can-

didates for ablation: the Er:YSGG and Er:YAG for the two wavelengths close to

3 µm, respectively, and the CO2 laser, whose main wavelengths are 9.3, 9.6, 10.3

and 10.6 µm. Wavelengths around 7 µm most likely will be less appropriate, since

the concentration of CO2−
3 decreases markedly when enamel is heated to temper-

atures up to ≃ 400 ◦C [65].

Comparing the absorption spectra of enamel and dentine between 2.5 and 20 µm

(see Fig. 3.2), one finds that the absorption peak around 3 µm is higher in den-

tine, which is consistent with this material’s higher water content (10% vs. 4% in

enamel). The peaks between 6 and 7 µm are also higher in dentine, which was

to be expected given this material’s higher content in organic material. At the

same time, while the mineral content of dentine is only 70% (lower than the 95%

that make up enamel), one finds that dentine’s mineral content is still high enough

to ensure that the wavelengths between 9 and 11 µm continue to be highly ab-

sorbed by this material. Fig. 3.2 also tells us that the absorption of both materials

between 12 and 20 µm is almost negligible.

Figure 3.2: Fourier transform infrared (FTIR) spectra of human dental enamel and
dentine between 2.5 and 20 µm. The samples were prepared by grinding enamel and
dentine and pressing the powders into films of 0.5 mm thickness. Source: ref. [64].

While the above absorption spectra suggest a number of wavelengths that

should be highly absorbed by the tissue, the reflectance and scattering of radi-

ation must also be evaluated before selecting any particular wavelengths.

The reflectance of enamel varies widely in the mid-IR spectral region, between

a minimum of 5% near 3 µm to a maximum of 50% at 9.6 µm, as can be seen

in Table 3.1. Scattering is known to be very small at CO2 wavelengths [66].

Other wavelengths in this region were not investigated, although in general it

is expected to be small. The reflectance of dentine in this spectral region also

varies strongly to a maximum of 85%, as can be seen in Fig. 3.3, which displays
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Wavelength Absorption Scattering Reflectance
coefficient (cm−1) coefficient(cm−1) (%)

633 nm 66 [67]
2.79 µm 477±47 [63] 5±2% [68]
2.94 µm 795±85 [63] 5±1% [68]
9.3 µm 5500 [69] small [66] 37.5±0.5 [66]
9.6 µm 8000 [69] small [66] 49.4±1 [66]
10.3 µm 1168±49 [69] small [66] 15.8±0.1 [66]

1125±75 [69]
10.6 µm 819±62 [69] 13.2±0.2 [66]

825±25 [69] small [66]
802±62 [63]

Table 3.1: Optical properties of human dental enamel obtained experimentally.

reflectance spectra obtained using specular reflectance infra-red fourier transform

spectroscopy (SRIFTS) [70]. Finally, while measures of scattering in the mid-IR

Figure 3.3: Specular reflectance infrared fourier transform spectroscopy (SRIFTS) spec-
tra of dentine, stored in distilled water over 28 days, between 6 and 14 µm. The samples
were prepared by cutting dentine into 0.75 mm disks. Note the maximum at approxi-
mately 10 µm. Source: ref. [70].

region are not available in the literature, it is likely that this parameter plays

a less important role, at least for the most highly absorbed wavelengths. If the

radiation is absorbed in a layer of a few 10’s of micrometers, as is the case when the

absorption coefficients are on the order of 800 cm−1, even intense scattering should

not significantly alter the shape of the volume penetrated by radiation. It thus
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seem that the wavelengths around 10 µm will be the ones in which the incident

and absorbed radiation will differ more markedly, because of the high reflectance of

the tissues in that spectral region. This difference should be accounted for when

interpreting results, but should not be an obstacle to the performance at these

wavelengths. The exception to this may be the 9.3 – 9.6 µm spectral region,

for which the possibility of injuring the patient should be investigated because as

much as 50% of the incident radiation is reflected.

As one moves from the mid-IR to the near-IR (between 3 µm and 750 nm),

one finds that the absorption of dental hard tissues decreases markedly. However,

absorption can still be quite significant in this region as can be seen in the absorp-

tion spectrum for dentine given in Fig. 3.4. The peaks at 1500 and 2000 nm are

particularly promising, and in fact correspond to lasers already tested for ablation

of dental hard tissue: Nd:YAG at 1.570 µm, Tm:YAG at 2.006 – 2.025 µm and

Ho:YAG at 2.088-2.091 and 2.127 µm. The peaks near 2 µm correspond to an

absorption peak of water [2]. The very small absorbance peak at 1000 nm also

matches the wavelength emitted by Nd:YAG lasers.

Figure 3.4: Absorbance spectra for dentine. The samples were prepared by cutting
dentine into 0.75 mm disks. The solid and broken lines correspond to freshly extracted
teeth or teeth kept in storage, respectively. Source: ref. [70].

The absorption spectrum of enamel in the same spectral region could not be

found in the literature. However, since the components of dentine and enamel

are similar, and only their relative amounts vary, one can expect the absorption

spectra of enamel to follow the trends visible in Fig. 3.4. No information could be

found regarding the reflectivity or scattering of both enamel and dentine in the

near-IR region.
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Figure 3.5: Absorbance spectra for artificial HA between 200 and 780 nm, for a sample
heated at 100◦C for 24 hours (curve number 1). The remaining curves correspond to
HA heated at different temperatures and are not important for the work reported in this
Thesis. Source: ref. [71].

Fig. 3.4, Tables 3.1 and 3.2, as well as the similarity in composition between

enamel and dentine allow us to conclude that the visible part of the spectrum (400

to 750 nm) is not highly absorbed by neither of these materials. Therefore, lasers

emitting in this spectral region are not good candidates for ablating hard tissue,

and will not be discussed further.

Wavelength Absorption Scattering Reflectance
coefficient (cm−1) coefficient(cm−1) (%)

355 nm 2000-3000 [72]
500 nm 6 [67] 1200 [67]

150 [67]
633 nm 6 [67] 1200 [67]
2.79 µm 988±111 [73]
2.94 µm 2200 [73]
9.3 µm 5000 [74] 8.6±1.7 [66]

40 [70]
9.6 µm 6500 [74] 16.7±0.5 [66]

85 [70]
10.3 µm 1198±104 [73] 10.3±0.6 [66]

40 [70]
10.6 µm 813±63 [73] 8.8±0.8 [66]

36 [70]

Table 3.2: Optical properties of human dentine obtained experimentally.

Fig. 3.4 indicates that UV (ultraviolet) radiation between 200 and 400 nm is



The optical properties of enamel and dentine 41

highly absorbed by dentine and, by analogy, it should be fairly absorbed by enamel.

Pure HA does not seem to absorb strongly at this spectral region as can be seen

in Fig. 3.5, although it is known that it absorbs sufficiently for ablation to occur

[75, 76, 77, 78]. Unfortunately, it was not possible to find an absorption coefficient

for neither enamel nor dentine in this spectral region, but Fig. 3.4 suggests that

it is similar to the absorption coefficient of dentine at 2.94 µm. Therefore, the

absorption coefficient of dentine in the 200 to 400 nm range should be on the order

of 100 to 1000 cm−1. One can expect absorption to be higher in dentine than in

enamel, given that dentine has a significantly higher content in organic material

and water than enamel and, consequently, that dentine will be ablated more easily

than enamel.

The optical properties given in the presented tables and figures were obtained

using low fluence irradiation. It is unlikely that the values remain the same as

the fluences increase because of the dependence of those properties with tempera-

ture, and even less so when chemical alterations like carbonization or charring take

place. Fried et al. [66] evaluated the change in the optical properties of enamel and

dentine at λ = 9.6 µm (pulse duration = 100 µs, repetition rate not given, fluence

per pulse < 2 J/cm2) during irradiation, and found they did not change to any

measurable extent. At higher fluences, they found that enamel displayed transient

changes (i. e. , those that exist only for the duration of the laser pulse, conse-

quence of the high temperatures felt at the irradiated site) but dentine showed

both transient and permanent changes (changes that remain after the laser irradi-

ation, because of the carbonization and vaporization of the organic component).

Fried et al. found that at fluences higher than 5 J/cm2, the reflectivity of dentine

increased by 30%, becoming closer to the value for enamel, which is consistent with

preferential loss of organic material. Fried et al. also suggested that the reflectance

of enamel at λ = 9.3 µm and λ = 9.6 µm seems to decrease with increasing

temperature while the reflectance at λ = 10.3 µm and λ = 10.6 µm seems

to behave oppositely. These results indicate that dynamic changes in the optical

properties of dental hard tissues are non-intuitive and, ideally, should be accounted

for when modelling the response of tissues to laser irradiation. However, the lack of

experimental data for the wavelengths specifically addressed in the work described

here have made it impossible to do so. Therefore, the author has consciously made

the option of not to include the dynamic optical properties in the models. The

influence of this approximation is instead discussed when analyzing results.

This revision of the literature regarding the optical properties of enamel and
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dentine strongly suggests that the most appropriate lasers to ablate dental hard

tissue should be the Er:YAG, CO2 and UV ones, because the absorption coefficients

at these wavelengths lie in the 100 – 1000 cm−1 range. In fact, almost all the laser

wavelengths mentioned above have been in fact tested for their potential to ablate

dental hard tissue. In Sections 3.3 and 3.4 a comprehensive review of the literature

concerning ablation of dental hard tissues will be presented. As it will become

apparent, the characteristics of the ablated sites (smoothness, chemical changes,

shape) and of ablation (ablation threshold, ablation rates) will not always be what

one would expect based on the optical properties described in this Section. This

is, most likely, partly a consequence of the fact that the optical properties of

enamel and dentine are not locally constant: they change as a function of the local

composition of these materials.

3.2 The temporal profile of laser pulses

Before proceeding, however, it is necessary to be familiar with the temporal profile

of existing lasers, since this is one of the most important parameters governing

the response of tissue to radiation. In general, few laser systems have a gaussian

temporal profile like the one shown in Fig 3.7c. Free-running lasers, the most

commonly used ones for dental laser ablation, currently have a pulse duration

on the order of 100 – 300 µs, but the temporal intensity profile is far from the

ideal ”top-hat“ and Gaussian distributions. Free running laser (macro)pulses are

typically composed of an array of micropulses with a duration on the order of

microseconds; each micropulse is separated from the next by a few microseconds

also; typical examples of the temporal profile of free-running lasers can be seen in

Fig. 3.6 and in Figs. 3.7 b, d.

Free-electron lasers have a similar pulse structure to the free-running lasers,

only the macropulses have a duration on the order of a few microseconds, and are

composed of a train of micropulses each with a duration of 1 – 2 ps, separated

from the next micropulse by hundreds of picoseconds.

Q-switched lasers, on the other hand, have a temporal profile which is much

closer to Gaussian, but sometimes still present a higher spike at the beginning of

the pulse (see Fig. 3.7 a, c) which has some consequences during ablation, as will

be discussed below in this Chapter.
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Figure 3.6: Temporal pulse shape for an Er:YAG flashlamp-pumped laser in free running
mode. Each micropulse lasts approximately 0.5 to 5 µs and is separated from the next
micropulse by 2 to 5 µs. Source: ref. [79].

Figure 3.7: Temporal pulse shapes for various laser systems: (a) Argus Photonics 9.6 µm
CO2 laser (the arrow indicates 5 µs), (b) Pulse Systems LP-60 9.6 µm CO2 laser (the
arrow indicates 100 µs), (c) Schwartz 123 Q-switched Er:YSGG laser (the arrow in-
dicates 0.5 µs), and (d) Schwartz 123 free-running Er:YSGG laser (the arrow indi-
cates 200 µs). Source: ref. [80].
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3.3 Lasers primarily absorbed by water and or-

ganic material

In this Section the experimental evidence on promising laser candidates which are

preferentially absorbed by the water and organic material (the Er:YAG and the

UV lasers) will be presented.

This overview of the literature will indicate that Er:YAG lasers seem good can-

didates to drill the narrow tunnels necessary for the tunnelling technique described

in Section 1.4.2, but that the laser pulse parameters need to be tuned to minimize

cracking while maintaining adequate ablation rates. For these reasons, the models

developed further on in this Thesis will be concerned with Er:YAG lasers. Since

ablation of enamel seems to pose more challenges than dentine, only enamel will

be modelled. This review will provide indication as to the best operating parame-

ters: the optimal pulse duration should be shorter than that normally used with

free-running lasers because of the extent of thermal damage inflicted to tissue even

in the presence of water cooling; however, it should not be less than one microsec-

ond, since lasers as short as this have been proven to cause extensive mechanical

damage.

With respect to the UV lasers, the review will indicate that the mechanical

damage inflicted to dentine is too extensive to make these lasers the first choices

for optimal minimally invasive procedures, so these lasers will not be investigated

further.

3.3.1 The Er:YAG lasers

A great deal of authors have verified that Er:YAG lasers, emitting at 2.94 µm,

can indeed be used to ablate dental hard tissue to produce conventional cavities

(in both size and shape), provided cooling is used. In fact, several lasers at this

wavelength have been cleared by the USA Food and Drug Administration (FDA)

and/or the European Union to do so. The commercial denominations of those

lasers are DELightTM 1 (ConBio), Fidelis Er, Fidelis Er II 2 (Fotona), Fidelis Plus

II 3 (Fotona; this laser combines the Er:YAG with the Nd:YAG lasers), KEY Laser

1http://www.conbio.com/dental/delight/default.asp
2http://www.fotona.si/medical/fidelis er.asp?flash=no
3http://www.fotona.si/medical/fidelis plus.asp?flash=no
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3 4 (KaVo), OpusDuo E, OpusDuo EC 5 (OpusDent; these systems combine the

CO2 and the Er:YAG lasers) and Smart 2940d 6 (Deka). Despite the fact that this

technology is already approved and considered safe, dental lasers are not generally

well accepted by the majority of dentists, in the context of conventional cavity

preparation. Part of the reason for this is cost (a laser system can cost more than

ten times more than a drill system), but another reason is that there are still issues

to solve to make the laser technology optimal. These issues include the chemical

nature and morphology of the material at the surface of the crater, which influence

the strength of the adhesion between the ablated surface and the filling material,

and the extent of mechanical damage suffered by the tooth, which influences the

tooth’s mechanical stability, as will become apparent further on in this discussion.

It is generally agreed that Er:YAG lasers in free running mode should not be

used to ablate either dentine or enamel without water cooling, because of the

high risk of extensive thermal damage such as melting, resolidification and char-

ring [81, 82, 83, 84]. Matson et al. used a free-running Er:YAG laser (pulse du-

ration = 200 µs, repetition rate = 2 Hz, fluence per pulse 7 = 60 – 70 J/m2, 240

pulses per spot) to ablate enamel, and found that using water cooling makes a

significant difference on the outcome of ablation: the thermal damage is greatly

minimized, with melting and recrystallization occurring only in small areas, and

the enamel rod structure is exposed, thus increasing the surface capability for

bonding. It should be noted, however, that Matson et al. make no specific men-

tion of visible mechanical damage, so it is not possible to conclude from their study

that Er:YAG enamel ablation using water cooling is assuredly free from that type

of damage. The issue of the quality of the ablated site-surface in enamel was also

investigated by Eguro et al. [85], using comparable pulse parameters to those used

by Matson et al. (pulse duration = 250 – 500 µs, repetition rate = 4 Hz, fluence

per pulse8 = 52 J/cm2, 250 pulses per spot). Eguro et al. found that, even when

using water, ablated areas underwent compositional changes (α and β tricalcium

phosphate, tetracalcium phosphate and other calcium phosphates were formed).

The ablated sites had a scaly and uneven surface, showing micro-cracks and fused

areas.

4http://www.kavo.com/En/produkte/therapie instrumente /laser3/laser3.asp?navid=27&lan=En
5http://www.opusdent.com/site/product applications/product.list.asp?fid=7&did=83
6http://www.dekalaser.com/prod sch.php?type=ENG 40
7Not given by the authors; calculated based on the given values of pulse energy and spot size.
8Both the fluence and the number of pulses per spot were not given by the author, and were

calculated based on the given values of energy per pulse, spot size and total energy deposited,
according to fluence=energy/area and number of pulses=total energy/energy per pulse.
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Ishizaka et al. [86] made a careful study of the quality of dentinal irradiated sites

using a long-pulse Er:YAG laser with parameters comparable to those mentioned

previously (pulse duration = 250 – 500 µs, repetition rate = 4 Hz, fluence per

pulse9 = 21 – 36 J/cm2, number of pulses per spot not given) and water cooling to

sites treated using a dental bur, and found that irradiated sites showed alterations

in color that do not appear on the sites treated with the dental bur. Although none

of the sites displayed carbonization, cracking or changes in the crystallinity or level

of mineralization, the irradiated site did show minor alterations in its chemical

content. Furthermore, the dentinal tubules at the irradiated sites were empty,

whereas they were filled with odontoblastic processes in the sites treated with the

dental bur, which indicates that the organic material in the dentinal tubules is

ablated preferentially. This observation is consistent with the high water content

associated with the dentinal tubules. Eguro et al. [87] also investigated the ablated

sites in dentine after having been irradiated with an Er:YAG free-running laser

using water cooling (pulse duration = 250 – 500 µs, repetition rate = 4 Hz, fluence

per pulse = 25 J/cm2, 150 pulses per spot10) and found that the ablated dentinal

surface had a scaly appearance, with open dentinal tubules and no evidence of

melting, resolidification or cracking. It thus seem that dentine is less prone to

suffer thermal or mechanical damage than enamel when Er:YAG lasers are used.

Now that the quality of the surface at the sites irradiated with free-running

Er:YAG lasers was described, it is important to get an idea of the order of magni-

tude of the ablation rates for enamel and dentine that can be expected for this laser

system when using comparable laser parameters to those mentioned previously in

this Section. Majaron et al. [82] demonstrated that the Er:YAG laser in free-

running mode (pulse duration = 230 – 300 µs FWHM 11, repetition rate = 5 Hz,

fluence per pulse = 20 – 45 J/cm2, 10 pulses per spot) and used in conjunction

with water cooling can be used to speedily ablate both enamel and dentine, ob-

taining ablation rates in the order of tens of micrometers per pulse. Majaron et

al. [82] studied the influence of water cooling on the Er:YAG ablation rates of

enamel and dentine, using laser parameters similar to those used by Matson. Ma-

jaron and his team found that water spray reduces the ablation rates in dentine,

but increases the ablation rates in enamel. The same observation using compara-

9Not given by the authors; calculated based on the given values of energy per pulse and spot
size.

10Both the fluence and the number of pulses per spot were not given by the author, and were
calculated based on the given values of energy per pulse, spot size and total energy deposited.

11Full width at half maximum.
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ble laser parameters was made by Stock et al. [88]. The decrease in the ablation

efficiency of dentine can be explained if one assumes that, when water spray is

used, a part of the radiation is not absorbed by dentine and is instead absorbed

by water. In the case of enamel the same thing happens but, because the amount

of water (the main absorber at this wavelength) in enamel is so small, the wa-

ter spray prevents the enamel from dehydrating and thus increases the ablation

rates. Majaron’s work thus suggests that producing a long aspect-ratio tunnel

may pose unexpected problems: it is reasonable to assume that, if the tunnel be-

comes partially filled with water, the ablation efficiency will decrease markedly.

This supposition is supported by work done by Stock et al. [88] on enamel ab-

lation using a KEY 2, KaVo GmbH laser (pulse duration = 400 µs, repetition

rate = 4 Hz, fluence per pulse12 = 67 J/cm2, 10 pulses per spot), which indicates

that, if Er:YAG lasers are to be used to prepare large aspect-ratio tunnels, the

laser operating parameters and the flux of water need to be optimized to yield

the desired results. An alternative to using water is to use perfluorocarbon as a

coolant. Perfluorocarbon is a non-toxic, non-reactive liquid which does not absorb

at λ = 2.94 µm [89] and that dissipates heat and acoustic stress effectively. It

has been shown to perform very well for bone ablation at λ = 2.94 µm: Ivanov

et al. [90] have demonstrated that a FEL laser (pulse duration = 4 µs, repetition

rate = 30 Hz, fluence per pulse = 30 – 50 J/cm2, large number of pulses per

spot) and a free-running laser (pulse duration = 250 µs, repetition rate = 3 Hz,

fluence per pulse = 20 – 70 J/cm2, large number of pulses per spot) can ablate

bone without any thermal or mechanical damage, and can produce very narrow

grooves in this material. Their results can be extrapolated to dentine, because of

the similar composition (60% HA, 27% collagen and 13% water for bone, versus

70% HA, 20% organic and 10% water for dentine). However, bone has a much

higher water content than enamel, so it is possible that ablation of enamel at this

wavelength without applying external water will become ineffective after a few

laser pulses, because of tissue desiccation. Nevertheless, perfluorocarbon cooling

remains a possibility to investigate if water cooling proves impossible to use when

trying to drill long tunnels.

Eguro et al. [85] tested the adhesion strength of a composite to the surface of

ablated sites on enamel and dentine. For enamel, using typical free-running laser

parameters (pulse duration = 250 – 500 µs, repetition rate = 4 Hz, fluence per

pulse = 52 J/cm2, 250 pulses per spot), his team found the adhesion strength of

12Not given by the authors; calculated based on given data.
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the surface to be significantly lower than that produced by commercial bonding

systems. However, they also pointed out that the strength of adhesion could be

made much higher by treating the ablated surface with ultrasounds (using a com-

mercially available device) prior to application of the resin filling material. They

explained the increase in adhesion strength by the fact that the ultrasound treat-

ment most likely removes the non-apatitic, poorly attached debris from the surface,

thus increasing the adhesion strength. Similar results using identical laser para-

meters and water cooling were obtained by Otsuki et al. [91]. Otsuki et al. further

confirmed that the flaky and glass-like portions of enamel existing at the abla-

tion site need to be removed in order to increase adhesion strength to resins, and

demonstrated that an adhesion strength high enough to ensure adequate sealing of

cavities could be obtained when the irradiated sites were treated with air powder

polisher and phosphoric acid prior to the placement of the resin. For dentine, using

Er:YAG free-running laser (pulse duration = 250 – 500 µs, repetition rate = 4 Hz,

fluence per pulse = 25 J/cm2, 150 pulses per spot) and water cooling, Eguro et

al. [87] found that the adhesion strength of the irradiated surface to the composite

resin was significantly lower than that obtained when a non-irradiated surface is

treated with a phosphoric acid etch primer. Furthermore, when the irradiated sur-

face is treated with the same acid etch primer before applying the composite resin,

the adhesion strength is still slightly lower than for the non-irradiated, acid etched

dentinal surface, but within clinically acceptable values. The same was observed

by Ramos et al. [92] when using comparable, but not identical, laser parameters

and various etching primers.

Apel et al. [93, 94] investigated the modification of the solubility of enamel pre-

viously irradiated using the Er:YAG laser and sub-ablative fluences without water

cooling (pulse duration = 150 µs, repetition rate = 5 Hz, fluence per pulse = 4, 6

and 8 J/cm2, 125 pulses per spot) and found that irradiation did not create a more

acid resistance surface. In fact, extensive and deep (over 100 µm deep) cracking

was observed in enamel, which provided points for easier acid attack. However,

they also found that application of fluoride to the irradiated surfaces could make

them more acid resistant than untreated surfaces. Information on the influence of

Er:YAG irradiation in acid resistance of enamel when water is used could not be

found, but it is likely that under these operating conditions the Er:YAG will not

be able to cause the high temperature rises necessary to release carbonate from

the enamel and thus increase this material’s resistance to acid attack.

The water cooling plays a double role in Er:YAG ablation of dental hard tissue:
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besides decreasing the extent of thermal damage, it prevents the pulp from over-

heating, as demonstrated by Cavalcanti et al. [95]. More specifically, Cavalcanti et

al. [95] used an Er:YAG laser (pulse duration = 250 µs, repetition rate = 10 Hz,

energy per pulse13 = 350 mJ) and found that the temperature at the pulp, when

water cooling is used, did not rise more than 5 ◦C, which is comparable to the

temperature rise experienced at the pulp when a high-speed dental bur is used

with water cooling (2 ◦C).

While the Er:YAG free-running lasers are the most commonly used, the un-

wanted side effects they cause have driven researchers to experiment shorter pulse

durations (although still within the thermal interaction regime). Several au-

thors have in fact made studies with the aim of directly comparing free-running

(long-pulsed) and Q-switched (short pulsed) Er:YAG lasers on enamel and den-

tine. Ashouri et al. [84, 96] have found that the Q-switched laser (pulse dura-

tion = 0.15 µs, repetition rate not given, fluence per pulse = 40 J/cm2, 20 pulses

per spot) produced uniform cuts through bovine enamel 14 with minimal evidence

of melting or cracking at much lower fluences than those necessary for the free-

running laser (pulse duration = 200 µs, repetition rate not given, fluence per

pulse = 100 J/cm2, 20 pulses per spot), when water was used for both lasers.

When water was not used, Ashouri et al. found that both pulse durations caused

extensive melting of the enamel.

Lee et al. [97] investigated the different effects caused by Q-switched and free-

running Er:YAG lasers on dentine without the use of water cooling. They found

that negligible charring was generated by the Q-switched laser, but a char layer was

generated when using the long-pulse laser (fluence per pulse = 3 – 40 J/cm2 for the

Q-switched laser, and 12 – 300 J/cm2 for the free-running laser; repetition rate and

number of pulses per spot not given). These authors did not investigate the extent

of cracking caused by the short pulse laser, but suggested that extensive damage

might be present because of the short duration of the laser pulse. Interestingly,

these authors also indicated that the noise produced during ablation with the

Q-switched Er:YAG laser is loud enough to be irritating to the laser operator,

which implies it is necessary to assess whether it could cause hearing problems

to patients undergoing dental laser treatment. Fried et al. [98] also compared the

effect of a Q-switched and a free-running Er:YAG laser on bone ablation without

13The author did not mention the fluence per pulse. Since he also did not mention the laser
spot size, it is impossible to determine the fluence per pulse.

14Bovine enamel is similar in composition and structure to human enamel, so results can be
extrapolated to human dental enamel.
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water cooling. They found that while the ablation rates were significantly higher

for the free-running laser, this laser also caused thermal damage like charring to

occur, something that did not happen with the Q-switched laser (free running

laser pulse duration = 300 µs; Q-switched laser pulse duration = 0.5 µs, repetition

rate = 1 – 2 Hz, fluence per pulse = 1 – 100 J/cm2, number of pulses per spot

not given, but large). Papagiakoumou et al. [99] also investigated the differences

between Q-switched and free-running Er:YAG lasers on dentine without water

cooling, and found that the Q-switched laser (pulse duration = 190 ns FWHM,

repetition rate = 1 – 4 Hz, fluence per pulse = 8 – 100 J/cm2, 40 – 200 pulses per

spot) produced well-shaped craters, with open dentinal tubules at the edge of the

crater and neither carbonization nor melting. However, cracks were observed even

for the lower fluences used. The free-running laser (pulse duration = 80 µs FWHM,

remaining parameters like for the Q-switched laser) had much higher ablation

rates than the Q-switched laser, but generated charred dentine with small cracks

when the highest fluences were used. For both lasers, the ablation rates saturated

with fluences above 6 J/cm2 (Q-switched) or 10 J/cm2 (free-running) because of

absorption of radiation by plasma in the ablation plume. It thus seem that the

Q-switched laser, despite its much shorter pulse, must still be used with water

cooling to prevent thermal damage, at least when ablating enamel, and that in

any case tends to cause unwanted cracking in both enamel and dentine.

While the ablation rates for Q-switched lasers are lower than for the free-

running, they are certainly still appropriate in the context of the minimally inva-

sive dental treatment, provided that they do not decrease as the ablation crater

becomes deeper. However, the effect of applied water on Q-switched Er:YAG laser

ablation is likely to be similar to that observed for the free-running laser, that

is, it is possible that drilling long aspect-ratio tunnels is made more difficult by

accumulation of water in the ablation crater. On the other hand, Fried et al. [96]

have demonstrated that they can drill high aspect-ratio grooves in enamel, as can

be seen in Fig. 3.8, which seems to indicate that high aspect-ratio tunnels may be

possible to produce with similar laser parameters.

It remains to be determined whether the adverse mechanical side effects caused

to dentine by Q-switched lasers are minimized when water cooling is used, whether

the irradiated surfaces experience marked changes in its chemical composition and

on the adhesion strength between enamel or dentine and resin fillings, topics for

which no information in the literature was found. Also, it is important to say

that, while the thermal effect at the pulp of the tooth has not yet been assessed,
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Figure 3.8: Polarized light image of 100 µm thick cross sections of enamel ablated
by a Q-switched Er:YAG laser with water cooling (pulse duration = 150 ns, repetition
rate = not given, fluence per pulse = 15 J/cm2, 20 pulses per spot). The crater is 125 µm
wide and 490 µm deep. Source: ref. [96].

comparison with the free-running Er:YAG laser indicates that thermal damage to

the pulp of the tooth is unlikely to occur if water cooling is used.

To end this Section on Er:YAG lasers, it is interesting to note that several

authors have attempted to establish whether the Er:YAG laser could be used

for other procedures of interest in dentistry: surface sterilization and decreasing

dentinal hypersensitivity. This is of interest in clinical practice, since a piece of

expensive equipment such as a laser is surely to become more attractive to den-

tists if it can be used for a variety of procedures. Moura et al. have shown that

the Er:YAG laser (KaVo KEY laser 1242, KaVo Dental GmbH, pulse repetition

rate = 10 Hz, energy per pulse15 = 52 or 110 mJ) does not seem to have suffi-

cient antimicrobial activity to sterilize infected root canals [100]. However, other

authors have reached an opposite conclusion using similar laser parameters: Hibst

et al. [34], using a free-running Er:YAG laser (pulse duration ≃ 250 µs, repe-

tition rate = 15 Hz, fluence per pulse = 1.70 – 0.85 J/cm2, 10 to 40 pulses per

spot) on carious enamel and dentine, found that bacteria could be eliminated even

in strongly carious sites if a temperature of 100 ◦C could be reached at the sur-

15The authors did not disclose the pulse duration, the fluence and the number of pulses applied.



52 Chapter 3

face after several laser pulses. Since the experimental procedure followed by these

authors is robust (both teams irradiated diseased teeth and subsequently tested

those teeth for evidence of bacterial activity) it seems likely that the Er:YAG laser

does reduce the bacterial count in dental lesions, even though it may not eliminate

bacteria entirely. Also, the Er:YAG laser, with similar operating parameters as

used by Moura et al., seems not to perform as well as conventional smear layer

removal solutions (like sodium hypochloride and EDTA16) to remove the smear

layer (containing bacteria and organic and inorganic dental material) produced in

root canals as a result using the dental bur during root canal treatment. Finally,

there is evidence to suggest that a beneficial side effect of using this wavelength

(energy per pulse = 5 - 10 mJ, repetition rate = 10 Hz) to ablate dental hard tissue

is decreased dentinal hypersensitivity [101]. To conclude, it is important to note

that using the Er:YAG laser to ablate dental hard tissue has the added advantage

of being, in general, painless, even when done in cavities in the deep dentine, as

demonstrated by Altshuler et al. in a study involving almost 400 treated sites in

vivo [31]. This feature may be common to all laser wavelengths, since pain induced

by the dental bur is thought to be related to the mechanical vibration induced by

the bur.

This overview of the literature regarding Er:YAG lasers allows us to conclude

that they seem promising candidates to drill the narrow tunnels necessary for the

tunnelling technique described in Section 1.4.2, provided the laser pulse parameters

can be tuned to minimize cracking while maintaining the ablation rates. This

review indicates that the optimal pulse duration is most likely shorter than that

normally used with free-running lasers because of the extent of thermal damage

inflicted to tissue even in the presence of water cooling. At the same time, it

should not be less than one microsecond, since laser pulses as short as this have

been proven to cause extensive mechanical damage.

3.3.2 The ultraviolet lasers

In this subsection the effect of ultraviolet lasers at wavelengths 193, 248 and 355 nm

on enamel and dentine will be discussed. While it is known through experimen-

tal evidence that the 193 and 248 nm wavelengths can ablate pure hydroxyap-

atite [75, 76, 77, 78], when ablating enamel and dentine at these wavelengths they

display an etched-like surface which suggests that the organic component has a

16Ethilenediamine tetra-acetic acid.
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higher absorption coefficient than the mineral. Therefore, these wavelengths were

placed under the category of lasers preferably absorbed by the organic and water

components of the tissues.

Wilder-Smith et al. [102] investigated the ablation rates and crater morphology

of both enamel and dentine by the ArF laser (λ = 193 nm) without the use of

water. For enamel (pulse duration = 15 ns, repetition rate = 10 Hz, fluence per

pulse = 0.5 – 10 J/cm2, 50 or 1800 pulses per spot) they found no evidence of

carbonization. At the lower fluences, they found that the craters had smooth sides

and walls, without evidence of cracking or melting. As the fluence and exposure

times become higher, evidence of thermal and mechanical damage can be observed:

melting, resolidification and cracking. For dentine (pulse duration = 15 ns, repe-

tition rate = 10 Hz, fluence per pulse = 1 – 3 J/cm2, 50 to 1800 pulses per spot),

similar results were obtained: no areas of carbonization were found, but melting

and resolidification were observed when the higher fluences and exposure times

were used.

These authors did not evaluate the changes in surface chemical composition of

enamel or dentine, although a comparison with other wavelengths and the fact that

melting was observed and water was not used seem to suggest that the thermally

affected layer may contain calcium phosphates other than HA.

Sealed dentinal tubules were clearly visible, particularly at higher fluences

and exposure times. Similar results were obtained by Sánchez et al. [103], who

used comparable, but not identical, ArF laser parameters on dentine (pulse dura-

tion = 23 ns, repetition rate = 5 Hz, fluence per pulse = 1 – 4 J/cm2, 50 to 1000

pulses per spot): at lower fluences, Sánchez found a smooth dentinal floor with

no evidence of sealed dentinal tubules or melting. As the fluence increases, the

dentinal tubules become sealed as a consequence of dentine melting, and cracking

of the crater floor occurs. Unfortunately, no information could be found in the

literature on the irradiated surface adhesion strength to resin fillings, resistance to

acids or pulpal heating.

The ablation rates for enamel determined by Wilder-Smith et al., although

quite low (on the order of only less than a micron per pulse when lower fluences

were used) are certainly high enough to drill a 2.5 mm tunnel in an acceptable time

(less than 10 min). The ablation rates for dentine are of the same magnitude as

for enamel. Although the ablation rates become higher as the fluence is increased,

the rise is far from being directly proportional to the rise in fluence, so the best

balance between higher ablation rates and minimization of thermal damage must
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be found. While it was not yet demonstrated that this laser can indeed drill high

aspect-ratio tunnels through dental hard tissue, an analogy with the KrF laser at

λ = 248 nm (discussed next in this Section) which is absorbed by roughly the same

substances, seems to indicate that this may be possible.

The experimental evidence in favor of selecting the ArF laser thus seem to be

promising, but not abundant; however, this laser also presents significant disad-

vantages, such as its high price as compared to other laser systems (based on IR

wavelengths), its large size and the fact that radiation at this wavelength may have

cytotoxic effects [58]. Therefore, this laser is not the best candidate for the job.

Walter et al. [104] have investigated the effect of both the ArF and the KrF

lasers on bone. Walter et al. did not disclose many of the laser parameters used

(pulse duration not given, repetition rate not given, fluence per pulse = 0.25 J/cm2

for the ArF, and 0.5 J/cm2 for the KrF, number of pulses per spot not given), which

makes it impossible to compare their work with the work of others. Nevertheless,

their results hold by themselves and indicate that, for similar laser operating para-

meters, the extent of thermal damage caused by the KrF laser affects a layer twice

as thick as that created by the ArF laser, which suggests that the λ = 193 nm laser

may be a better choice in this aspect than the λ = 248 nm laser. As suggested in

Section 3.1, Pearson et al. indicate that this laser seems to be principally absorbed

by regions rich in organic material and, consequently, the ablated surfaces exposed

the dentinal tubules and the enamel rods [105, 106].

Pearson et al. have demonstrated that the KrF laser at 248 nm (pulse dura-

tion = 15 – 20 ns, repetition rate = 20 Hz, fluence per pulse = 15 J/cm2, 500 – 2500

pulses per spot) without using water spray can ablate enamel and dentine. They

found evidence of some thermal modification of the walls of the ablated site, in

particular for enamel, and they propose that it can be minimized by making the

pulse spatial intensity profile ”top-hat“ like. This would reduce the extension of

tissue under radiation with intensity not high enough to produce ablation. How-

ever, the authors did not test this hypothesis. Pearson and co-workers make no

mention of any mechanical damage to treated enamel, but long cracks in dentine

are clearly visible in two of the figures shown in their papers (see Fig. 3.9). On the

other hand, Fried et al. [107] using a laser emitting at 266 nm, a wavelength close

enough to that emitted by the KrF laser so that results are comparable, found

no evidence of chemical modification of the surface of the ablated site in bovine

enamel when using lower fluences (pulse duration = 3 ns, repetition rate not given,

fluence per pulse = 3 – 5 J/cm2, 20 pulses per spot). This result suggests that by
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carefully controlling the fluence used, unwanted thermal damage can be avoided.

(a) Micrograph showing the full
length dentine tunnel prepara-
tion. Length of tunnel is 2.5 mm.
Note the long crack parallel to
the tunnel.

(b) Photomicrograph of a longitudinal section
through the crown of the tooth showing irradi-
ated sites in enamel and dentine. Note the crack
radiating from the dentine lesion.

Figure 3.9: Examples of mechanical damage in dentine caused by a KrF laser
at λ = 248 nm (pulse duration = 15-20 ns, repetition rate = 20 Hz, fluence per
pulse = 15 J/cm2, 500-2500 pulses per spot). No water cooling was used. Source:
ref. [108].

Pearson and co-workers have demonstrated that the KrF laser (pulse dura-

tion = 15 – 20 ns, repetition rate = 20 Hz, fluence per pulse = 15 J/cm2, 500 – 2500

pulses per spot) without using water spray can produce narrow (diameter inferior

to 0.5 mm) and long (depth of 2.5 mm) tunnels through both enamel and den-

tine [108]. The ablation rates also proved to be sufficiently high to allow drilling

a 3 mm long tunnel through enamel and dentine in under 4 minutes [105, 108].

While no specific measurements of the bond strength of resins to irradiated sur-

faces could be found in the literature, the smooth surfaces with exposed rod or

tubule morphology seem to indicate that adhesion will be reasonable. In any case,

work by authors using other wavelengths (like those found in refs. [85, 87]) indi-

cates that it is possible to improve adhesion of irradiated sites by acid etching the

surfaces after laser irradiation. The resistance to acid dissolution of the irradiated

sites was also not assessed, but evidence obtained for other lasers indicates that it
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can always be improved by application of topical fluoride [109].

Pearson et al. also did not measure the temperature changes experienced at

the pulp of the tooth, so it cannot be affirmed at this time that the method is safe

to use in vivo. Although it is possible that the temperature change at the pulp

is within safe limits, further research exploring this issue needs to be conducted

before ablation using these laser parameters can be considered safe for patients.

Despite the drawbacks enumerated above, the KrF laser may be used for the

tunnelling technique described in Section 1.4.2, provided that the operating para-

meters can be optimized to ensure that thermal and mechanical damage are kept

to a minimum. The major inconveniences of this laser are its large size (the ap-

paratus used by Pearson and co-workers occupied an entire room), its high price

compared to IR lasers and the very high cytotoxicity of this wavelength. Thus,

this laser also does not seem to be the best candidate for the job.

The Nd:YAG laser operating at the third harmonic (355 nm) has also been

tested for enamel laser ablation. Wheeler et al. [109] have proved that the 355 nm

wavelength (pulse duration = 3 – 5 ns, repetition rate = 10 Hz, fluence per

pulse = 1.3 – 8.3 J/cm2, 10 pulses per spot) without using water cooling can

ablate bovine enamel without evidence of fusion of the enamel prisms at the ab-

lated site for all the fluences tested. The non-existence of enamel thermal damage

at this wavelength was also verified by Fried et al. [107] using comparable laser

parameters.

Wheeler et al. also demonstrated that the ablated sites exhibit the microm-

eter-scale morphology characteristic of enamel for all fluences tested (except for

1.3 J/cm2, which is the threshold ablation fluence, where the surface modification

is very small), and that the ablated site does not differ chemically from the un-

treated sites. They showed that the ablated surface adheres strongly to composite

materials (although less strongly than a surface etched using an acid), and that the

laser is thus an appropriate tool to modify the tissue surface to ensure adequate

adherence of filling materials. Finally, Wheeler et at. showed that the enamel laser

treated sites were less resistant to acid dissolution than untreated sites, something

of significant importance because the laser treated sites would be more prone to

develop caries. However, this tendency can be inverted if the topical fluoride is

applied to the laser-treated sites; the acid dissolution rates of sites treated in this

manner are actually 50% lower than for untreated enamel.

Different conclusions were reached by Sheth et al. [110] using the same wave-

length and different, but comparable, laser parameters (pulse duration = 15 ns,
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repetition rate = 30 Hz, fluence per pulse = 2J/cm2, 30 pulses per spot) on den-

tine without water cooling: the ablated surface adhered less strongly to the filling

material than an untreated surface. This author made a direct comparison of

the results using the 355 nm wavelength on dentine with those obtained using an

Er:YSGG and a CO2 at 9.6 µm (discussed in more detail in subsection 3.4), and

found that the IR lasers are much better at preparing the dentinal surface for

adhesion to composite materials than the KrF laser.

Dela Rosa et al. [80] also ablated dentine using a 355 nm laser (pulse dura-

tion = 5 ns, repetition rate not given, fluence per pulse = 2 – 50 J/cm2, 10 pulses

per spot) and similar parameters to those used by Sheth et al.. Therefore, results

obtained by those two teams can be directly compared. Dela Rosa et al. observed

minimal thermal damage in the ablated site, even when water was not used. On

the other hand, extensive mechanical damage was observed, even when fluences

as low as 5 J/cm2 were used. The mechanical damage became more severe as the

fluence increased and, surprisingly, was greater when water spray was used (see

Fig. 3.10), something for which the authors provided no explanation.

Figure 3.10: Polarized light images of the 355 nm Nd:YAG laser incisions with (a)
and without (b) water (pulse duration = 5 ns, repetition rate not given, fluence per
pulse = 10 J/cm2, 10 pulses per spot). Field width is 1.8 mm. Source: ref. [80].

Sheth et al., on the other hand, found that the dentinal surface produced was

highly uniform and showed no evidence of thermal damage, even without water.

Dela Rosa’s results thus indicate that a 5 ns laser pulse at this wavelength

will not produce appropriate results, despite having adequate ablation rates for

dentine (≃5 µm/pulse at a fluence of 20 J/cm2). While one can suppose that

a slightly longer laser pulse may decrease the extent of mechanical damage (as

will be discussed further along in this Thesis, the duration of the laser pulse has

a significant influence on the intensity of the stress transients generated in the

material), this hypothesis has not been explored yet. One can conclude that
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the 355 nm wavelength is a possible candidate for the tunnelling technique being

proposed by Pearson et al. but, similarly to the 193 and 248 nm wavelengths

lasers, its operating parameters must be optimized in order to decrease mechanical

damage in the ablated sites before the laser can produce acceptable results. It

should be noted that none of these authors attempted to produce long aspect-

ratio cavities, something that Pearson et al. demonstrated that 248 nm radiation

can do.

Neither Sheth et al. nor Wheeler et al. evaluated the pulp temperature during

ablation but the lack of thermal damage suggests that the temperature rise at

the pulp may be within acceptable levels; this conclusion would have to be tested

experimentally, though.

Palamara et al. [39] investigated the effect on enamel of an excimer-dye laser

emitting at 382.8 and 489.9 nm and with laser parameters (pulse duration = 10 ns,

repetition rate = 30 – 50 Hz, fluence per pulse ≃ 30 J/cm2, various number

of pulses per spot) similar to those used by Dela Rosa et al.. The closeness of

these wavelengths to the 355 nm wavelength and the fact their photon energy is

inferior to the energy of most covalent bonds in organic molecules suggests that the

mechanism of interaction with the tissue will be similar to that for the 355 nm laser;

hence, the results obtained by Palamara et al. are discussed here in relationship

with results obtained for the 355 nm laser. Palamara et al. found that the excimer-

dye laser caused extensive melting, resolidification and recrystallization in enamel,

which assumed a vitrified appearance, unlike what Sheth et al. found for the 355 nm

laser and enamel. This is most likely a consequence of the much higher fluence per

pulse used by Palamara. These authors did not mention the existence of cracks

and pits in and around the crater sites, which is consistent with finds by Sheth et

al. for enamel. While Palamara et al. did not investigate the temperature changes

experienced at the pulp of the tooth during ablation, did not do experiments on

dentine and did not assess the capability of these wavelengths to produce long

tunnels through enamel and dentine, their results seem to indicate that these

longer UV wavelengths are less appropriate to ablate enamel and dentine than the

shorter UV wavelengths described previously.

In general, the results indicate that the extent of thermal damage inflicted to

enamel and dentine is smaller for shorter wavelength UV lasers, which suggests

that these shorter wavelengths will be more adequate for the task of drilling narrow

tunnels through enamel and dentine. For each UV wavelength discussed in this

subsection, the extent of thermal and mechanical damage seems to increase with
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the number of pulses and increasing fluence. While the thermal damage may

perhaps be minimized by using pulses with a ”top-hat“ spatial intensity profile, it

is difficult to predict how the extensive mechanical damage caused by these lasers

(in dentine, in particular) may be avoided since various factors (such as pulse

duration and temperature rise) may lie in the cause of this type of damage. If

the UV lasers are to be suitable lasers to drill narrow tunnels through enamel and

dentine, then extensive work must be done to optimize their operating parameters

before they are considered safe to use in a clinical setting. The mechanical damage

inflicted to dentine is too extensive to make these lasers the first choices for optimal

minimally invasive procedures, so these lasers will not be investigated further.

3.4 Lasers primarily absorbed by the mineral

In this Section, the experimental evidence on ablation of dental hard tissues by

lasers which are primarily absorbed by the mineral (the YSGG and the CO2 lasers)

will be presented. This review will indicate that the potential of the CO2 laser

emitting at 10.6 µm has not been fully assessed yet, and that this laser may be

a good candidate for the procedure in question here, despite the thermal damage

that it may inflict under certain operating conditions. For these reasons, the effect

of the 10.6 µm wavelength will be investigated in the remaining of this Thesis,

together with the Er:YAG laser. Similarly to the Er:YAG laser, only the interaction

with enamel will be studied, since the review will indicate that ablation of this

material poses more challenges than dentine. The review will provide guidelines as

to the best operating parameters to be used as a starting point for the models: the

most appropriate pulse durations and repetition rates seem to lie in the range of 0.5

to 10 µs and 1 – 20 Hz, and water cooling seems to be determinant in minimizing

thermal damage to dental hard tissue. This laser has the added advantage of

being one of the least expensive equipments and being already extensively used in

soft-tissue applications, which makes it a financially sound choice, something of

importance in a procedure to be implemented commercially.

The evidence presented in this Section will indicate that the YSGG lasers are

also good candidates for the minimally invasive procedure described in Chapter 1.

Their cost is comparable to the cost of the Er:YAG lasers, and the issues to address

before they can perform optimally are similar. However, given that these lasers

interact with dental material in a similar manner to the CO2 lasers, they will

not be modelled specifically since results obtained for the CO2 laser can be easily
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extrapolated for these wavelengths.

3.4.1 The YSGG lasers

Evidence indicates that the Er:YSGG17 (2.79 µm) and Er,Cr:YSGG18 (2.78 µm)

lasers ablate dental hard tissue with rather different results from the Er:YAG

lasers. This happens because, even though the frequencies of the YSGG and YAG

lasers are very close, the YSGG lasers are highly absorbed by the mineral in dental

hard tissues, unlike the Er:YAG lasers.

At subablative fluences, the differences between the YAG and the YSGG

lasers are less evident. Apel et al. [94] investigated the potential of both the

Er:YAG (pulse duration = 150 µs at FWHM, repetition rate = 5 Hz, fluence per

pulse = 6 J/cm2, 125 pulses per spot) and the Er:YSGG (same parameters except

fluence, which was 8 J/cm2) lasers, without water cooling, to increase the resis-

tance of enamel to dissolution by acids. Decreasing the enamel acid dissolution

rates may significantly delay or even prevent the onset of caries, and therefore has

been the object of research lately. Apel et al. found that the laser parameters

they used produced surfaces with a large density of cracks; note that there was

no evidence of ablation, which was to be expected since the fluences used are be-

low the ablation threshold for either laser. Apel et al. also found that the cracks

propagated deeply into the tissue, as far down as 100 µm. While the treated sites

presented lower acid dissolution rates than the untreated sites, the beneficial effect

of the laser was proved to be highly reduced by the existence of the cracks: the

crack edges showed signs of extensive demineralization. Apel et al. concluded that

both the YAG and the YSGG lasers were unsuitable for laser treatment of enamel

surfaces, unlike the CO2 lasers, as will be discussed in more detail further along in

this Chapter.

At very high fluences, however, the differences between the Er:YAG and the

Er:YSGG 19 laser ablation are not evident. Stock et al. [88] compared the qual-

ity of ablation of enamel and dentine by Er:YAG and Er:YSGG lasers in free-

running mode (pulse duration = 400 µs, repetition rate = 4 Hz, fluence per

pulse ≃ 65 J/cm2 for both lasers, ≃ 10 pulses per spot), and found that it

was similar: for both materials and both lasers (using water) they found no evi-

dence of carbonization or fractures (although in his article it is not evident that

17erbium: yttrium, scandium, gallium, garnet
18erbium, chromium: yttrium, scandium, gallium, garnet.
19Erbium: yttrium, scandium, gallium, garnet. This laser emits at 2.79 µm.
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they searched extensively for evidence of mechanical damage, since in some of the

images of ablated sites they present there are visible cracks which they do not

attempt to explain). However, even when using water spray Stock et al. found

evidence of molten material at the bottom of the ablation craters in enamel. In-

terestingly, different conclusions were obtained by Freiberg et al., who compared

the results obtained using the Er:YAG laser (pulse duration = 180 µs, repetition

rate = 20 Hz, fluence per pulse = 56 J/cm2, number of pulses per spot not given)

and the Er:YSGG laser (pulse duration = 50 µs, repetition rate = 20 Hz, fluence

per pulse = 31 J/cm2, number of pulses per spot not given) on dental enamel

when water cooling was used. For neither of these lasers did Freiberg et al. found

evidence of melting and resolidification: the ablated surfaces displayed the rod

morphology characteristic of enamel. These authors make no specific mention to

mechanical damage induced on the ablated sites, though. The lack of thermal

damage may be a consequence of the slightly lower fluence used by Freiberg et al.,

which suggests that even small variations in the laser operating parameters may

translate into large differences in results.

At intermediate fluences, the differences between the Er:YAG and Er:YSGG

become more evident: Fried et al. [68], on the other hand, using lower fluences

and shorter macropulses (pulse duration = 150 µs FWHM, repetition rate = 1 Hz,

fluence per pulse = 27 J/cm2 for Er:YSGG and fluence = 32 J/cm2 for Er:YAG,

1 – 50 pulses per spot) and no water cooling only found evidence of melting and

resolidification in enamel for the Er:YSGG laser, which is consistent with the higher

absorption by the mineral at this wavelength. They also verified that the surface

layer of the ablated sites in enamel and dentine could be easily removed with a

brush, which strongly suggests that the laser parameters they used (and the fact

that no water was applied) will not produce a surface which will adhere properly

to any filling material, at least without further preparation. This suggestion is

confirmed by work done by Sheth et al., described in more detail further down.

No specific information was found on the extent of chemical modification suffered

by enamel and dentine ablated with the YSGG lasers, although an analogy with

results obtained for the Er:YAG and other lasers suggests that it will not be great

when water cooling is used and may be extensive when external water is not

applied.

For both YAG and YSGG lasers, Stock et al. [88] confirmed the results obtained

by Majaron et al. [82], which indicate that ablation rates for enamel are lower than

for dentine for both lasers. Ablation rates are high enough to ablate a long tun-
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nel in a clinically acceptable time. These authors found that the Er:YSGG laser

caused higher temperatures in the material, but, at the same time, was slightly

less efficient at ablating dental hard tissue than the Er:YAG laser, which is rather

unexpected since its lower absorption coefficient (400 instead of 800 cm−1) and

similar reflectance would suggest that it would behave oppositely. This conclusion

is supported by Fried et al. [68] who used an Er:YAG laser with identical para-

meters to the Er:YSGG laser (pulse duration = 150 µs FWHM, pulse repetition

rate = 1 Hz, fluence = 5 – 6 J/cm2). Fried et al. proposed an explanation for

the apparent contradiction between the higher temperature reached in enamel and

simultaneous higher ablation threshold when ablated by Er:YSGG lasers, as com-

pared to Er:YAG lasers: they proposed that the outer few micrometers of enamel

are relatively water free, and consequently they do not absorb Er:YAG radiation

effectively. On the other hand, they stated that Er:YSGG radiation will be effec-

tively absorbed in that region (because it is absorbed by the mineral). Given that

the reflectance of enamel at these wavelengths is the same (see Table 3.1), Fried

et al. concluded that the higher temperatures reached by enamel under Er:YSGG

radiation were a consequence of the fact that the radiometry system they used only

detected thermal radiation emitted from the outer layers of the material. How-

ever, Fried et al. did not further test this conclusion by ablating enamel samples

previously deployed from their outer enamel. The author of this Thesis proposes

it is possible that the observed behavior is instead a consequence of the different

absorption coefficients of water and mineral at those wavelengths and of the tem-

perature reached in water pores at the end of the micropulses, and will explore

this hypothesis in Chapter 6, in the context of CO2 and Er:YAG lasers. The CO2

laser should behave similarly to the Er:YSGG laser, since both are high absorbed

by the mineral as well as the water.

Another YSGG laser system, emitting at a slightly different wavelength, has

also been tested for dental applications. This laser (pulse duration = 140 – 200 µs,

repetition rate = 20 Hz, beam spot area = 0.442 mm2, output power20 = 3 –

6 W) has been tested in vivo to prepare large cavities for fillings by Matsumoto

et al. [111], with high patient acceptance (mainly because of the very low pain

experienced) and good clinical outcome at a 30-day evaluation. However, the

20The author did not provide the fluence per pulse and did not specify if the output power was
per pulse, or averaged over larger time-scales, which makes it impossible to calculate the fluence
with certainty. Nevertheless, it is likely that the output power is averaged over time and, in this
case, the fluence used by Matsumoto varied between 35 and 70 J/cm2, which is comparable to
the settings used by other authors.
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effects of mechanical damage will only be detected with a long-term evaluation, so

Matsumoto’s results must be interpreted with care before long term evaluations

or histological data of teeth treated in vitro become available.

The free-running YSGG laser is thus capable of ablating material; the main

issue surrounding the use of this laser is the thermal damage inflicted to enamel

under certain operating conditions, even when water cooling is used. Similarly to

what happened with the Er:YAG laser, this drove researchers to investigate how a

shorter pulsed laser would perform in comparison with a free-running YSGG laser.

Sheth et al. [110] have evaluated the quality of Er:YSGG ablation sites in den-

tine in terms of surface morphology and adhesion strength to composite materials,

both using a free-running laser (pulse duration = 200 µs, repetition rate = 3 Hz,

fluence per pulse = 20 J/cm2, 3 pulses per spot) and a Q-switched laser (pulse du-

ration = 0.5 µs, repetition rate = 3 Hz, fluence per pulse = 10 J/cm2, 3 pulses per

spot). They found that the free-running Er:YSGG laser caused thermal damage in

dentine even when used with water, which is consistent with the results obtained

by Stock et al. [88]. They found that a significantly more uniform surface with

minimal or no thermal damage was obtained using the Q-switched Er:YSGG laser

and a water spray. This conclusion was confirmed by Dela Rosa et al. [80], who

used very similar laser parameters (pulse duration = 0.5 µs, repetition rate not

given, fluence per pulse = 20 J/cm2, 6 pulses per spot) and found that the thermal

damage was restricted to a 3 – 5 µm layer if water spray was used (see Fig. 3.11).

The same conclusion also supported by Fried et al. [96], who used similar, al-

though not identical, laser parameters for a Q-switched Er:YSGG laser. Fried et

al. also verified that the ablation efficiency for enamel is much higher when the

Q-switched laser is used, comparing to the free-running laser, as is apparent from

Fig. 3.12. The extent of mechanical damage caused by the Q-switched laser was

not specifically investigated by these authors, but it is possible that it occurs.

This smoother dentinal surface obtained with a Q-switched Er:YSGG laser also

presented higher values of adhesion strength to composite material, comparable

– but still significantly inferior – to those obtained using an acid etch. Sheth et

al. [110] reached similar conclusions comparing the adhesion strength of dentine

treated with Q-switched and free-running CO2 lasers, something which is discussed

in more detail in the next subsection. If one remembers that a free-running laser

pulse is in fact composed of a series of micropulses with a duration of ≃ 1 µs, which

is comparable to the the duration of the Q-switched laser pulses, then the results

by Sheth et al. and Dela Rosa et al. indicate that high intensity, microsecond long
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Figure 3.11: Polarized light images of the Q-switched, 2.79 µm Er:YSGG laser incisions
with fluences of 18 and 20 J/cm2, respectively, with (a) and without (b) water (pulse
duration = 0.5 µs, repetition rate not given, fluence per pulse = 20 J/cm2, 6 pulses per
spot). Field width is 1.8 mm. Source: ref. [80].

Figure 3.12: The ablation depth for bovine enamel at various irradiation intensities
for the free-running (200 µs) and Q-switched (150 ns) Er:YSGG with (dotted line) and
without (solid line) the addition of water. The shaded regions represent the fluence
range in which smooth lateral cuts were achieved similar to those of Fig. 3.11 a. Five
laser pulses per spot, 300 µm spot size. Source: ref. [96].

pulses at a low repetition rate seem to produce surfaces with less thermal damage

and better adhesive properties than lower intensity, microsecond long pulses at

higher repetition rates.

The pulpal temperature induced by the Er:YSGG lasers was not evaluated

neither for the free-running nor for the Q-switched laser, but work by Cavalcanti

et al. [95] using other lasers suggests it will be within acceptable levels, at least

when water cooling is used.

The evidence presented in this Section indicates that, similarly to the Er:YAG
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lasers, the YSGG lasers are also good candidates for the minimally invasive proce-

dure described in Chapter 1. Their cost is comparable to the cost of the Er:YAG

lasers, and the issues to address before they can perform optimally are simi-

lar. In fact, despite the existence of aspects that still need to be improved, the

Er,Cr3+:YSGG lasers at 2.78 µm (free-running) are already being commercialized

for conventional cavity preparation, under the denominations WaterlaseTM 21 (BI-

OLASE) and WaterlaseTM MD 22 (BIOLASE). Nevertheless, they were not further

investigated in the work that led to this Thesis because the results that were ob-

tained (using the Er:YAG and the CO2 laser) can easily be extrapolated for this

laser.

3.4.2 The CO2 lasers

The CO2 lasers emit at various wavelengths between 9.2 and 11.4 µm; the strongest

lines are those at 9.3, 9.6, 10.3 and 10.6 µm, and these are the most heavily in-

vestigated ones in the context of dental hard tissue laser ablation. While a large

amount of information has been collected on ablation of dental hard tissues, these

lasers are not currently being commercialized with this aim. Instead, the 10.6 µm

wavelength is clinically used to cut and ablate soft tissue because of its good hemo-

static properties, under the denominations NovapulseTM LX-20SP 23 (OpusDent),

OpusDuoTM 24 (OpusDent) and Smart US20 25 (Deka Lasers).

Nelson et al. [112] assessed the response of human dental enamel to the four

CO2 wavelengths being evaluated in this subsection. Under similar laser operating

parameters and nanosecond-long pulses (pulse duration = 100 – 200 ns, repetition

rate = 0.67 Hz, fluence per pulse = 10 – 50 J/cm2, 400 pulses per spot) and with-

out using water cooling, they found that λ = 9.3 µm produced the higher peak

temperatures after the laser pulse (1050 ± 40 ◦C) and that the peak temperature

decreased as the wavelength increased (at λ = 10.6 µm the peak temperature

was 810 ± 30◦C for the 50 J/cm2 fluence). The temperature rise induced by the

λ = 10.3 µm is very similar to that induced by the λ = 10.6 µm laser which,

together with the very similar optical properties of enamel at these wavelength,

suggests that the response of enamel to these two wavelengths will be almost

21http://www.biolase.com/waterlase.html
22http://www.biolase.com/waterlaseMD.html
23http : //www.opusdent.com/site/productapplications/product.list.asp?fid = 7&did = 77
24http : //www.opusdent.com/site/productapplications/product.list.asp?fid = 7&did = 83
25http : //www.dekalaser.com/prodsch.php?type = ENG51
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identical. The same can be said, although to a lesser extent, for the λ = 9.3

and λ = 9.6 µm wavelengths. Nelson et al. found that all the wavelengths caused

melting of the enamel surface, which was more extensive for the shortest wave-

lengths; the melted areas showed evidence of recrystallization (formation of larger

HA crystals) and resolidification as amorphous material. At the higher fluences

tested, the treated surfaces also presented cracks and fractures, sometimes hidden

beneath the melted layer. They also evaluated the degree of chemical transfor-

mation in enamel induced by the the shortest wavelength at the highest fluence,

and they found that it was significant: the IR spectra indicated that tetracalcium

monoxide was formed and that the carbonate content of the treated sites was ap-

proximately one third of that in untreated enamel. These results indicate that,

although all the CO2 wavelengths can indeed ablate dental enamel, even pulses

as short as 100 – 200 ns can cause prohibitive thermal and mechanical damage

when ablating enamel. If these lasers are to be a possibility for the tunnelling

technique, their operating parameters need to be optimized. In the remainder of

this subsection I will discuss the results of using longer pulses for each of the four

wavelengths in more detail.

Forrer et al. [113] compared effects of the four CO2 wavelengths on bone, with-

out water cooling, using various pulse durations. Forrer et al. found that, for a

pulse duration of 0.9 µs (repetition rate = 0.5 Hz, 16 or 32 pulses per spot), the

ablation thresholds increase with increasing wavelength, varying between ≃ 1

and 2.5 J/cm2. However, the heat of ablation26 remains approximately the same.

For these short laser pulses and λ = 10.6 µm, they found ablation to be more

efficient at lower fluences than at higher fluences; the decrease in ablation effi-

ciency at higher fluences was related to absorption by plasma observed to exist at

the ablation site at these higher fluences. The surface of the ablated site when

lower fluences were used presented no evidence of melting but, when the fluence

used allowed the observation of plasma at the surface, melting occurs and a larger

area of thermally altered material was detected. Different results were obtained

by the same authors when using much longer laser pulses, at λ = 10.6 µm (pulse

duration = 250 µs): a melted surface was observed and an ablation site with a

thicker thermally affected layer (50 – 70 µm thick) was formed. Extensive ther-

mal damage and melting is observed both at low and at high fluences. Contrary

to ablation by short pulses, the ablation by long pulses was more efficient when

fluences above the plasma formation threshold were used. They concluded that

26The heat of ablation is the energy per unit volume necessary to initiate ablation.
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the shorter pulses they tested for λ = 10.6 µm were preferable to the longer

pulses because the extent of thermal damage caused to the tissue is much lower

and the ablation efficiency is higher, allowing the use of high fluences still bellow

the plasma formation threshold. This conclusion can be extrapolated to the other

CO2 wavelengths since the optical properties of HA and water, while varying for

wavelengths 9.3 to 10.6 µm, are of the same order of magnitude. Forrer et al. ver-

ified that, although the ablation threshold for enamel at λ = 10.6 µm is higher

than at 9.3 µm for the short pulses they tested, at higher fluences (but still bellow

the plasma formation threshold) the ablation depth per pulse is actually greater

for λ = 10.6 µm, consequence of the greater penetration depth of the longer wave-

length radiation. The authors concluded that a laser working at λ = 10.6 µm and

with a pulse duration on the order of a few microseconds would most likely yield

the best results in ablating bone. As mentioned before, this conclusion should also

apply to dentine, because of the similarities between the chemical composition of

both materials.

Kimura et al. [114] investigated the effect of a pulsed λ = 9.3 µm laser in

dentine, without using water cooling, with the aim of increasing the resistance of

dentine to acid attack. At the operating laser parameters they used (pulse du-

ration = 300 µs, repetition rate not given, fluence per pulse = 53 or 61 J/cm2,

number of pulses per spot not given), they found that dentine was effectively

ablated with some evidence of melted material but without cratering or crack-

ing at the lased surface. However, they investigated the morphology below the

surface of the treated area, and found that a large density of dentinal tubules

was sealed there (unlike at the surface) and that some cracking below the surface

had occurred. Fried et al. [74] also investigated the effect of long pulsed lasers

at λ = 9.3 µm (pulse duration = 100 µs, repetition rate = 1 Hz, 25 pulses

per spot), and reached similar conclusions. They found that even fluences as low

as 1 – 2 J/cm2 caused large cracks and carbonization (note that the ablation

threshold for dentine is 2 J/cm2). They also observed that the irradiated sites

presented reduced content in carbonate and higher crystallinity when compared to

non-irradiated sites. The same authors observed similar, but less marked, surface

modification and thermal damage at the irradiated sites when using much shorter

laser pulses and lower fluences (pulse duration = 6-8 µs, repetition rate = not

given, fluence per pulse = 0.5 J/cm2, number of pulses per spot not given).

Fried et al. [96, 84, 107] investigated the performance of a Q-switched CO2

laser at 9.6 µm (pulse duration = 6 – 8 µs, repetition rate not given, fluence
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per pulse = 70 J/cm2, 20 pulses per spot) on bovine enamel. These authors

found that, when water was not used, large regions in the ablation crater had

a glazed appearance, indicative of thermal damage, and no signs of the desired

apatitic phases. On the other hand, the same laser parameters used in conjunction

with water yielded an enamel surface with a better surface morphology and with

almost no chemical modification to the HA. Zuerlein et al. [115] also investigated

this wavelength’s capability for increasing enamel’s resistance to acid attacks, and

found that 20 pulses as short as 2 µs and with a fluence as low as 2 J/cm2 could

achieve this to a high degree. However, even at these low fluences they found

evidence of melting. Furthermore, Fried et al. [66] also suggest that the high

specular reflectivity of enamel at 9.3 and 9.6 µm (as high as 50 %) may be a safety

issue in a procedure that is to be carried out inside the patient’s mouth.

The CO2 laser at 9.6 µm has been shown by Dela Rosa et al. [80] to ablate

dentine efficiently and with minimal thermal damage if used in Q-switched mode

with water cooling (pulse duration = 5 µs, repetition rate not given, fluence per

pulse = 5 – 40J/cm2). In fact, thermal damage was limited to a layer around 8 µm

thick when water was not used, and decreased to a 4 µm thick layer when water

was used; it should be noted that thermally induced chemical changes were not

present in the thermally affected layer. However, when water was not used, char

particles were present at the ablated site for all but the lowest fluences used. Dela

Rosa et al. found no evidence of mechanical damage either with or without water.

The same authors ablated dentine at this wavelength using similar repetition rates

but much longer laser pulses from a free-running laser (pulse duration = 100 µs,

repetition rate not given, fluence per pulse = 5 - 40 J/cm2). At this longer laser

pulse, they still could not observe any mechanical damage both with and without

water, but they found that the thermally affected layer was thicker: ≃ 6 µm when

using water and ≃ 12 – 35 µm without water. This time, thermally induced

chemical changes were observed in the ablated site, both in the areas that had

been lased using a water spray as those that had not. Dela Rosa et al. also

determined the ablation rates for dentine and found them to be on the order of

tens to hundreds of micrometers per pulse, much higher than the ablation rates

using excimer lasers.

Identical conclusions were reached by Sheth et al. [110], who used similar

laser parameters to ablate dentine with and without water cooling (pulse dura-

tion = 6 µs, repetition rate = 5 Hz, fluence per pulse = 15 J/cm2, 10 pulses

per spot for the Q-switched CO2 laser, and pulse duration = 100 µs, repetition
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rate = 5 Hz, fluence per pulse = 20 J/cm2, 10 pulses per spot for the free-running

CO2 laser). Sheth et al. went one step further and tested the ablated sites for

the shear bond strength. They found that the dentinal surface ablated with the

Q-switched CO2 laser and water cooling presented the highest strength. Sheth et

al. included in their work an evaluation of the shear bond strength of dentinal sur-

faces ablated by Er:YSGG (Q-switched and free-running) and Nd:YAG at 355 nm

(already discussed in more detail earlier in this Section), and found that the high-

est bond strength of all was obtained using the Q-switched CO2 laser with water

cooling, and this was still inferior to that obtained using a standard acid etch on

dentine. Neither of these authors measured the temperature change induced by

the lasers on the pulp, but work by Cavalcanti et al. [95] indicates it is likely that

the temperature rise at the pulp when using Q-switched lasers and water cooling

will be acceptable, at least for the short pulses for which thermal damage at the

ablated site was minimal.

Lee et al. [97] evaluated the influence of pulse duration in dentine ablation by

a CO2 laser at λ = 9.6 µm, and found that pulses of 10 µs cause no observable

charring or melting in dentine when water was not used (repetition rate not given,

fluence per pulse = 22 J/cm2 for both lasers, varying number of pulses per spot),

whereas pulses of 140 µs caused extensive charring. They subsequently evaluated

the ablation rates at various fluences between 4.2 and 50 J/cm2 and pulse durations

between 0.8 and 10 µs, and found that much higher ablation rates (30 to 40 µm

per pulse when fluence is 30 to 45 J/cm2) are obtained using 10 µs pulses than

using 0.8 µs pulses, which make these slightly longer laser pulses better from a

clinical point of view. They also found that ablation of dentine by the shorter

pulsed CO2 lasers generated high intensity noises, similarly to what happens when

ablating the same material by Q-switched Er:YAG lasers, which seems to suggest

that laser pulses with duration inferior to ≃ 5 µs may be inadequate to provide

dental treatment because of the possibility of causing damage to the patient’s

hearing. Work by Ertl et al. [116] seems to suggest that CO2 laser pulses with

duration lower that ≃ 10 µs and high fluences27 can produce sound pressure level

in excess of 95 dB(A), at a distance of 25 cm from the ablation target, a sound level

that is not allowed by workers protection law and may cause damage to hearing.

Should lasers with these characteristics be considered to provide dental care, this

possibility needs to be carefully evaluated to ensure patient’s safety.

27It is not possible to determine the fluences used in their study because of lack of data or
incorrect data given in their paper.
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Fried et al. [98] investigated the effect of pulse duration on ablation of bone

by a λ = 9.6 µm laser and no water cooling, and they found no evidence of

thermal damage when the laser pulses were 5-8 µs long, for fluences between 1

and 30 J/cm2 (repetition rate = 1 – 2 Hz, number of pulses per spot not given,

but large), as compared to 10, 50 or 100 µs laser pulses. The ablation rates

were higher for the 8 µs laser pulse than for the 5 µs laser pulse, mainly because

the temporal profile of the 5 µs laser pulse has a very high intensity peak during

the first 200 ns which causes plasma formation and, consequently, decreases the

absorption of radiation by the tissue.

Zuerlein et al. [115] compared the efficiency of a CO2 laser at λ = 9.6 and at

λ = 10.6 µm to increase enamel’s resistance to acid attacks and they found that,

even though the absorption coefficient of enamel at λ = 9.6 µm is much higher

than at λ = 10.6 µm, the λ = 10.6 µm wavelength achieves the desired results

with a lower number of pulses (pulse duration = 2 µs, repetition rate = 0.5 Hz,

fluence per pulse = 2J/cm2 for λ = 9.6 µm and 4 J/cm2 for λ = 10.6 µm, 5 pulses

per spot).

This review indicates that the CO2 lasers tend to inflict serious thermal dam-

age to dental hard tissue when water cooling is not used, in particular the 9.3

and 9.6 µm wavelengths that are most highly absorbed by the enamel. The results

strongly suggest that the duration of the laser pulse, the pulse repetition rate and

the use or not of water cooling strongly influence the outcome of ablation. The

most appropriate pulse durations and repetition rates seem to lie in the range of 0.5

to 10 µs and 1 – 20 Hz, and water cooling seems to be determinant in minimizing

thermal damage to dental hard tissue. The most appropriate wavelength to mini-

mize thermal damage seems to be the 10.6 µm, which has a lower (although still

acceptably high) absorption coefficient. The review indicates that the potential

of this laser to ablate dental hard tissue has not been thoroughly assessed by the

scientific community, and that it may perform well if the correct laser parameters

are used. This potential, together with the fact that this is one of the least expen-

sive equipments and that it is already extensively used in soft-tissue applications,

makes it a good candidate for the procedure in question here, and thus this will

be one of the wavelengths investigated in this Thesis.
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3.5 Summary and conclusion

A table summarizing the review of the literature presented in this Chapter is given

in Annex 3.

Examining this table one realizes that several points regarding the effect of

particular combinations of wavelength and laser operating parameters have not

been evaluated in this review, either because they are not available in the liter-

ature or because of limitations on the author of this Thesis. For some of these

points, however, it is possible to extrapolate from information obtained from other

wavelength and laser operating parameter combinations. Regarding the extent of

pulpal heating, only evaluated for long-pulse Er:YAG lasers and considered to be

within safe limits in this case, it is reasonable to assume that the pulp tempera-

ture will remain within acceptable limits for any of the wavelengths/parameters

combinations evaluated, providing that water cooling is used. While it seems that

some lasers generate enamel or dentinal surfaces with worse adherence properties

than the same surface treated only with acid etch, it is also likely that this will not

be an issue for any wavelength since it has been demonstrated that an irradiated

surface can be treated by other methods (such as acid etching) that will increase

its adherence to acceptable levels. The same can be said about the resistance of

irradiated surfaces to acid dissolution: even in the cases where the acid dissolution

is increased, subsequent treatment with fluoride can decrease it again to acceptable

levels.

The only effects that should be considered in the choice of the most promising

wavelength and laser operating parameters are thus the extent of thermal and

mechanical damage inflicted on dental hard tissue ablation, the ablation rates, the

possibility of drilling long tunnels and the cytotoxicity of the laser. This review

of the literature indicates that short pulsed (up to 10 µs) IR lasers are better

candidates to produce long tunnels through dental hard tissue than UV lasers.

UV lasers present several drawbacks that make them less good candidates for the

job: the high extent of mechanical damage caused at the ablated sites, the possible

mutagenic effects that some wavelengths may have, their low ablation rates, their

high cost and relatively large size. While the free-running IR lasers ablate dental

hard tissue efficiently, they seem to cause extensive thermal damage if water is not

used during ablation. Because the use of water may be problematic when drilling

long tunnels (water may accumulate at the tunnel and thus prevent ablation from

taking place after some time), shorter pulsed IR lasers are a better choice. However,

very short pulses (0.5 – 2 µs) seem to cause more extensive mechanical damage
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and are much less efficient at ablating material. The ideal IR pulse duration seems

thus to lie in the 5-10 µs range, and evidence suggests that it may be possible to

obtain very acceptable results, thus precluding the need to recur to femtosecond

lasers.

IR lasers are preferable to UV and femtosecond lasers because they may also

be used in other procedures, such as soft tissue surgery (the CO2 laser at 10.6 µ in

particular is very widely used for this) and even enamel whitening. The possibility

of being used for more than one type of procedure makes them a more cost-

effective choice from the clinician’s point of view. For this reason, because the

UV lasers did not present any marked advantages over the IR wavelengths and

because much less experimental information is available for the UV than for the

IR lasers, this Thesis is only concerned with investigating the effect of IR lasers

in dental hard tissue. Only two IR lasers were chosen: the CO2 laser at 10.6 µm,

because it is potentially the most cost-effective equipment, both because it costs

less and because it can be used for a variety of soft-tissue procedures, and the

Er:YAG laser, because it is already widely used for hard tissue ablation and there

is a wealth of experimental data available, necessary to develop, implement and

validate our models. Furthermore, these lasers are representative of the two main

categories in which IR lasers may be divided in the context of dental laser ablation:

wavelengths mainly absorbed by the mineral and wavelengths mainly absorbed by

the water. Thus, the models developed for these lasers can easily be modified to

simulate the response of dental materials to any other mid-IR lasers such as the

YSGG lasers (also good candidates) provided that the necessary optical properties

of dental hard tissues are available at those wavelengths.

It is apparent from the discussion above that ablation of enamel poses more

challenges than ablation of dentine: the ablation rates are lower, the extent of

thermal and mechanical damage is normally much higher and, since it is in contact

with the buccal environment, the resistance of the ablated site to acid dissolution

is of extreme importance. For these reasons and because the duration of a PhD

program is limited in time, the remaining of this thesis is concerned only with

ablation of dental enamel by Er:YAG and CO2 (λ = 10.6 µm) lasers.

In order to develop models that will contribute to optimize the ablation proce-

dure in order to ensure that long tunnels can be produced, it is necessary first to

understand which phenomena play the determining role in ablation and at which

spatial scale they occur. Therefore, in the next Chapter the state-of-the-art in

ablation mechanisms and models for the Er:YAG and CO2 lasers and enamel will



Summary and Conclusion 73

be described, the influence of the various laser operating parameters (in particular

those parameters not discussed already in Chapter 2) on the outcome of ablation

will be discussed and the issues that are not yet sufficiently understood will be

highlighted.
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Chapter 4

Further considerations on

ablation of enamel by mid-IR

lasers

In this Chapter the state-of-the-art in the ablation mechanisms of enamel by

Er:YAG (λ = 2.94 µm) and CO2 (λ = 10.6 µm) lasers will be presented, and

the influence of operating parameters such as water cooling, laser spatial intensity

profile, absorption and scattering by the plume will be discussed in depth.

4.1 The mechanisms of ablation of enamel by

mid-IR lasers

Despite the fact that the Er:YAG and the CO2 lasers are absorbed equally well

by enamel (absorption coefficient ≃ 800 cm−1 for both wavelengths) and have

similarly low reflectance (5 – 10%) in enamel, they seem to cause very different

thermal effects this material. Fried et al. [63] verified that, for similar laser op-

erating parameters, the maximum temperature rise in enamel was only 150 ◦C

for the Er:YAG lasers, and was close to 500 ◦C for the CO2 laser (free-running

pulse, fluence per pulse = 4 J/cm2, other parameters not given by authors). A

possible explanation for this observation may be the different absorption coeffi-

cients of water at those wavelengths: 12000 cm−1 at λ = 2.94 µm, and 860 cm−1

at λ = 10.6 µm. Keeping in mind the absorption coefficient of enamel and

the inhomogeneous composition of this material (most of the water is thought

to exist in pores), it is possible to estimate the absorption coefficients of HA at

these wavelengths (which have not been found in the literature): ≃ 300 cm−1 at

75
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λ = 2.94 µm, and ≃ 800 cm−1 at λ = 10.6 µm. This difference in the absorption

coefficients implies that radiation at λ = 10.6 µm is much more absorbed by HA

than radiation at λ = 2.94 µm and provides an explanation for the different

surface temperatures observed for those lasers, as will be demonstrated further on

in this Thesis. Nevertheless, both these wavelengths inflict thermal damage (like

melting) to enamel to some extent, particularly if external water cooling is not

used, as was discussed in Chapter 3.

Most authors agree that the main mechanism of ablation of enamel by Er:YAG

lasers is the explosive vaporization of water. Fried et al. [63] observed that the

irradiated surfaces present clean fractures at the rod boundaries, which is consis-

tent with this ablation mechanism and also implies that the enamel microstructure

(particularly the water pores, located mainly at the rod boundaries) play an impor-

tant role in ablation. The ablation mechanism of enamel when the λ = 10.6 µm

is used, however, may vary according to the laser operating parameters, given that

somewhat contradictory information has been found in the literature. For the

CO2 laser at λ = 10.6 µm and microsecond pulse duration, Forrer et al. suggests

that the dominant ablation mechanism (for bone) should be the explosive vapor-

ization of water, despite the fact that water and mineral absorb radiation equally

well at this wavelength. As one moves to the more highly absorbed CO2 wave-

lengths, such as the λ = 9.6 µm, evidence suggests that the ablation mechanism

is predominantly melting and vaporization of the mineral [63], at least if water

cooling is not used. When water is used during λ = 10.6 µm ablation, little

or no melting, charring or carbonization is observed, which is consistent with the

explosive vaporization mechanism of water. On the other hand, if water cooling

is not used, extensive melting is observed, and it is possible that ablation takes

place partly by explosive water vaporization and partly by melting of the mineral

(which melts between 800 and 1200 ◦C [69]), in particular for the less absorbed

CO2 wavelengths such as the one being considered in this discussion. These obser-

vations strongly indicate that, in order to fine-tune the laser operating parameters

to obtain the best results in enamel ablation by both Er:YAG and CO2 lasers, one

can build very similar models, given that the ablation mechanisms for both can

be investigated in the same manner. Furthermore, the physical phenomena that

lead to ablation of material occur at a micrometer scale and are highly dependent

on enamel’s inhomogeneous chemical composition and structure. Consequently, if

the final objective is to fine-tune the laser operating parameters in order to ob-

tain the best results in ablation, models must necessarily include this material’s
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microstructure at the relevant scale, something which has not been done to date.

Another parameter that influences the outcome of ablation is the pulse dura-

tion. According to the conclusions arrived in Chapters 2 and 3, the pulse durations

most likely to produce the best results with respect to the outcome of ablation

should be between 0.5 and 10 µs. These pulse durations are significantly shorter

than the thermal relaxation time for enamel (≃ 50 µs), which should keep the

thermal damage to a minimum, but much longer than the acoustic relaxation time

(≃ 1.5 ns), which should keep the stress transients at a minimum also. However,

some experimental evidence suggests, unexpectedly, that even a 0.5 µs laser pulse

may induce cracking in the material, which indicates that the matter of stress

transients within this pulse duration range must be investigated further, in order

to determine the optimal pulse duration. The study of the stress transients is

further complicated by the fact that the means of delivering the laser pulse (via an

optical fibre in contact with the material rather than a non-contact beam delivery)

influence the frequency distribution generated, as was verified by Althshuler et al..

Altshuler et al. [117] have measured the acoustic signal emitted by enamel when

ablated using a free-running Er:YAG laser (pulse duration = 200 µs, repetition

rate = 10 Hz, fluence = 500 J/cm2), and have found that it is composed of fre-

quencies lying in two different ranges: the low frequency range around 10 kHz, and

a high frequency range around 100 kHz. This team verified that the low frequency

range was significantly more intense when the optical fibre delivering the laser

beam was in direct contact with the material, as opposed to a non-contact beam

delivery setup, as can be seen in Fig. 4.1. Therefore, it is necessary that models

give insight into this aspect of ablation, even at these pulse durations where one

would not expect stress transients to play a large role. The models presented in

this Thesis are able to simulate both the dynamic and static behavior of a mate-

rial to laser irradiation (but are not able to simulate the effect of different beam

delivery systems on the stress transients generated).

4.2 The role of water

The role of water, both that naturally existing in the tissues and that added during

ablation, has been discussed extensively, especially in the context of mid-IR lasers.

The water that exists in enamel (and dentine) is thought to play a vital role during

ablation. Given that the amount of water in dental hard tissue is known to vary
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Figure 4.1: Fourier image of laser-induced acoustic signal obtained during human dental
enamel processing by Er:YAG laser (pulse duration = 200 µs, repetition rate = 10 Hz, flu-
ence = 500 J/cm2) with no water irrigation. (a) Non-contact laser irradiation, (b) Con-
tact laser irradiation using a quartz fiber. Source: ref. [117].

significantly with the age of the tooth, between different teeth and even between

different areas of the same tooth [11], this implies that a careful assessment of

the results obtained with similar laser parameters and different samples must be

done. Work by Apel et al. [118] supports these conclusions: Apel et al. have

used Er:YAG and Er:YSGG lasers (pulse duration = 150 µs (FWHM), repetition

rate = 5 Hz, no water cooling) to ablate dental enamel, and have found that the

ablation threshold is lower in the cervical region, as a consequence of its higher

water content.

Externally applied water, on the other hand, serves multiple purposes during

ablation. The first purpose, and easiest to understand, is that of a coolant: applied

water is indispensable to cool the ablation site for IR lasers, as was discussed in

Chapter 3. Secondly, water plays a role during ablation, and influences the ablation

rates: the ablation rates of enamel by Er:YAG lasers are higher when a water layer

is previously applied to the ablation site, as was mentioned in Section 3. On the

other hand, ablation rates by the CO2 laser at 9.6 µm when water is used are

lower than when water is not applied, and it is likely that the same behavior is

observed for λ = 10.6 µm. Some authors (see refs. [82, 119]) have proposed that

the increased ablation rates of enamel by Er:YAG lasers occur because the applied

water gets inside the surface cracks and cavities and, when heated rapidly, expands

and causes fracture and material removal to occur. While the same phenomenon
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should take place during ablation by CO2 lasers, it may be counteracted by the

fact that, since this wavelength is highly absorbed by the mineral, the added water

in effect decreases the efficiency of the energy coupling to the material thus making

ablation less efficient.

Other authors, however, proposed that a hydrokinetic effect would be the cause

for the increased ablation rates of enamel when water is used. The hydrokinetic

effect hypothesis postulates that water droplets being sprayed onto the surface ab-

sorb part of the incident radiation. The vaporizing water then causes the droplets

to accelerate towards the surface and hit it with high kinetic energy, thus enhanc-

ing material removal. Fried et al. [96] disproved this hypothesis since they found

the ablation rates of enamel by Er:YAG lasers using a water layer at the surface

of the ablated site (i. e., without water droplets to be accelerated) were still much

higher than the ablation rates without water. Freiberg et al. [119] made a care-

ful evaluation of the hydrokinetic effect hypothesis: they irradiated human dental

enamel using an Er:YAG laser (pulse duration = 180 µs, fluence ≃ 35 J/cm2)

while hydrating it using water spray and an applied surface water layer. If the

hydrokinetic effect is felt intensely during ablation of enamel, then there should

be marked differences between the ablation efficiency in both those situations.

Freiberg et al. found that there was no significant difference between the results

obtained in both procedures: the ablation efficiency and the morphological charac-

teristics of the surface were the same. They further tested the hydrokinetic effect

hypothesis by irradiating various materials that do not absorb radiation at 2.94 µm

while using a water spray, and they found no evidence of ablation. These results

strongly indicate that the hydrokinetic effect hypothesis does not hold. Conse-

quently, the increase in enamel ablation efficiency observed using Er:YAG lasers

with water cooling [82] is most likely caused by the rapid expansion and vapor-

ization of water in surface cavities and cracks and by preventing or decreasing the

extent of tissue desiccation, known to occur to a large extent when temperatures

up to 300 ◦C are reached in enamel [65]. Despite this, Biolase still makes references

to the hydrokinetic effect when marketing their WaterlaseTM...

A third and more subtle role of externally applied water is its influence on

the chemical nature and morphology of the surface of the ablated site and, conse-

quently, on the degree to which that surface will adhere to filling materials and on

its tendency to dissolve under acid attack. Hydroxyapatite decomposes into other

calcium phosphates, namely tricalcium phosphate (TCP) and tetracalcium phos-

phate, at higher temperatures. These calcium phosphates have poorer mechanical
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properties than HA, and therefore it is not desirable that they are formed at the

ablated site. Yamashita et al. have shown that heating of stoichiometric hydroxya-

patite, nonstoichiometric oxyhydroxyapatite and Ca-deficient oxyhydroxyapatite

films at temperatures up to 1200 ◦C favors their transformation into tricalcium

phosphate, as can be seen in Fig. 4.2. However, the conversion of apatite into

(a) Phase diagram of apatite in
air, in the absence of water va-
por.

(b) Phase diagram of apatite in
the presence of water vapor.

Figure 4.2: Simplified apatite phase relations for stoichiometric hydroxyapatite (Ap1),
nonstoichiometric oxyhydroxyapatite or Ca10(PO4)6(HO)2−2xOx♦x (Ap2) and Ca-
deficient oxyhydroxyapatite films or Ca10−y♦y(PO4)6(HO)2−2x−2yOx+2y♦x (Ap3). The
hatched area shows the region where the effect of the water vapor was observed. In
the graphs, C55, C57 and C60 correspond to 55/45, 57/43 and 60/40 CaO/P2O5 molar
ratios. Source: ref. [120].

TCP is pushed onto much higher temperatures if the heating takes place in the

presence of water vapor. Consequently, wetting the ablation sites with water may

prevent or decrease the extent to which undesirable calcium phosphates are cre-

ated. This hypothesis is supported by work done by Fried, Ashouri et al. [84, 96].

These authors verified that when ablating enamel using Er:YAG and CO2 (9.6 µm)

lasers in the absence of water, non-apatitic phases such as mono, tri and tetra-

calcium phosphate are formed at the ablated site, which does not happen when

water is applied during ablation. Furthermore, the surface of the ablated site
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present a uniform roughness when water is used, but a glassy appearance when

water is not used. Ashouri et al. [84] propose that the recoil momentum associated

to water vaporization that follows irradiation may help removing poorly attached

surface debris, contributing to a less rough surface. While these observations pro-

vide good insight into the role of water during ablation, in order to understand

the exact mechanism by which water influences the chemical and morphological

characteristics of the ablated sites, it would be important to obtain the phase re-

lations for biological apatite as a function of temperature and to introduce the

phenomenon of phase change in the models, which was not work in this work.

While it is generally accepted that ablation of enamel by Er:YAG and CO2

lasers takes place because of water heating and explosive vaporization, building

models with predictive capabilities is not an easy task. The part played by water

is more difficult to model than one can think at first sight. For one thing, water

in pores is likely to be mixed with organic material, and it is not known how

the organic component (which exists in a smaller proportion than water but is,

nevertheless, significant) influences the optical, mechanical and thermal proper-

ties of the mix. For another, because the properties of pure water, in particular

the absorption coefficient at 2.94 µm, change during ablation. The dynamic op-

tical properties of water are particularly important for ablation by Er:YAG, be-

cause water absorbs radiation much more intensely than the mineral component.

Vodop’yanov [121, 122] investigated the dynamic optical behavior of water at 2.94

and 2.79 µm. He found that at 2.94 µm, water is strongly bleached by high inten-

sity (fluence per pulse = 0.1 – 100 J/cm2) laser radiation, when the pulse duration

varies between 10−7 and 10−10 s. For example, when the fluence of the radiation

is 100 J/cm2, the average transmission rises to 90%, from an initial transmission

of 0.15%. Vodop’yanov proposes that this phenomenon is a consequence of the

increase in the temperature of the liquid: when the temperature increases, the

hydrogen bonds between water molecules deform and weaken. This causes the

absorption band of the OH groups to shift in the direction of higher frequencies

and, consequently, the intensity of the band at 2.94 µm decreases. Because of this

shift, the absorption band at 2.79 µm initially increases, but for higher fluences

decreases again; the phenomenon corresponds to an even more pronounced shift

of the absorption band to higher frequencies. These results are corroborated by

experimental and theoretical work done by Shori et al. [123], as can be seen in

Fig. 4.3.

Cummings et al. [124] built theoretical models of absorption of radiation as a
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Figure 4.3: Experimental and theoretical changes in the effective absorption coefficient
of water at 2.94 µm as a function of energy deposited per volume. Note that three dif-
ferent beam diameters w0 and water layer thicknesses tH2O were used. Source: ref. [123].

function of depth in the absorbing material, based on Vodop’yanov’s data, and

concluded that the dynamic optical absorption coefficient of water will have a

significant impact on the depth of penetration of radiation into the tissue: the

optical penetration depth will be significantly larger than what could be expected

based on the absorption coefficient at low laser intensities. Similar conclusions

were reached by Shori et al. [123].

Shori et al. went beyond Vodop’yanov’s work, and measured the changes in

the absorption coefficient of water at 9.5 and 10.6 µm as a function of the energy

density in water. At both these wavelengths, as can be seen in Fig. 4.4 the effective

absorption coefficient of water does not change, provided that water bubbles are

not formed at the irradiation site.
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(a)

(b)
Figure 4.4: Change in the effective absorption coefficient of water as a function of energy
deposited per unit volume ((E/V)deposited) at (a) λ = 9.6 µm and (b) λ = 10.6 µm.
Bubble formation was observed for values of (E/V)deposited greater than ≃ 0.25 kJ/cm3.
Note that different beam diameters w0 and water layer thicknesses tH2O were used.
Source: ref. [123].
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These results are of significant importance for the modelling work which is

the subject of this Thesis, because they provide the background for the mod-

elling choices that were made regarding the absorption coefficient of water. More

specifically, the changes in the optical absorption coefficient of water at 2.94 µm

and 10.6 µm were not included because the energy per unit volume reached in our

simulation conditions are still low enough to ensure that this effect plays a minor

role in ablation. The author also did not include the phase transformation of HA

into other phases as a function of temperature and presence or absence of water,

although it is clear that this is something of interest, which should be included in

future work to be done on this topic.

4.3 Influence of the laser spatial intensity profile

The influence of the laser beam spatial profile is felt strongly during ablation; var-

ious authors have suggested that an inhomogeneous laser spot, i. e., one without a

”top-hat“ profile, causes more extensive thermal damage to occur: in certain areas

under the laser spot the fluence will not be high enough to provoke ablation, and

thermal damage will occur instead. This hypothesis was verified experimentally

by Meister et al. [125], who used an Er:YSGG laser with a Gaussian beam profile

- also called TEM00 (transverse electromagnetic mode) - with the characteristic

bell-shape in which the intensity of the laser beam is much higher in the center

than at the sides of the laser beam. Meister et al. found that at a fluence per pulse

of 13 J/cm2, the diameter of the crater is only about one third of the beam diame-

ter at 1/e2 of the incident intensity. When the fluence per pulse is 19.5 J/cm2, the

crater diameter becomes approximately two thirds of the beam diameter at 1/e2.

Farrar et al. [126] also investigated the influence of the spatial profile of the free-

running Er:YAG laser beam (pulse duration = 200 µs, repetition rate = 8 Hz)

on the morphology of the ablated crater in dentine and confirmed the results de-

scribed above. They found that a ”top-hat“ profile yielded craters with more

defined boundaries than a Gaussian-like intensity profile, which strongly suggests

that a ”top-hat“ spatial intensity profile should be used in the tunnel preparation.

These results confirm the importance of calculating the actual threshold ab-

lation fluence rather than taking the values normally indicated as the ablation

threshold fluence for combinations of particular materials and lasers, which are

actually averaged over the size of the laser spot and are somewhat different from
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the local values of incident fluence at each point of the laser spot. For the purpose

of comparing experimental results with theoretical ones, it is then important to

quantify the relationship between local fluence, Fl, and average fluence (or simply,

fluence, F), which can be done by simple calculations.

The spatial profile of a Gaussian laser pulse can be described in terms of inci-

dent local fluence by the following equation, which assumes that the radius of the

laser beam at 1/e2 of the incident intensity is given by twice the variance, or 2φ [2]:

Fl(r) = Fmax exp

(

− r2

2φ2

)

(4.1)

Therefore, the energy contained in a ring located at distance r from the center of

the laser spot and with thickness dr is:

dE(r) = Fl(r)2πrdr (4.2)

The total energy of the laser pulse can then be calculated by the following integral:

Et =
∫ R

0
Fl(r)2πrdr (4.3)

that is,

Et = −2πφ2Fmax

[

exp

(

− R2

2φ2

)

− 1

]

(4.4)

The average fluence is then given by

F =
Et

π (2φ)2 = −Fmax

2
(exp (−2) − 1) (4.5)

which means that the maximum fluence is expressed in terms of the average fluence

by

Fmax ≃ 2.31F (4.6)

Once the maximum fluence is known, it is possible to determine the local fluence

at the edges of the ablated crater, which corresponds to the threshold ablation

fluence that can be compared to theoretical results. As a quantitative example,

one again uses the work of Meister et al.: they used an Er:YSGG laser with a

Gaussian beam of diameter 800 µm at 1/e2 intensity level (φ = 200 µm) to ablate
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enamel, and found that the average ablation threshold fluence is ≃ 13 J/cm2.

Therefore, the maximum fluence at the center of the laser spot is ≃ 30 J/cm2

and, since the ablation crater only has a width of 270 µm, the local fluence at

the crater rim is ≃ 24 J/cm2. The value is significantly higher than the average

threshold ablation fluence, and again confirms that the area of enamel lying within

the laser spot but under lower fluences will suffer thermal damage to some extent.

In the work presented in this Thesis, the fluence used is significantly lower than

the average (and, consequently, the local) threshold ablation fluence.

4.4 Absorption and scattering by the ablation

plume

Once ablation begins, the ablated enamel forms a small cloud close to the ablation

site: the ablation plume. There is evidence to suggest that shielding by the ablation

plume takes place under certain irradiation conditions, which may lead to loss of

ablation efficiency since a part of the radiation does not reach the intended site

and is instead absorbed by the plume. In order to determine how to minimize

this effect it is necessary to understand by which mechanisms may shielding occur.

This implies that some knowledge of the composition of the plume and the speed

at which the various components move must be available.

Izatt et al. [127] investigated the composition and velocity of the plume pro-

duced by ablating bone using a λ = 2.7 – 3 µm (pulse duration = 350 ns,

repetition rate = 0.5 Hz, fluence per pulse = 20 – 40 J/cm2, varying number of

pulses per spot) and found that the plume was largely composed of particulates.

The diameter of the particulates ranged from 100 nm to 5 µm, with an average

diameter of 500 nm. They also found that the average velocity of the particulates

was ≃ 200 m/s, ranging between less than 100 m/s up to 500 m/s. Interestingly,

their results are in agreement with those obtained by Serra et al. [128, 129], who

ablated pure HA targets using a λ = 248 nm laser (pulse duration = 30 ns,

fluence per pulse = 2.6 J/cm2, 1 pulse per spot). Serra et al. also found that one

of the components of the laser plume were micrometer-size particulates travelling

at a speed on the order of 102 m/s. This similarity of results obtained by both

teams, despite the differences in material, pulse duration, wavelength and fluence,

suggests that analogous findings should also be obtained in the case of ablation of
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enamel by the wavelengths being considered here. Furthermore, it also indicates

that results obtained by Serra et al. regarding the speed of the atomic and mole-

cular cluster components of the ablation plume (which Izatt et al. did not look

into) may also apply to the ablation of enamel. Serra et al. found that the ablation

plume included an atomic/molecular component (mostly calcium atoms or single

ions) that expanded at much higher speed than the particulate component: typi-

cally, on the order of 103 to 104 m/s . While it is unlikely that ablation by mid-IR

lasers generates atomic or ionic calcium, it will certainly generate hot water steam.

Since the water molecules have a mass on the same order of magnitude as the cal-

cium ions, it is reasonable to think that the expansion of the water vapor will occur

at speeds on the order of 103 to 104 m/s also. Assuming a pulse duration between 1

and 10 µs, the average particulate will travel a distance of 0.2 – 2 mm during the

laser pulse, and the average water molecule will travel a distance of 1 – 10 mm. If

an average diameter of 0.5 mm is assumed for the spot, the obvious conclusion is

that a significant fraction of the water vapor will escape the region under the laser

beam before the end of the laser pulse. This conclusion indicates that the majority

of the plume shielding effect will most likely be a consequence of shielding by the

particulates, rather than shielding by the water vapor. Furthermore, the order of

magnitude of the speed of the plume components indicates that shielding by the

plume can be minimized if the repetition rate is kept below ≃ 1000 Hz, which

should allow enough time for the plume to clear the ablation site between pulses.

Shielding by the plume will decrease as the spot diameter is decreased also [130].

Shielding by the plume may occur because of two phenomena: absorption and

scattering. At first sight, it seems unlikely that absorption may occur because of

plasma formation in the plume since that would require extremely high values of

the local electric field at the plume to form that plasma. For pulse durations on the

order of 1 to 10 µs, this translates into fluences on the order of 108 to 109 J/cm2 [2],

clearly much higher than the fluences being considered here. However, Fried et

al. [131] verified experimentally that shielding by a plasma plume (detected by

the sharp decrease in ablation efficiency and by the appearance of a luminous

plume) occurs when ablating enamel using a microsecond laser pulse with a very

high intensity spike in the first 100 – 200 ns (using a λ = 9.6 µm at an average

pulse fluence as low as 3 J/cm2). Further work by Fried et al. [132] indicates that,

for λ = 9.6 µm, if a laser pulse without a high intensity spike is used, average

pulse fluences as high as 15 J/cm2 may be used before the ablation efficiency

decreases abruptly because of shielding by the plasma plume. Before the onset of
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plasma, the ablation rate and ablation efficiency increase with increasing fluence,

although not linearly, which indicates that the plume has some shielding effect

due to (normal) absorption and/or scattering. Similar observations were made by

Forrer et al. [113] using a λ = 10.6 µm laser (pulse duration = 12.5 µs, repetition

rate = 0.5 Hz) on bone (for which the plasma threshold is 25 J/cm2). Analogous

conclusions were obtained by Izatt et al. [127] for the ablation of bone using a

λ = 2.7 − 3.0 µm laser with 350 – 1000 ns pulse duration: at lower fluences per

pulse (below 30 J/cm2), ablation is associated with an audible crack but no visible

spark. Above that threshold, they observed a visible plume and found that the

efficiency and reproducibility of ablation was greatly reduced. Similarly to what

happens with the CO2 laser, below the plasma threshold, Izatt et al. found that

the plume still produced some attenuation of the incident laser beam.

While the threshold for plasma shielding may differ from the values just men-

tioned because of differences in the wavelength and the material, the qualitative

behavior of enamel under λ = 10.6 µm and λ = 2.9 µm should be similar to

the one just described. Therefore, plasma shielding can most likely be successfully

avoided if the pulse intensity profile and the maximum fluence of the laser pulse

are carefully controlled to avoid high intensity spikes.

Assuming that plasma is avoided, only absorption and scattering (most likely

by the ejected mineral particles, as was discussed previously) may play a role in

the shielding by the plume. The effect of absorption by the plume will most likely

be of lower intensity for the Er:YAG laser than for the λ = 10.6 µm laser.

This is a consequence of the fact that neither the mineral nor the water vapor

are expected to absorb radiation very significantly at λ = 2.94 µm, since the ab-

sorption coefficient of the mineral at this wavelength is very low and water vapor

practically does not absorb at λ = 2.94 µm [121, 122, 133], as was discussed in

Chapter 2. On the other hand, the mineral particulates are expected to continue

to absorb at λ = 10.6 µm, which suggests that shielding by the plume may be

somewhat significant. Discussing the influence of scattering on plume shielding is

much more complex to do than discussing absorption, in particular because the

wavelengths in question here are comparable to the dimensions of the majority of

the components in the plume (the particulates), thus indicating that the domi-

nant scattering mechanism will be Mie scattering rather than Rayleigh scattering.

Thus, no attempt will be made here to discuss the possible role of scattering in

the shielding by the plume, which limits the extent to which the plume shielding

effect can be explained and predicted from a theoretical level. Some experimen-



Absorption and scattering by the ablation plume 89

tal observations do exist, fortunately, and those indicate that, in general, plume

shielding at the wavelengths being considered here is not very significant (below

the plasma threshold), as will be discussed next.

Forrer et al. [113] investigated the behavior of bone under λ = 9.6 and 10.6 µm

(pulse duration = 12.5 µs, repetition rate = 0.5 Hz, 4 pulses per spot), and found

”a logarithmic dependence between the drilling depth, l, and the fluence, F“, which

can be described through the equation:

l = δ ln
[

D

δ

(

F

F0

− 1
)

+ 1
]

(4.7)

where δ is the attenuation depth in the debris, D is the attenuation depth in

the bulk material and F0 is the ablation threshold fluence. The exact same type

of dependence was found for the ablation of bone by a λ = 2.9 µm laser by

Izatt et al. [127] below the plasma threshold (pulse duration = 350 ns, repeti-

tion rate = 0.5 Hz, 5, 10 or 20 pulses per spot) and by Majaron et al. [134] for

a much longer pulse from a free-running Er:YAG laser and dentine (pulse dura-

tion = 100 µs, repetition rate not given, fluence between 10 and 80 J/cm2, 10

pulses per spot). The fact that the same dependence was found for long and for

short pulses, both for dentine and for bone, suggests that it may be possible to do

the same thing for enamel, for which results using short pulses could not be found.

The results obtained by Majaron et al. [134] using the Er:YAG laser on enamel

indicate that the dependence of the crater depth with the incident fluence is better

described by a linear instead of a logarithmical relationship, which indicates that

screening by debris is much less important in ablation of enamel than in ablation

of dentine at λ = 2.9 µm. This information could not be found in the literature

for ablation of enamel by λ = 10.6 µm, but was determined by Fried et al. [132]

for λ = 9.6 µm (parameters given before), who found a slightly logarithmic de-

pendence between the ablation rate and the incident fluence, for fluences between

the ablation threshold and 10 J/cm2. Given that the ablation debris produced by

dentine and enamel ablation should be entirely similar, the observed differences

with respect to shielding by the plume are most likely a consequence of the amount

of debris produced per pulse: the ablation rate of dentine is at least twice as high

as for enamel, which implies that the cloud of debris is more dense, thus causing

more intense shielding of the radiation.

In summary, shielding by the plume should not impair the ablation rates,

provided that the fluence per pulse is kept low enough so that plasma is not
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formed and that pulse repetition rates are kept below ≃ 1000 Hz, so that the

plume generated by a laser pulse can clear before another pulse hits the target.

Therefore, it was not found necessary to include the effect of the plume on the

models presented in this Thesis.

4.5 Conclusion

The discussion in the present Chapter culminates in the conclusion that any mod-

els on the ablation of enamel by mid-IR lasers that aim to give further insight

into the ablation mechanisms and allow determining the optimal values for the

laser ablation mechanisms must necessarily include the mesoscale structure of this

material at a micrometer scale, in particular the water pores. Furthermore, the

models must be able to simulate the response of the material in the nanosecond

to microsecond range. This implies that simple continuum models are not appro-

priate, since they will not be able to include the microstructure of the material.

On the other hand, electronic, atomic or molecular scale models will not be able

to accommodate the large spatial and temporal scales that is indispensable in this

problem. The most appropriate tool to tackle the present problem thus seems to

be the Finite Element Method, which is able to fill all the necessary requirements

and which will be discussed further in Chapter 5.
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The modelling tools to use: the

finite element method

In this Chapter, a brief description of the finite element (FE) method will be

made where the general character of the method will be emphasized and the most

important concepts associated with it will be described. After summarizing the

general steps associated with building models and performing simulations, the

issues surrounding the choice of the mesh of the models, the elements to use

and the appropriate algorithms will be explained and the options made for the

simulations reported here will be justified.

5.1 General description of the FE method

The Finite Element Method (FEM) is a generic mathematical method used to ob-

tain numerical solutions to equations that are impossible to solve analytically. Such

equations appear routinely in many areas of engineering and science, and obtaining

a solution for them is sometimes of considerable practical importance. Although

there is no limitation as to the type of equation that may be approximated using

the FEM, to date this method has been most widely used in mechanical and civil

engineering to solve problems in solid mechanics, heat conduction, fluid mechanics,

acoustics and electromagnetism. The FEM is a powerful tool, capable of handling

mathematical problems with a diverse range of features [135]:

• With the FEM it is possible to obtain approximate solutions to differential,
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integral, integrodifferential or variational equations.

• Boundary-value problems (very frequently known as equilibrium or steady-

state problems); eigenvalue problems (resonance and stability phenomena);

initial-value problems (diffusion, vibration and wave propagation) can all be

solved using the FEM.

• The region of space occupied by the system under study (the domain of the

problem), may have any geometric shape.

• The physical properties of the systems may vary from point to point in the

domain.

• The external perturbations imposed on the system (a force, pressure, bound-

ary temperature or heat source applied to a system in equilibrium), called

loads, may be of any kind.

The problem being addressed in this Thesis possesses all the characteristics

itemized above. The relevant mechanisms of enamel ablation by mid-IR lasers

are thought to occur at a micrometer scale and are related to the temperature

(and, consequently, stress) induced at the irradiated site. Therefore, in order to

understand the response of the material it is necessary to solve the equations

that describe the evolution of temperature and stress in it. Given the compli-

cated geometry of enamel at the micrometer scale, and the fact that the material

properties will vary in space and, possibly, time, it is not possible to solve these

equations analytically. The FEM thus seems the most adequate method to use for

the computational study being proposed here.

The FEM has been used and perfected for years to solve problems in solid

mechanics and heat transfer, analogous in their essence to the ones being addressed

in this work. Several commercial FE codes exist today, capable of solving large

and complex problems in one, two or three dimensions. Consequently, it did not

seem appropriate to develop a FE code for the particular application in question

here. Instead, the option was made to work with two commercially available codes:

ALGOR and ABAQUS. ALGOR is a relatively simple, but powerful, code, used

mostly during the initial work that led to this Thesis. ABAQUS is a more flexible

and complex package than ALGOR, necessary to carry out analyzes inaccessible

using ALGOR. All the simulations described in Chapter 6 were performed using

ABAQUS. These codes are very similar in their essence, and a general description

that applies to both is now given.
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When initiating a simulation, it is necessary to define the system to study (the

enamel) and the domain that will be simulated (the region of space and the inter-

val of time that will be investigated). The domain must then be partitioned into

smaller subdomains, or elements, of regular shape: typically, hexahedra (”bricks“),

tetrahedra (”wedges“) or pentahedra (”pyramids“) for three-dimensional domains,

thus forming what is commonly called a mesh. The elements are connected at

points called the nodes, which normally correspond to the corners of the elements1.

These steps are done by drawing a structure and meshing it using pre-processors

that are normally associated with the FE packages. Secondly, it is necessary to

define the equations for each element. These are algebraic equations that approx-

imate the original differential or integral equations expressing the conservation

or minimization of a given property (such as the conservation of energy or the

minimization of the potential energy of a system); in terms of the FE packages

available, this step translates into selecting the type of element of a given geometri-

cal shape to use. It is also necessary to define the constitutive equations describing

the behavior of the material in each element. Thirdly, the element equations are

numerically evaluated for each element, and the results are assembled into the

system equations which need to be solved. Before solving them, however, it is

necessary to impose the boundary conditions (normally with the help of the pre-

processor), which means that some terms in the system equations will be modified.

Subsequently, the system equations are solved, normally using the displacement

(or stiffness) method, which is an implicit method that assumes the unknowns of

the problem to be the displacements of the nodes. The equations could also be

solved using the force (or flexibility) method, which assumes that the forces are

the unknowns to the problem, but it has been shown that the stiffness method is

computationally more efficient [136]. A solution to the problem may also be ob-

tained using an explicit method, for which it is not necessary to solve a system of

equations because the solution is advanced kinematically from one time increment

to the next. Finally, the solution is evaluated by the user, normally with the help

of a post-processor associated to the FE package.

1There are elements that possess additional nodes at the middle of the edges.
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5.2 Obtaining the temperature and stress maps

5.2.1 The equations to solve

In this subsection the actual element equations implemented in ABAQUS will not

be presented, since a thorough description can be found in the literature accom-

panying that commercial package. Instead, a more simple version of the global

equations for which a solution is needed is presented, with the aim of illustrating

the type of problem being addressed in this work. A more detailed description of

the thermal and stress equations can be found in refs. [135, 136].

One may think at first that the heat conduction and thermal stress equations

which describe the effects of a mid-IR laser in any material should be solved si-

multaneously. However, this is often computationally very expensive, so whenever

possible the thermal and stress problems should be decoupled. In the present case,

the solution to the thermal problem is necessary to obtain the solution for the stress

problem. However, the stress solution does not influence the thermal solution, at

least before material removal takes place (under sub-ablation conditions as is the

case in the models presented here). This independence of the thermal solution on

the stress solution is a consequence of the fact that enamel is a brittle material.

For this reason, mechanical energy-dissipation processes in this material are nor-

mally not associated with plastic straining, and the stress field does not generate

heat. Therefore, in all the simulations described in this Thesis the thermal and

mechanical solutions were obtained separately: the thermal solution was obtained

first, and the solution for the thermal stress problem was obtained subsequently,

taking the thermal solution as input.

The general form of the governing equations for the thermal problem can be

understood using a simple, one-dimensional example such as the one in Fig. 5.1.

Applying the energy conservation principle to the volume depicted in Fig. 5.1, the

following equations are obtained

Ein + Egenerated = ∆U + Eout

qxAdt + QAdx dt = ∆U + qx+dxAdt (5.1)

where Ein is the energy entering the control volume, Egenerated is the energy gen-

erated (or disappearing, in case of a heat sink) in the material, ∆U is the change

in internal energy in the volume and Eout is the energy coming out of the control
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Figure 5.1: Control volume for one-dimensional heat conduction. Source: ref. [136].

volume. A is the cross-sectional area of the non-insulated faces of the control vol-

ume, qx and qx+dx are the heat fluxes (energy per unit time and per unit area)

coming into and out of the volume, and Q is the internal heat source (energy per

unit time and per unit volume). Now, qx may be calculated using Fourier’s law of

heat conduction, that states that the heat flux in a given direction is proportional

to the temperature gradient in that direction, according to the expression:

qx = −κxx
dT

dx
(5.2)

where κxx is the thermal conductivity of the material in direction xx. At point

x + dx, Fourier’s law takes the form:

qx+dx = −κxx
dT

dx
|x+dx (5.3)

The change in the energy stored can be expressed as

∆U = c ρA dx dT (5.4)

where c and ρ are the specific heat and the density of the material, respectively.

It is by substituting eqs. 5.2, 5.3 and 5.4 into eq. 5.1, that the one dimensional

heath conduction equation is obtained:

∂

∂x

(

κxx
∂T

∂x

)

+ Q = ρc
∂T

∂t
(5.5)
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The equation for the three-dimensional heat conduction problem will naturally

be more complicated, but the basic energy balance shown in eq. 5.1 is also obeyed.

Solving the heat transfer equations will yield a temperature distribution through-

out the domain for various instants in time. This temperature distribution is

passed into the mechanical analyzes and will induce thermal stresses because of

the constrained expansion of the structure. For a one dimensional problem, the

equation describing the thermal stress is

εx =
σx

E
+ εT (5.6)

where εx is the strain of the material experiencing stress σx and εT is the thermal

strain (the strain induced solely by the unconstrained thermal expansion of the

material). This equation means that, whenever the temperature is different from

the reference value at which the thermal strain is zero, thermal stress will be

induced if the structure cannot move freely. The stress will be proportional to the

difference between the actual configuration of the structure and the configuration

that the structure would naturally have if allowed to expand at will.

5.2.2 The algorithms to use

There are both fundamental and practical differences between the implicit and

the explicit algorithms that were used in the work presented in this Thesis. At

a fundamental level, when obtaining a solution for a given instant in time using

an implicit algorithm, one needs the values for nodal quantities (eg. the displace-

ments) at the previous time increment but also the values of the loads experienced

by the system at the current time increment. This method requires a system of

equations to be solved at each time increment and, consequently, can become com-

putationally very demanding, particularly for non-linear problems. When using

the explicit method there is no system of equations to solve, and it is only nec-

essary to use quantities obtained at the previous time increment. The differences

between the two methods are illustrated in the following examples.

The examples are concerned with obtaining the stress and displacement suffered

by the system in Fig. 5.2, in which a force P is applied to the free node (node 1) of

a system of three rods of length l, area A and linear elastic behavior described by

a Young’s modulus E. The numbers in circles correspond to the element numbers

(in this case, beam elements), the other numbers are the node numbers.
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Figure 5.2: Initial configuration of a rod with a concentrated load, P, at the free end.
Source: Abaqus 6.5 ”Getting started” manual.

When using the explicit method, the solution is advanced kinematically from

one time increment to the next. In the first time increment, force P confers to

node 1 an acceleration, ü1, which is calculated using Newton’s Law

ü1 =
P

m1

. (5.7)

Therefore, node 1 will move with velocity u̇1 and, consequently, element 1 will

experience strain rate ε̇el1:

u̇1 =
∫

ü1 dt =⇒ ε̇el1 = − u̇1

l
(5.8)

It is thus possible to calculate the total strain experienced by element 1 at the first

time increment by adding the initial strain of the increment, ε0 with the strain

caused by force P.

dεel1 =
∫

ε̇el1 dt =⇒ εel1 = ε0 + dεel1 (5.9)

Finally, the stress experienced by element 1 at the end of the first increment can

be calculated according to

σel1 = E εel1 (5.10)

In the second increment the stresses in element 1 apply internal forces to ele-

ment 2 (see Fig. 5.3), which are then used to calculate the dynamic equilibrium

accelerations at nodes 1 and 2:

ü1 =
P − Iel1

M1

=⇒ u̇1 = u̇old
1 +

∫

ü1 dt (5.11)
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Figure 5.3: Configuration of a rod with a concentrated load, P, at the free end, at the
beginning of the second increment. Source: Abaqus 6.5 ”Getting started” manual.

ü2 =
Iel1

M2

=⇒ u̇2 =
∫

ü2 dt (5.12)

Similarly to what was described for the first increment, the velocities at the nodes

can then be used to calculate the strain rate and, finally, the stress experienced by

both elements.

ε̇el1 =
u̇2 − u̇1

l
=⇒ dεel1 =

∫

ε̇el1 dt (5.13)

=⇒ εel1 = ε1 + dεel1 (5.14)

=⇒ σel1 = E εel1 (5.15)

This process is continued until the total time of the analysis is reached, or until

equilibrium is attained.

The equilibrium configuration of the same system can be determined using an

implicit method. Based on the free-body diagram presented in Fig. 5.4 (in which

the displacements, d, are not presented because they have similar orientations as

the forces), it is possible to write the element equations. The equation for element 1

is:




f1x(1)

f2x(1)



 =
EA

l





E −E

−E E









d1x

d2x



 (5.16)

where the numbers in subscript refer to the nodes and the numbers in parenthesis

refer to the element. The equations for elements 2 and 3 will not be presented since

they are very similar to the equation for element 1 (it is assumed that the length,

cross-sectional area and Young’s modulus for the three elements in the system are

the same).
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Figure 5.4: Free-body diagram of a rod with a concentrated load, P, at the free end.
In the label for each force, the numbers in parenthesis refer to the elements and the
numbers in subscript refer to the node number.

The nodal equilibrium equations can also be written, and have the form:

P = f1x(1) (5.17)

F2 = f2x(1) + f2x(2) (5.18)

F3 = f3x(2) + f3x(3) (5.19)

P4 = f4x(3) (5.20)

Combining the nodal equilibrium equations with the constitutive equations for

each element, one arrives at a system of equations that will yield the equilibrium

solution for the system:
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(5.21)

In abbreviated notation, eq. 5.21 can be written as F = Kd, where F is the global

force vector, K is the global stiffness matrix and d is the global displacement vector.

In this example it was attempted to determine the equilibrium stress and strain

of a structure in which the material behavior is linear. Therefore, the system

of equations would only have to be solved once. However, if the material had

non-linear behavior or if a dynamic solution was desired, a system of equations

would have to be solved at each temporal increment which makes this method very

demanding, as was already mentioned previously. In this case, the equilibrium

equations would include a term corresponding to the inertia forces, M ü. The
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dynamic example was not presented here because it is not the point of this Section

to give a comprehensive explanation of the FEM but rather to illustrate important

concepts of this method, which was achieved in this case by obtaining the more

simple, static solution to the example given.

The fact that, in the explicit method, the solution is advanced kinematically

from one time increment to the next implies that this method is appropriate to

simulate fast events occurring in short timescales, giving insight into the dynamic

evolution of the material. An implicit method can also be used to gain insight

into the dynamic behavior of an event, but either at a higher computational cost

or with some loss of information regarding the high-frequency dynamic behavior

of the material, if longer time-increments are chosen. On the other hand, the

implicit algorithm is unconditionally stable2, which does not happen with the

explicit algorithm. When using the implicit algorithm, the definition of the time

increment is solely a function of the type of problem and the desired precision in

the solution. For the explicit algorithm, the maximum value of the time increment

is limited by the time a dilatational wave takes to traverse the smallest dimension

found in any one element of the mesh; hence, this method becomes inadequate to

study phenomena that occur in long timescales.

In the work presented here, both these algorithms were used: the implicit

algorithm was always used to solve the dynamic heat transfer problem and to

obtain information on the quasi-static stress state of a material at a given point

in time; it was used occasionally to obtain some insight into the dynamic stress

behavior of the modelled structures when the explicit algorithm was considered

inappropriate or simply less practical. In general, the explicit algorithm was the

preferred one to investigate the dynamical stress and strain response of enamel to

laser radiation. In both the implicit and explicit procedures the automatic time

incrementation schemes available in ABAQUS were used since, in general, they

are known to perform better than user-defined incrementation procedures.

2At least for certain values of the algorithmic parameters.
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5.3 Obtaining the natural frequencies of a struc-

ture: the natural frequency extraction algo-

rithm

When developing appropriate boundary conditions for the models presented in this

Thesis it was necessary to ascertain whether the frequencies of vibration induced by

a single laser pulse, detected using the explicit algorithm, were representative of the

modelled structure. In order to do this, natural frequency extraction analyzes were

performed. The principles behind the natural frequency extraction procedure will

now be explained by making use of the simplest example possible: an oscillating

spring with a mass attached to one end, as can be seen in Fig. 5.5.

Figure 5.5: Mass-spring system.

The dynamic equation of motion of a mass-spring system is given by

p − ku = mü (5.22)

If the mass is pulled and then released, the system will oscillate at a given fre-

quency, called its natural frequency, and the equation of motion will be reduced

to

ku + mü = 0, (5.23)

when no damping exists. Solutions to this equation have the form

u = φ exp(iωt), (5.24)

(w is the angular frequency and t is the time) which, when substituted back into
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eq. 5.23, yield the eigenvalue problem

kφ = ω2mφ. (5.25)

This system has n eigenvalues, where n is the number of degrees of freedom

(DOF’s) in the finite element model (in the case of the spring given as example

above, only one natural frequency exists, with value ω = (k/m)1/2). For each

eigenvalue, ω2
i , its square root is the natural frequency of the jth mode of the

structure, and φj is the corresponding eigenvector or mode shape (the deformed

shape of the structure when it vibrates in the jth mode).

The actual implementation of such a procedure to solve cases with large num-

bers of eigenvalues is of course much more complex than the description just given.

A more thorough explanation of the numerical implementation of this procedure

can be found in the manuals accompanying ABAQUS, and therefore will not be

given here.

5.4 The mesh

The FEM provides an approximate solution to the mathematical formulation of

a physical problem. The accuracy of that solution is in part a function of the

algorithm used to solve it, but also of the degree to which the elements used and

the density of elements throughout the domain of the problem are adequate. These

choices cannot be automated and are left to the judgement of the researcher. The

main issues concerning the elements and the mesh to use in models will now be

described. The geometries of the domains simulated will not be discussed in this

Chapter, since they vary from model to model. Only those aspects of the mesh

which are common to all the models presented in Chapter 6 will be described in

this subsection.

Elements are characterized by the following aspects: the family to which they

belong (closely related to their geometric shape), the degrees of freedom (DOF) and

the number of nodes they possess (the order of interpolation), their formulation

and integration [137].

For the purpose of the system being investigated here, it was judged insufficient

to approximate the system by a two-dimensional model because of the complex

microstructure that enamel possesses. Also, it is known that elements with regular
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shapes (such as hexahedra, or ”bricks“) provide more accurate solutions than

less regular-shaped elements, such as tetrahedra. Therefore, families of three-

dimensional elements were used to build the domains of the simulations, and brick

elements were used whenever possible. Since the problem addressed by this work

is concerned with the evolution of the temperature and stress fields in a material,

only families of elements with temperature and displacement degrees of freedom

were used.

The choice of the element formulation, integration and order of interpolation

determines how well elements will behave under the particular loads applied. Be-

cause of the influence of these parameters on the quality of the results, they will

be discussed in some detail and the choices made for the simulations presented in

this Thesis will be justified. The temperature and displacement DOF’s are only

calculated at the nodes; values for other points in the element must be interpolated

from the values obtained at the nodes. For elements with nodes only at the cor-

ners, a linear function is used to perform this interpolation; hence, these elements

are called first order elements or linear elements. Elements with mid-side nodes

will use quadratic interpolation, and consequently are called quadratic elements or

second order elements. An example of linear and quadratic elements can be found

in Fig. 5.6.

Figure 5.6: Example of linear and quadratic elements. Source: Abaqus manual.

The element formulation is related to the theory that defines the behavior of

the model. All the elements used in this Thesis use the Lagrangian, or material

formulation, in which the material inside an element remains inside that element

throughout the entire analysis. The alternative formulation is called Eulerian, or

spatial, in which the material flows through the elements and the elements are

associated to spatial coordinates instead. Finally, the integration of an element

refers to the number of integration points (Gauss points) that the element pos-

sesses, which are used in the FEM to numerically evaluate quantities over the

volume of each element. Quantities such as the stress or heat flux per unit vol-
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ume, associated to a volume rather than a point, are not evaluated at the nodes

but at the integration points of an element. Elements may have full integration

(element quantities are evaluated at all the Gauss points) or reduced integration

(a reduced number of Gauss points are used to evaluate element quantities), as

exemplified in Fig. 5.7.

Figure 5.7: Example of full and reduced integration elements. Only half of the nodes
that make up the element are shown. The fully integrated element on the left has a
total of eight integration points; the reduced integration element on the right only has
one integration point. Source: Abaqus manual.

While it may seem at first sight that fully integrated, quadratic elements may

be the ones which yield the most accurate results, that is in fact not the case

necessarily. Particular types of elements may perform better or worse depending

on the type of loading (bending, direct or shear loads, for stress analyzes) they are

expected to carry. Fully integrated linear elements are known to perform poorly

under bending loads, even though they perform very well under shear or direct

loads. They suffer from a numerical problem known as shear locking, which means

that these elements are too stiff in bending. Shear locking is not a problem for

fully integrated quadratic elements, but these elements also lock under complex

stress states, so they should be used with caution and the results should be checked

carefully. One option to avoid shear locking is to use incompatible mode elements.

These use additional DOFs, internal to the element, to enhance the element’s de-

formation gradient. They can produce excellent results at a low computational

cost, provided that they are not heavily deformed. Linear and reduced integra-

tion elements behave oppositely to linear and fully integrated elements: they are

too flexible in bending, because they suffer from a numerical problem called hour-

glassing. However, in ABAQUS these elements have been given a small amount

of artificial ”hourglass stiffness” to limit propagation of unphysical results in the

mesh, which works well if a fine mesh is used and if the element is not heavily dis-

torted during the analysis. If properly used, these elements perform very well at a

low computational cost. Finally, quadratic and reduced integration elements are
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also available. These elements do not experience locking and, provided a sufficient

number of elements is used, hourglassing is also not a problem. Therefore, they

tend to be very good choices for most types of simulations.

In the analyzes presented in this Thesis several types of elements were used.

When using the implicit algorithm to solve thermal problems, three-dimensional

linear elements with full integration were applied. For stress analyzes using the

implicit algorithm, three-dimensional linear elements with full integration and in-

compatible modes were chosen, because of their low computational cost and good

performance if the distortion is small, as is the case. When the explicit algorithm

is used, three dimensional linear elements with reduced integration were chosen,

since they also perform well at a low computational cost3.

With respect to the mesh of the models, automatic meshers were not used

since they may produce irregular meshes and it is known that regular ones produce

more accurate results. Instead, the mesh for each model was created ”by hand“,

to ensure that the best elements and least deformed element-shapes were present

in the models.

3Fully integrated elements are not available for the explicit algorithm.
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Chapter 6

Description of models, results and

discussion

6.1 Boundary conditions

The work presented in this Thesis intends to explicitly consider the structure of

the material at mesoscopic scales, known to play an important role during abla-

tion [138, 139]. However, attempting to simulate an entire tooth with micrometer-

scale definition becomes computationally prohibitive, even if it is conceptually

desirable. Therefore, one needs to use smaller models to attempt, at some level

of approximation, to investigate the response of the entire system: the models

presented in this Thesis represent micrometer-size pieces of the macroscopic tooth

under laser radiation.

This approximation led to the important problem of determining which bound-

ary conditions (BCs) should be applied to the FE models so that one could effec-

tively simulate a piece of material which is a part of a larger object. Appropriate

BCs are determinant to obtain meaningful results; however, this problem has not

been specifically addressed in the literature. Authors such as Majaron or Zhigilei,

who do computational and theoretical research on ablation, either choose periodic

BCs for their models, or assume an infinite or semi-infinite material, [140, 141].

The work developed by these authors provided an important starting point for the

elucidation of ablation mechanisms, but further work on the subject still needs to

be done to fully understand the physics underlying laser ablation at mesoscopic

scales. Developing easy-to-apply BCs for static and dynamic FE models and ad-

equately accounting for the finite size and constraints of the region of material

being simulated – at the micrometer scale – is necessary if the results obtained

107
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are to be meaningful. This is the objective of the work presented in the coming

Section.

The boundary conditions developed have been applied to all the FE models

described in this Chapter: both to the FE models designed to investigate the role

of the static stress in the ablation mechanisms and to the more complex models

intended to capture the temperature and stress evolution taking place during and

after a sub-ablative laser pulse.

6.1.1 Model description

Before giving a detailed account of the boundary conditions (BC’s) that have been

developed, the common features to all models used to develop and test these BC’s

will be described. All the models have a parallelepiped shape, although different

models will have different sizes and all attempt to reproduce the behavior of a single

piece of enamel. Despite the fact that dental enamel has a microstructure, this

microstructure was not included in any of the models considered in this Section,

since it would introduce unnecessary complexity at this point. Since the BC’s are

to be subsequently applied to models of enamel being heated by a mid-IR laser,

laser heating was also used here.

The CO2 laser was chosen because of the similar absorption coefficients of

enamel and HA at this wavelength. The temperature rise experienced by the ma-

terial is therefore a function of the absorbed radiation, which in turn depends on

the incident intensity of the laser, the absorption and scattering coefficients of the

material and also its reflectivity. Scattering in enamel can be neglected at 10.6 µm

because of the high absorption coefficient at this wavelength, as was discussed pre-

viously in this Thesis. The reflectance has a value of 13% at λ = 10.6 µm [66].

Therefore, the energy deposition is determined by this tissue’s absorption coeffi-

cient and in first approximation all the incident radiation can be considered to be

absorbed and transformed into internal kinetic energy of the material. Taking into

account that the laser beam was considered perpendicular to the top and bottom

surfaces of all the models, using a Gaussian spatial intensity profile and a constant

temporal profile, the intensity of the beam inside the tissue, I(r, z), is thus given

by

I(r, z) = I0 exp(−µ.z) exp

(

−2r2

w2

)

(6.1)

where z is the depth inside the tissue, I0 is the intensity of radiation at the surface
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of the target, µ is the absorption coefficient of the tissue, w is the beam radius and

r is the radial distance from the center of the laser spot [2]. The heat deposited

per unit area and time, S(r, z), over a slice of material of thickness dz is given by

S(r, z) = −∂I(r, z)

∂z
= µI(r, z) (6.2)

A single, short (0.35 µs) laser pulse with sub-ablative intensity was considered,

which is compatible with the micropulse duration of free-running lasers and with

the pulse duration of Q-switched lasers. The models were oriented so that the

surface on which the laser shines is in the XY plane, and the optical axis of

the laser beam corresponds to OZ. The laser parameters used in the simulations

described in this Section are given in Table 6.1.

The analyzes investigated the evolution of the thermal and stress maps as a

function of time for a total of 250 µs, using the Implicit algorithm to obtain the

thermal solution and the Explicit algorithm for the mechanical problem in the

manner described in Chapter 5. It was assumed that the thermal stress in the

model was zero at the temperature of 37 ◦C.

Type of laser CO2 (10.6 µm)
Pulse duration (µs) 0.35
Maximum absorbed intensity, I0 (J/m2/s)) 1.2 ×1010

Number of pulses 1
Laser beam radius (mm) 0.2
Duration of simulations (µs) 250

Table 6.1: Laser and simulation parameters used in models Large, TestBC1 and
TestBC2. Note that the intensity translates into a fluence per pulse of 0.42 J/cm2,
far below the ablation threshold of enamel for the CO2 laser (2 – 3 J/cm2 for a 2 µs
laser pulse, according to Fried et al. [132]).

Enamel is a brittle material with a pre-fracture behavior which can be described

in first approximation by linear elastic relationships. Therefore, the mechanical

properties necessary to obtain the solution to the stress problem are the Young’s

modulus and Poisson’s ratio, provided one can ensure that cracking is avoided. In

these simulations, a laser intensity several times below the ablation threshold was

chosen, so that cracking can be avoided and the linear elastic material constitutive

equations can be used. The thermal, mechanical and optical properties of enamel

used in all the models are given in Table 6.2.
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Now that the common features to all models in this Section have been related,

the Boundary Conditions developed will be described.

6.1.1.1 Boundary conditions for stress analyzes

Despite the fact that the thermal analyzes are performed before the mechanical

analyzes, it is more convenient for the purpose of this description to first consider

the problem of determining the most appropriate BCs for the stress analyzes.

Lateral periodic BCs may not be appropriate to laser ablation modelling because

in this case the material can only expand upwards. Making the nodes at the lateral

and bottom surfaces of the model entirely fix is also not appropriate for the same

reason. However, it was conceived that a modified version of this second method

would lead to more appropriate BCs. The modification consists of surrounding the

core of the enamel model with a layer of another material (named Restrain-layer,

or RL), which makes the transition between the lateral and bottom fixed nodes

and the center of the model. The Restrain-layer must have properties that allow

the center of the model to expand while accounting for the constraining effect and

expansion of the bulk of the tooth. In effect, the Restrain-layer as a whole imposes

the BC’s to the central part of the models : by adjusting the material properties of

the Restrain-layer, the center of the models can effectively reproduce the dynamic

temperature, displacement and stress fields in the tooth.

Enamel Restrain-layer
TestBC1

Absorption coefficient (cm−1) 825 [69] 825
Density (kg/m3) 3.1 ×103 [142] 3.1 ×103

Thermal conductivity (J/(s.m.C)) 1.3 [143] 1.3
Specific heat (J/(kg.C)) 880 [143] 880
Youngs modulus (N/m2) 1.1 ×1011 [144] 1.0 ×1010

Poissons ratio 0.28 [145] 0.28
Expansion coefficient (◦C−1) 1.6 ×10−5 [146] αxx = 1.8 × 10−4

αyy = 1.8 × 10−4

αzz = 1.6 × 10−5

Table 6.2: Mechanical properties of enamel and Restrain-layer used in models Large

and TestBC1.

In order to determine whether the proposed method to impose BC’s actually

functioned, it was necessary to have a reference against which results from models

that use these boundary conditions could be compared. Given the impossibility
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of comparing results with experimental data (the necessary information could not

be found in the literature), the only possible way to assess the adequacy of the

proposed BCs was resorting to modelling. Therefore, it was decided to create a

large enamel model (named model Large) which is the reference against which

the results obtained using smaller (test) models were compared. The test models

intend to replicate the mechanical and thermal behavior of the central part of

model Large and therefore need appropriate BC’s, which are imposed by using

Restrain-layers with appropriate material properties. Note that, at this point,

none of the models intend to replicate the behavior of enamel in a tooth; they are

ideal models that use the material properties of enamel but which are not related

to real physical systems, and are only used to develop and test the BC’s.

Model Large (dimensions 65 × 65 × 20 µm3), our reference, represents a single

piece of human dental enamel. All the elements making up the model were assigned

the material properties of hydroxyapatite (the main component of dental enamel),

with the exception of the absorption coefficient, which is relative to human dental

enamel (see Table 6.2). The first test model, called TestBC1, (dimensions 19 ×
19 × 20 µm3) has a central region (the core of the model) made of enamel, and a

lateral outer-layer made of a different material, the already mentioned Restrain-

layer. Since TestBC1 has a smaller cross-section but the same height as model

Large, only the reduction in cross-sectional area needs to be addressed by its BC’s.

Therefore, only a Lateral Restrain-layer is considered for model TestBC1 (see

Fig. 6.1). The lateral and bottom nodes of model TestBC1 are also fix, and the

nodes at the top surface (on which the laser is shining) are free to move.

Up to now the general purpose of the Restrain-layer was described, but how

this layer actually imposes adequate boundary conditions was not explained; this

is the subject of the next lines. The mechanical properties of the Restrain-layer

must have values such that nodes in surface B experience the same stress and

displacement as nodes in surface A (see Fig. 6.1). In order to estimate these

values, it was assumed that enamel obeys a linear-elastic stress-strain relationship

until it fractures, as it was mentioned previously. For a bar, this relationship is

σ = E
∆ℓ

ℓ
(6.3)

where σ is the stress, E is the Young’s modulus of the material, ∆ℓ the elongation

suffered by the bar and ℓ is the initial length of the bar. The stress experienced

by the Restrain-layer is not uniaxial as given in eq. 6.3, but three dimensional, so
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Figure 6.1: Geometry of models (a) Large and (b) TestBC1. Only half of both models
is shown.

this relationship represents only a first-order approximation to the actual mechan-

ical behavior. However, it was considered that using the full three-dimensional

description would increase the complexity of the problem without a proportional

increase in the quality of the BC’s sought. By applying eq. 6.3 to models Large

and TestBC1, and considering that the displacement experienced by the the nodes

making up surface A (∆ℓen(surfaceA)) is equal to the the displacement experienced

by nodes in surface B (∆ℓRL(surfaceB)), and the stress experienced by enamel in

surface A (σen(surfaceA)) is equal to that experienced in surface B (σRL(surfaceB))

(see Fig. 6.1 to understand what is meant by surface A and B):

∆ℓen(surfaceA) = ∆ℓRL(surfaceB)

σen(surfaceA) = σRL(surfaceB)
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the following expression is obtained,

ERL = Een
ℓRL

ℓen

(6.4)

where ERL is the estimated Young’s modulus for the Restrain-layer, ℓRL is the

thickness of the Restrain-layer and ℓen is the thickness of enamel which is being

replaced by the Restrain-layer.

The Restrain-layer must also account for the thermal expansion which the

region it replaces experiences and its effect on the central part of the model. The

thermal expansion coefficient, α, of a bar is given by

α =
∆ℓ

ℓ

1

∆T
(6.5)

where ∆ℓ and ℓ have the same meaning as described before and ∆T is the change in

temperature. By applying Eq. 6.5 to models Large and TestBC1, and considering

that the temperature and displacement at surface A and B must be equal in both

models

∆ℓen(surfaceA) = ℓRL(surfaceB)

Ten = TRL

an expression to estimate the expansion coefficient of the Restrain-Layer, αRL, as

a function of the expansion coefficient of enamel, αen, is obtained:

αRL = αen
ℓen

ℓRL

(6.6)

Only the thermal expansion coefficients along the X and Y directions (αRL,xx and

αRL,yy) are scaled according to Eq. 6.6 because the Lateral Restrain-layer only

deals with the reduction in the cross-section of the model.

Note that, since model TestBC1 has the same height as model Large, only a

lateral Restrain-layer is used. Because a model that attempts to simulate enamel

from a tooth will not only be less wide but also shorter than the real thing, the

question that arises is: what other BC’s would be necessary for a model which

is smaller than the original in all three dimensions? To answer it, a second test
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model (TestBC2, with dimensions 3.1 × 3.1 × 1.3 µm3) was developed. Model

TestBC2 also serves the purpose of determining whether the BC’s perform their

function adequately when the model is one order of magnitude smaller than the

original.

Clearly, a model that is both shorter and less wide than the original it intends

to simulate will need both a Lateral Restrain-layer (LRL) and a Bottom Restrain-

layer (BRL) so that adequate boundary conditions can be imposed. To obtain the

material properties for the Bottom Restrain-layer, eqs. 6.4 and 6.6 should be used;

the only difference is that only the expansion coefficient along the Z direction

is scaled in this case. The linear dimensions of the Restrain-layers for models

TestBC1 and TestBC2 and the linear dimensions of the material in model Large

that they attempt to replace can be found in Table 6.3.

6.1.1.2 Boundary conditions for thermal analyzes

Model Large represents a piece of material which is thermally insulated from its

surroundings by the lateral and bottom surfaces, at the center of a laser spot

which is much wider than the cross-section of the model. At the same time, the

laser spot (radius = 0.2 mm) is much larger than the optical penetration depth

at λ = 10.6 µm in enamel (12 µm). Therefore, the temperature gradient and,

consequently, the heat transfer along XY (the direction parallel to the surface on

which the laser shines) in all three models will be negligible. The top surface

is in contact with the atmosphere, but heat losses by radiation and convection

during 250 µs can be expected to be significantly smaller than the heat diffused

into the material. For these reasons, all models have adiabatic BCs at the external

surfaces during the thermal analysis.

If the model is shorter than the reference, as is the case in TestBC2, then adia-

batic boundary conditions are not sufficient: it is necessary to adequately simulate

the heat transfer occurring along OZ. This implies that the Bottom Restrain-layer

must act as a heat sink (i.e., it must have approximately the same mass as the

material it attempts to replace). At the same time, heat must diffuse along the

thickness of the Bottom Restrain-layer in the same time period it would diffuse

along the thickness of material it replaces, which means that the thermal conduc-

tivity of the Bottom Restrain-layer must be scaled using the equations that will

now be derived.

According to the general diffusion equation [2], the heat flux per unit area

(dQ/(Adt)) is proportional to the thermal conductivity, κ, of the material and the
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Model Large TestBC1 TestBC2

Total dimensions 65 × 65 × 20 19 × 19 × 20 3.1 × 3.1 × 1.3
of model (µm3)
Number of nodes 204364 21762 49392
Number of elements 192296 19500 45387
LLRL (µm) Not applicable 2.3 0.8
ℓen (µm) Not applicable 25.3 31.75
∆zBRL (µm) Not applicable Not applicable 0.12
∆zen (µm) Not applicable Not applicable 18.83

Table 6.3: Geometrical parameters for models Large, TestBC1 and TestBC2. ℓen and
∆zen correspond to the thickness of enamel in model Large that the Lateral Restrain-
layer (LRL) and the Bottom Restrain-layer (BLR), respectively, are replacing. ℓLRL and
ℓen are identified in Fig. 6.1.

spatial gradient of the temperature. As explained before, the spatial gradient of

the temperature can be considered in this case to be dT/dz.

dQ

Adt
= −κ

dT

dz
(6.7)

If the Bottom Restrain-layer is to be equivalent to a certain thickness of enamel,

∆zen, then the heat flux per unit area through the Bottom Restrain-layer of length

∆zBRL must be equivalent to the heat flux per unit area through ∆zen.

−κBRL
∆TBRL

∆zBRL

= −κen
∆Ten

∆zen

(6.8)

where κen is the thermal conductivity of enamel and κBRL is the thermal conduc-

tivity of the Bottom Restrain-layer. Simultaneously, the temperature difference

along ∆zen in model Large must be the same as along ∆zBRL in model TestBC2.

Therefore, it is possible to estimate the conductivity of the Bottom Restrain-layer

according to:

κBRL = κen
∆zBRL

∆zen

(6.9)

6.1.2 Results and discussion

The heat transfer simulations

For the purposes of assessing the performance of the BC’s developed here, sev-



116 Chapter 6

eral thermal and mechanical simulations were performed. Simulations for models

TestBC1 and TestBC2 were performed either with or without the BC’s as de-

scribed above. Note that the outer nodes at the lateral and bottom surfaces in all

mechanical simulations were fixed. The purpose of performing simulations using

models TestBC1 and TestBC2 without using the appropriate BC’s was to assess in

what way the BC’s in fact modify the results obtained using the TestBC models.

A summary of the relevant differences between the simulations performed can be

found in Table 6.4.

Name Model BC’s
Large ref Large Not applicable
TestBC1 withRL TestBC1 yes
TestBC1 noRL TestBC1 no
TestBC2 withRL TestBC2 yes
TestBC2 noRL TestBC2 no

Table 6.4: Distinguishing simulation parameters to assess the effect of using appropriate
boundary conditions on the temperature and stress generated in a material.

The temperature distribution at all instants during the simulated 250 µs is

somewhat similar in all simulations, although quantitative differences occur. In all

the models, the only noticeable temperature gradients occur in direction OZ, as

expected, and the maximum temperature reached is around 160 ◦C. A temperature

map for model Large at the end of the laser pulse in which this behavior is patent

is shown in Fig. 6.2; this map is representative, from a qualitative point of view

only, of the temperature maps obtained for all the models.

The temperature maps obtained for model TestBC1 are identical to those ob-

tained for model Large, which was expected given that both models have the same

height. However, some important differences arise when model TestBC2 is used

with and without BC’s.

Fig. 6.3 shows the temperature evolution at various nodes close to, or at, the ir-

radiated surface and at the bottom nodes for simulations Large ref, TestBC2 withRL

and TestBC2 noRL. Because it is known that there are no appreciable gradients of

temperature along the XY plane, analyzing the temperature evolution of a single

node is representative of all nodes with the same z coordinate. Therefore, Fig. 6.3

illustrates the differences between the temperature maps for those models as a

function of time.

It is apparent that, when the thermal BC’s are not used in model TestBC2, the
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Figure 6.2: Temperature distribution for model Large, at the end of the laser pulse
(t = 0.35 µs). Only half model is shown. Numbers 1, 2 and 3 next to the axes represent
directions X, Y and Z, respectively. CO2 laser, I0 = 1.2 × 1010 J/m2/s.

temperature evolution throughout this model differs markedly from that obtained

using the reference model, model Large: the thermal equilibrium is reached at a

temperature of 160 ◦C instead of close to 100 ◦C, and the temperature gradient

between the top and the bottom of the model is not replicated. Imposing the

thermal BC’s on model TestBC2 yields results much closer to those obtained us-

ing the reference model: the thermal equilibrium is reached earlier than in model

Large, but at the temperature of 100 ◦C as expected, and the temperature gra-

dient between the top and the bottom of the structure is closely mimicked. The

usefulness of the thermal BC’s is thus illustrated. Naturally, the mechanical simu-

lations corresponding to model TestBC2 which were subsequently performed used

the temperatures obtained from simulation TestBC2 withRL.

The thermal stress simulations

In order to make sense of the results obtained from the mechanical simulations,

two quantities were analyzed: the displacement and stress experienced at nodes

and elements located at the center of the irradiated surface. However, instead

of analyzing the components of the stress tensor individually, the equivalent Von

Mises stress (VMS) was used (see ref. [62], pp. 45). The VMS is a useful quantity

to which resort when analyzing results, because it combines the nine components

of the stress tensor at each element into a single scalar, thus making the analysis

of the stress at the structures much easier. Strictly speaking, it should not be used

to analyze stress in brittle materials because normally they are more resistant

in compression than in tension. Thus, the concept of ”equivalent stress“ does

not apply to brittle materials. However, given that the models presented in this
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Figure 6.3: Temperature variation as a function of time for nodes located at differ-
ent depths from the irradiated surface (z = 0 µm) in (a) model Large; (b) model
TestBC2 using the BC’s described in Section 6.1.1.2, and (c) model TestBC2 with-
out BC’s. The node with the smallest z is the bottom node for each model. CO2 laser,
I0 = 1.2 × 1010 J/m2/s.

Section describe the response of enamel in a regime where failure is not expected,

and that the actual values of stress are relatively unimportant in this analysis, it

was considered adequate to use it.

The VMS fields obtained at the end of 10 µs in model Large and model TestBC1

(using the mechanical BC’s described in subsection 6.1.1.1) are given in Fig. 6.4. It

is obvious that the highest stress levels in TestBC1 are experienced in the regions

closer to the Restrain-layer. These high values have no physical significance, as

can be confirmed by comparing with model Large. The central part of model

TestBC1, on the other hand, shows a similar VMS field to model Large, at least
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Figure 6.4: Von Mises stress (N/cm2) for (a) model Large and (b) model TestBC1,
for t = 10 µs. Regions A1, A2, B1 and B2 identify the location of the elements and
nodes mentioned in Fig. 6.5. Only half model is shown in each image. CO2 laser,
I0 = 1.2 × 1010 J/m2/s.

qualitatively: higher stress values are obtained at the surface of the model than

deep inside it. This indicates that only the central part of the models should be

analyzed in more detail. This more detailed analysis is accomplished resorting to

Fig. 6.5, where the nodal displacements and the VMS stress as a function of time

and depth for models Large and TestBC1 are given.
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(a) VMS as a function of time for three
elements in regions A1 and A2 of model
Large.

0 50 100 150 200 250

0

10

20

30

40

 z = 0 m
 z = -0.77 m

Time, s

D
is

pl
ac

em
en

t, 
nm

(b) Nodal displacement as a function of
time for two nodes in regions A1 of model
Large.
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(c) VMS as a function of time for three
elements in regions B1 and B2 of model
TestBC1, using appropriate BC’s.
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(d) Nodal displacement as a function of
time for two nodes in region B1 of model
TestBC1, using appropriate BC’s.
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(e) VMS as a function of time for three
elements in regions B1 and B2 of model
TestBC1, not using appropriate BC’s.
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(f) Nodal displacement as a function of
time for two nodes in region B1 not using
appropriate BC’s.

Figure 6.5: Comparing the nodal displacement and VMS values for models Large,
TestBC1 using appropriate BC’s described in Section 6.1.1.1 and TestBC1 not using
the appropriate BC’s. The location of regions A1, A2, B1 and B2 is given in Fig. 6.4.
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It is apparent that the nodal displacements obtained with model TestBC1 be-

have in a qualitatively similar manner to those obtained with Model Large, re-

gardless of the use or not of the appropriate BC’s. The magnitude of the nodal

displacement for model TestBC1 is slightly smaller (≃ −10%) than, although of

the same order of magnitude of, model Large, again not being dependent on the

use of the appropriate BC’s. The influence of the BC’s used in model TestBC1 is

significantly more visible on the stress results: the dynamic evolution of the stress

values at the center of model TestBC1 is qualitatively identical and quantitatively

very similar to model Large, when the appropriate BC’s are used. When the ap-

propriate BC’s are not used, TestBC1 is unable to reproduce even the qualitative

behavior of the VMS in model Large: elements deeper in the structure consistently

experience larger values of VMS, unlike what occurs in the reference simulation, in

which the top elements experience the highest values of stress in the first 100 µs.

When the appropriate BC’s are used, both the maximum values of VMS and the

VMS obtained at the end of 250 µs for TestBC1 are much closer (they differ less

than 20%) to those observed in model Large than when the appropriate BC’s are

not used, where differences can be higher than 40 %. These quantitative results

are illustrated in Table 6.5. The difference in the VMS between TestBC1 us-

Depth in the Max. VMS Av. VMS between 200
Model model (µm) (× 108 N/m2) and 250 µs (× 108 N/m2)
Large 3.1 1.6

TestBC1 (BC) 0 3.2 1.5
TestBC1 2.4 0.9
Large 2.9 1.6

TestBC1 (BC) -0.77 3.1 1.6
TestBC1 2.5 1.2
Large 2.2 1.6

TestBC1 (BC) -3.8 2.5 1.8
TestBC1 2.4 1.7

Table 6.5: Maximum and average Von Mises stress at the end of 250 µs for several
elements in models Large and TestBC1.

ing appropriate BC’s and the reference model does tend to increase with depth,

which indicates that care must be used when interpreting results from regions deep

inside the model, particularly from a quantitative perspective. The BC’s were fur-

ther tested by extracting the natural frequencies of vibration of models Large and

TestBC1 with and without the appropriate BC’s. It was observed that the domi-
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nant natural frequencies of vibration for model Large are around 1-15 MHz (∼ 70%

of all natural frequencies extracted). When model TestBC1 is used without ad-

equate BC’s, its natural frequencies lie between 15 and 25 MHz (∼70 % of all

natural frequencies extracted). When the same model is used with appropriate

BC’s, 80% of its natural frequencies lie between 8.5 and 10 MHz, which indicates

that the BC’s do succeed, at least partially, in reproducing the dynamic response

of model Large; only its low frequency response is not reproduced.

The results obtained with model TestBC1 indicate that the BC’s applied to

this model by modifying the material parameters for the Restrain-layers allow it to

replicate the results obtained at the center of model Large. The BC’s are simple

in conception and easy to apply to any model of the nature of those presented

here, in which material can be described by linear relationships such as those in

eq. 6.3. However, it is important to investigate how the BC’s perform when used

in a model (model TestBC2 ) one order of magnitude smaller than the reference

model. The analysis of the results obtained with model TestBC2 is the subject of

the next few lines.

The nodal displacements as a function of time experienced by two nodes located

at the center of the irradiated face of model TestBC2 at different depths are given

in Fig. 6.6. To facilitate comparisons, the nodal displacements for model Large
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(a) Nodal displacement as a function of
time for two nodes at the center of the ir-
radiated surface and different depths for
model TestBC2, using appropriate BC’s
(narrow lines) and model Large (thick
lines).
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(b) Nodal displacement as a function of
time for two nodes at the center of the ir-
radiated surface and different depths for
model TestBC2, not using appropriate
BC’s.

Figure 6.6: Comparing the nodal displacements as a function of time for models Large

and TestBC2.

are again presented. Clearly, applying adequate boundary conditions allows model
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TestBC2 to more closely replicate the nodal displacements experienced by model

Large, although it also increases the amplitude of those vibrations and introduces

lower vibrational frequencies.

As for the VMS levels experienced at the center of model TestBC2, some rep-

resentative values are given in Fig. 6.7 as a function of time. When appropriate

BC’s are not used, the VMS at the center of model TestBC2 oscillates with very

high amplitude and frequency; the results clearly do not replicate those obtained

using model Large. When appropriate BC’s are used, the VMS at the center of

model Large still oscillates with high amplitude and frequency, being closer to

(although still several times higher than) that experienced at the center of model

Large. Natural frequency extraction analyzes confirm that model TestBC2 does

not have similar natural frequencies as model Large. This could induce readers

to think that the BC’s are not doing much good here, and that they could be

discarded without significant loss. However, on a closer look one finds that it is

not so, that the BC’s allow model TestBC2 to behave more closely to model Large,

from a quantitative and, more important, from a qualitative point of view. For

example, some of the qualitative features of the evolution of VMS in model Large

are reproduced in Model TestBC2 only when appropriate BC’s are used: the top

element experiences a higher VMS than the element below for several tens of mi-

croseconds after the laser pulse, and then its VMS becomes lower than that of the

element below. Furthermore, the average VMS (Fig. 6.7 c) is in fact close to that

obtained in model Large except at the end of the laser pulse, where it reaches val-

ues significantly higher than in model Large. The average VMS for model TestBC2

is also higher for the top elements than for elements below during the first 50 µs,

a feature that model TestBC2 is unable to reproduce when appropriate BC’s are

not used.

The results presented in this Section have thus established that the BC’s de-

scribed in Sections 6.1.1.1 and 6.1.1.2 allow the use of small models to inves-

tigate the dynamical thermal and mechanical response of brittle materials to

microsecond-long laser pulses by infrared lasers, and suggest that simply fixing

the external nodes will produce less accurate results. Also, while periodic BC’s

were not tested and, therefore, could not be compared to the present BC’s, it is

suggested that periodic BC’s will perform worse than the proposed BC’s because

they also do not allow for lateral expansion. Quantitative and qualitative features

of the response of the reference model, such as the average VMS stress and the

gradient of stress along OZ at the center of the model, were reproduced even when
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(a) VMS as a function of time for two ele-
ments located at different depths in model
TestBC2 using appropriate BC’s.
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(b) VMS as a function of time for two ele-
ments located at different depths in model
TestBC2 not using appropriate BC’s.
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(c) VMS (smoothed using FFT) as a func-
tion of time for two elements of model
TestBC2 using appropriate BC’s, located
at different depths.
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(d) VMS as a function of time for three el-
ements of model Large, located at different
depths (repeated here to facilitate compar-
ison).

Figure 6.7: Comparing the Von Mises Stress values at the center of the irradiated
face for models Large, TestBC2 using appropriate BC’s and TestBC2 not using the
appropriate BC’s.

using a model (TestBC2 ) which is one order of magnitude smaller than the refer-

ence model, provided that the appropriate BC’s are used. The results also indicate

that models much smaller than the original may show high amplitude stress vi-

brations which have no physical meaning. Therefore, particular care must be used

when interpreting this type of information.

Using these BC’s is not limited to investigating the response of dental enamel to

the CO2 or Er:YAG lasers, however. They can be used to investigate the response

of any material (in particular brittle materials) to heating, thus avoiding the use

of computationally very intensive simulations, which makes them an interesting

procedure for the scientific community in general.
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6.2 Influence of the enamel structure on its re-

sponse to laser irradiation: the water layer

models

Once the appropriate BC’s had been developed and their limits of validity had

been established, one could begin developing models to investigate the response

of enamel to mid-infrared radiation. From the beginning of this work, one of

the objectives was to assess the influence of the enamel microstructure on the

temperature and stress induced in this material by a laser. Thus, the first task

was to build a model that included enamel’s microstructure.

Since rods (prisms) are the building blocks of enamel at the micrometer scale,

the work began by developing a model of a single enamel rod. The initial rod

model that was developed had a square cross-section and a length of 100 µm. The

inner core of the rods had the physical properties of HA at room temperature and

was surrounded by a thin layer, representing the water/organic matrix, to which

the physical properties of water at room temperature were attributed.

Several heat transfer analyzes were performed using this model, in order to

investigate the effects of model parameters in the temperature distribution maps,

such as the cross-section geometry, the number and dimensions of finite elements,

and the number and duration of time steps. The results suggested that the temper-

ature profiles are strongly influenced by cross-section geometry and that a square

cross-section was an inappropriate representation of a rod. Therefore, several

other rod models with different cross-section geometries and meshes were built

and tested. The model that performed better was the one that resembled the

shape of enamel rods more closely and can be seen in Fig. 6.8: it has a min-

eral core which is surrounded by a thin layer of water. Once the optimal basic

three-dimensional structure was designed, it was repeated so that a model that

represents an ensemble of enamel rods could be obtained. This larger model will

be described in detail in the next Subsection.

6.2.1 Model description

The three-dimensional model which includes the enamel rod-structure was named

model RodsWL (WL stands for water layer) and can be seen in Fig. 6.9. Note that,

based on the geometry of the model and on the mass density of the materials, the
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Figure 6.8: Cross-sectional view of enamel rod model. The dark area corresponds to the
water/organic matrix at the rod sheath and the light area to the HA core. The thinner
area is termed the tail or waist while the wider area is commonly described as the head
of the rod.

percentage of water/organic material in the model is 4% by volume, or 1.3% by

weight, which is consistent with available information about dental enamel.

Figure 6.9: The structure of model RodsWL. Note that it is composed of several rods
such as those shown in Fig. 6.8. Numbers 1, 2 and 3 next to the cartesian axes correspond
to directions X, Y and Z, respectively. Dimensions of the model are 23 × 23 × 35

Once the geometry of the model was ready, it was possible to conduct a first

study to assess the influence of the microstructure on the temperature and stress

in enamel when irradiated by both CO2 and Er:YAG lasers, to compare differences

induced by the different wavelengths and to evaluate the sensitivity of the results to

the material parameters and to the mesh of the domain. The standard procedure

was used: first, heat transfer simulations were performed in order to obtain the

temperature maps as a function of time during and after a single laser pulse, for a
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total time of 10 µs; afterwards, the mechanical simulations were performed using

the temperature maps obtained in the heat transfer analyzes. In order to avoid

undue complexity at this early stage, the mechanical simulations performed were

not dynamical; they were static stress simulations, and they used as input the

temperature maps immediately after the end of the laser pulse. Using this type

of simulation one can calculate the quasi-static stress induced by the temperature

distribution obtained at the end of the laser pulse. This value represents an upper

boundary for the quasi-static stress induced by the laser, which is thought to

play a non-insignificant role in ablation [56]. However, in the particular case of

ablation of enamel, the scientific community in general has minimized the role

of the quasi-static stress relatively to that of the explosive vaporization of water.

The simulations presented in this Section are thus a first attempt at getting more

insight into this issue.

The laser parameters used in the set of simulations presented in this Section are

given in Table 6.6. A pulse duration of 0.35 µs was considered appropriate because

Type of laser CO2 (10.6 µm) Er:YAG (2.9 µm)
Pulse duration (µs) 0.35 0.35
Maximum absorbed 1.2 ×1010 1.2 ×1010 6.2×109

intensity, I0 (J/m2/s)
Number of pulses 1 1
Laser beam radius (mm) 0.2 0.2

Table 6.6: Laser parameters used in simulations that assess the effect of wavelength,
intensity, mesh and the existence of water at the rod sheath on the temperature and
static stress maps.

it is consistent, as mentioned before, with the duration of the micropulses in a free-

running laser, for which the most abundant experimental information is available.

It was decided to restrict this investigation to a single laser pulse. There would be

no point in attempting to simulate the effect of several laser pulses since the ma-

terial model used is not capable of simulating damage such as cracking, or indeed

any kind of behavior other than linear-elastic. In order to ensure that subablative

conditions were used, the laser fluence per pulse was given a value (0.42 J/cm2

or 0.22 J/cm2) significantly lower than the ablation threshold of enamel at these

wavelengths (2 – 3 J/cm2 for a CO2 laser with a 2 µs laser pulse [132], 9 – 11 J/cm2

for a free-running Er:YAG laser without water cooling [118]). This ensures that

the maximum temperatures reached at the center of the laser spot are in the 150 –

170 ◦C range and, consequently, that only small deformations occur in the material



128 Chapter 6

and that the material parameters should not vary significantly from their room

temperature values. The laser spot radius (at 1/e2 of the incident intensity) was

chosen to be 0.2 mm, since the tunnelling technique described in Chapter 1 re-

quires tunnels of approximately 0.5 mm in diameter. All the incident radiation at

λ = 10.6 µm and λ = 2.94 µm can be thought to be absorbed and transformed

into internal kinetic energy of the enamel. The reflectivity of enamel at these

wavelengths is very low and, since the absorption coefficient is high, scattering

should not significantly alter the shape of the heated volume of material. There-

fore, eqs. 6.1 and 6.2 can be considered valid and were used for both wavelengths.

The optical axis of the laser beam is OZ, and the irradiated surface of the model

lies in the XY plane (see Fig. 6.9).

The material parameters used in all the models in this Section are given in

Table 6.7. While deciding which parameters to choose in order to model the

Water and Mineral Bottom Lateral Lateral
organic RL RL 1 RL 2

Abs. coeff. at 122.5[123] 3 3 NA NA
2.94 µm (×104 m−1)
Abs. coeff. at 8.25 8.25 [69] 8.25 NA NA
10.6 µm (×104 m−1)
κ (J/(s.m.◦C)) 0.6 [147] 1.3 [143] 1.3 × 10−4 NA NA
Spec. heat 42 (313 K) 8.8 [143] 8.8 NA NA
(×102 J/kg/◦C) 53 (553 K)
E (×106 N/m2) 0.1 [148] 110000 [144] 1.5 55 73
ν 0.28 0.28 [145] 0.28 0.28 0.28

1.6 (x) 110 (x) 83 (x)
α (×10−5 K−1) 50 [147] 1.6 [146] 1.6 (y) 110 (y) 83 (y)

32 (z) 1.6 (z) 1.6 (z)
ρ (×103 kg/m3) 0.99 [147] 3.1 [142] 3100∗ 3.1 3.1

Table 6.7: Material properties employed in the models used to investigate the effect
of wavelength, intensity, mesh and the existence of water at the rod sheath, on the
temperature and static stress maps. Note that the parameters used only in the heat
transfer simulations are not given for the Restrain-layers, since these are only used for
the mechanical simulations. Also, the thermal expansion coefficient of the Restrain-
layers is given in terms of the three directions in space, and the specific heat of water is
given as a function of temperature. ∗ Only used in the heat transfer simulation, to act
as a heat sink; in the mechanical simulation, the density of HA was used.

mineral component was relatively straightforward, the same could not be said for

choosing how to model the water/organic part. Does the material at the pores
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behave similarly to a fluid (in which case an equation of state should be used),

or does it behave like a soft, solid, material like gelatin? Both approaches make

sense and, in fact, both were used in different stages of the work described in this

Thesis. In the simulations presented in this Section the second approach was used,

since it is more simple than the first. The material properties of water in Table 6.7

are a consequence of this option.

The absorption coefficient at λ = 2.94 µm, the thermal conductivity, the

specific heat, the mass density and the thermal expansion coefficient of the wa-

ter/organic part were considered those of pure water. This was judged a valid

approximation since experimental evidence indicates that the water is four times

more abundant that the organic material in enamel. The absorption coefficient

of water at this wavelength was taken as constant, which is a reasonable approx-

imation given that the temperature will not reach very high values (see work by

Shori et al. [123], already discussed in Section 4.2). The thermal conductivity of

water is known to vary significantly between room temperature and 175 ◦C [147].

However, this will have no influence on the results, since the parameter govern-

ing the maximum heat diffusion from the pore is the thermal conductivity of the

mineral and not of water. Therefore, the room temperature value of the thermal

conductivity of water was used. The specific heat of water was given as a func-

tion of temperature, since it varies quite significantly in the range of temperatures

simulated. The Young’s modulus was considered that of gelatin and the Poisson’s

ratio was given the value of 0.28 since this quantity only varies between 0 and 0.5

for standard materials, and in fact lies normally in the 0.25 – 0.35 range 1. The

absorption coefficient of water at 10.6 µm is very close to that of human dental

enamel and does not vary to any significant extent with temperature [123], so the

value for enamel was used for both the organic and the mineral parts of the model.

The absorption coefficient of HA, µHA, at λ = 2.94 µm was not available in

the literature, to the best of the author’s knowledge, so it was estimated based on

the volume percentage of organic material (4%) and the absorption coefficient of

enamel (µenamel = 800 cm−1 [63]) and water (µwater = 12250 cm−1 [123]) at this

wavelength, according to the expression:

0.04 × µwater + 0.96 × µHA = µenamel (6.10)

1Simulations were also performed in which the Poisson’s ratio of the water/organic material
was 0.499, to simulate a virtually incompressible material, and the results were very similar to
those obtained when ν = 0.28.
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All the physical properties of the mineral were assigned values found in the lit-

erature for pure HA. No information was found with regards to the temperature

dependance of these properties, so they were considered constant as a first-order

approximation.

The properties of the Restrain-layers were calculated using the equations pre-

sented in Sections 6.1.1.1 and 6.1.1.2 and the geometric parameters given in Ta-

ble 6.8. Parameters for two lateral Restrain-layers are given for model Rods be-

cause the geometry of the rods dictated that the Restrain-layer did not have the

same thickness throughout the model (see Fig. 6.11). Note that the higher density

of the Bottom Restrain-layer was only used during the heat transfer simulation,

so that the Bottom Restrain-layer could act as a heat sink.

Model Rods Cubes

Total dimensions 23 × 23 × 35 23 × 23 × 35
of model (µm3)
Number of nodes 117242 198146
Number of elements 126720 187765
LLRL1 (µm) 2.91 2.8
LLRL2 (µm) 3.85 NA
ℓen (mm) 6 6
ℓen,expanding (mm) 0.2 0.2
κen 1.3 1.3
Een (N/m2) 1.1× 1011 1.1× 1011

∆zBRL (µm) 0.6 0.56
∆zen+den (mm) 6 6
∆zen+den,expanding (µm) 12 12
κen+den 1.3 1.3
Een+den (N/m2) 1.5 × 1010 1.5 × 1010

Table 6.8: Geometric parameters for models Rods and Cubes. See Fig. 6.11 to iden-
tify Lateral Restrain-layer 1 (LRL1) and Lateral Restrain-layer 2 (LRL2). ℓen,expanding

corresponds to the thickness of enamel surrounding the model and which will suffer
expansion, and it was given the value of the laser beam radius. ∆zen+den,expanding cor-
responds to the thickness of enamel and dentine which will suffer expansion, and it was
given the value of the optical penetration depth. The remaining quantities have been
defined previously in this Thesis.

As in all the previous models, all the external nodes were fixed except those at

the irradiated surface, which were free to move. The external surfaces were given

adiabatic boundary conditions during the heat transfer simulations. All the nodes

had an initial temperature of 37 ◦C, the normal body temperature, which was also
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the stress-free reference temperature.

In order to evaluate the effect of the microstructure and wavelength on the

response of enamel to laser radiation and to assess the sensitivity of the models

to the mesh, several simulations were performed. The relevant parameters for the

most representative ones are given in Table 6.9. Three of them use model Rods

exactly as described until now in this Section, but two others have some important

differences. One of the simulations that differs from what was described previously

is called RodsHom CO2 1.2e10. It uses the rod model and CO2 laser parameters

with an incident intensity of 1.2 × 1010, but the model contains no water: the

elements composing the thin layer surrounding the enamel rod were given the

properties of HA also, and not those of water as was described previously (”Hom“

stands for ”homogenous“). This model was created because, if the influence of the

microstructure and the water at the rod sheath is to be assessed, it is necessary to

compare the results with a reference in which these features are not present. The

second simulation that differs from those described previously in this Section is

called CubesHom CO2 1.2e10. This simulation uses a different geometrical model,

named model Cubes. This model has the same total dimensions of the Rods model

but is composed only of a large number of cubic elements. It thus has a high-

density and very regular mesh. Model Cubes was created to assess whether the

high aspect-ratio elements present in the Rods model introduced high levels of

uncertainty in the results. This assessment can be made by comparing its results

with those obtained with the RodsHom CO2 1.2e10 simulation.

Name Wavelength Water Laser intensity
CubesHom CO2 1.2e10 CO2 no 1.2 ×1010

RodsHom CO2 1.2e10 CO2 no 1.2 ×1010

RodsWL CO2 1.2e10 CO2 yes 1.2 ×1010

RodsWL Er 1.2e10 Er:YAG yes 1.2 ×1010

RodsWL Er 6.2e9 Er:YAG yes 6.2 ×109

Table 6.9: Relevant simulation parameters to assess the effect of wavelength, intensity,
mesh and the existence of water at the rod sheath on the temperature and static stress
maps.
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6.2.2 Results and discussion

6.2.2.1 The influence of the microstructure and the laser wavelength

The temperature distribution at the end of the laser pulse for four of the five

simulations performed is given in Fig. 6.10. The existence or not of water seems
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(a) Nodal temperature for simulations Rod-
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at the end of the 0.35 µs laser pulse.
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(b) Nodal temperature for simulation
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(c) Nodal temperature for simulation
RodsWL Er 6.2e9 at the end of the 0.35 µs
laser pulse.

Figure 6.10: Temperature (in kelvin) maps at the end of the laser pulse for models with
a water layer and a model composed only of mineral. The numbers 1, 2 and 3 next to
the cartesian axes correspond to directions X, Y and Z, respectively.

to have no effect on the temperature maps when the CO2 laser is used, which is

not surprising since the water/organic and the mineral were assigned the same

absorption coefficient at this wavelength. Therefore, the temperature distribution

for simulations RodsHom CO2 1.2e10 and RodsWL CO2 1.2e10 is given in the

same image, Fig. 6.10 a. For the CO2 laser, the temperature is a function of

depth only, and the maximum temperature reached (at the end of the laser pulse)

is ≃ 160 ◦C, at the top surface. When the same laser intensity is used for the



The water layer models 133

Er:YAG laser, a much higher temperature (278 ◦C) is induced, as can be seen

in Fig. 6.10 b. This is not unexpected, given that the water has an extremely

high absorption coefficient at λ = 2.9 µm. Using only half the laser intensity, the

Er:YAG laser induces a similar maximum temperature (for the water regions only)

as that experienced for the CO2 laser (see Fig. 6.10). The Er:YAG laser induces

a lower temperature in HA than in water, which means that the temperature

distribution obtained is highly inhomogeneous along the XY plane. In fact, at

the end of the Er:YAG laser pulse there is a temperature difference of ≃ 70 ◦C

between the center of the enamel rods and the water/organic sheath, which means

that the temperature gradient along the XY plane can be as high as ≃ 30 ◦C/µm.

This high temperature gradient should have consequences in terms of the stress

generated in the enamel.

The displacement maps obtained for the CO2 and the Er:YAG laser (for sim-

ulations in which a water layer was included) can be seen in Fig. 6.11. They

(a) Nodal displacement (µm) for simulation
RodsWL CO2 1.2e10.
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(b) Nodal displacement (µm) for simulation
RodsWL Er 6.2e9.

Figure 6.11: Nodal displacement at the end of 0.35 µs for models with a water layer.
Numbers 1, 2 and 3 near the cartesian axes correspond to directions X, Y and Z, respec-
tively. Only half of the model is visible in each image, so that the displacements at the
center of the structure can be analyzed.

are qualitatively very similar. At the center of the model structure, larger dis-

placements are obtained using the CO2 laser than using the Er:YAG. This is not

surprising, even though the maximum temperatures reached (at the water layers)

are the same, because the temperature rise suffered by HA is much higher when

using the CO2 laser than when using the Er:YAG. This causes the HA to dilate

more in the CO2 case than in the Er:YAG case.

In order to analyze the stress maps, and because one is now interested in de-

termining the areas most prone to cracking, the minimum and maximum principal
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stresses were used instead of the Von Mises stress. Brittle materials typically fail

in tension before they fail in compression, and therefore it is more appropriate to

separately determine the areas in the models where the tensile and compressive

stresses are maximum, rather than just determining the areas where the equiva-

lent stress is higher 2. The maps of the minimum and maximum principal stresses

throughout the structure (when a water layer was used) are given in Fig. 6.12.

The most striking feature in these maps is the fact that the elements located close
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(c) Minimum principal stress for simulation
RodsWL Er 6.2e9.

(Ave. Crit.: 75%)
Field-1, Max. Principal

-2.55e+07
-1.45e+07
-3.58e+06
+7.38e+06
+1.83e+07
+2.93e+07
+4.03e+07
+5.12e+07
+6.22e+07
+7.31e+07
+8.41e+07
+9.50e+07
+1.06e+08

1

2

3

(d) Maximum principal stress for simulation
RodsWL Er 6.2e9.

Figure 6.12: Minimum and maximum principal quasi-static stress (N/m2) at the end
of the 0.35 µs laser pulse for models with a water layer surrounding each rod head.
A positive value represents tensile stress and a negative one represents compressive
stress. Numbers 1, 2 and 3 near the cartesian axes correspond to directions X, Y and
Z, respectively. Only half of the model is visible in each image, so that the stress at the
center of the structure can be analyzed.

to the rod sheath and, in particular, those composing the tail of the rods experi-

ence the highest stress values (see Fig. 6.12), unlike what happens when a water

2In fact, the author compared the maximum and minimum principal stress maps to the VMS
maps, and found that the VMS is a reasonably good indicator of the regions with the higher
stresses. Therefore, some results in subsequent Sections are analyzed resorting to the VMS, for
the sake of simplicity.
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layer does not surround each rod head (see Fig. 6.13 a, b). The stress levels at
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(a) Minimum principal stress for simulation
RodsHom CO2 1.2e10.
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(b) Maximum principal stress for simulation
RodsHom CO2 1.2e10.

Figure 6.13: Minimum and maximum principal quasi-static stress (N/m2) at the end
of the 0.35 µs laser pulse for models without a water layer surrounding each rod head.
A positive value represents tensile stress and a negative one represents compressive
stress. Numbers 1, 2 and 3 near the cartesian axes correspond to directions X, Y and
Z, respectively. Only half of the model is visible in each image, so that the stress at the
center of the structure can be analyzed.

the rod tail are also higher (by one order of magnitude!) when the rod heads are

surrounded by a water layer than when the water is not present. Furthermore,

the stress values at the rod head seem to be higher for the Er:YAG laser than for

the CO2 laser (at the rod head), despite the fact that they attain the same max-

imum temperature at the rod sheath. This result is consistent with experimental

evidence indicating that Er:YAG laser pulses can easily induce severe cracking in

enamel even at sub-ablative fluences [94], unlike for the CO2 laser. This may be

a consequence of the high thermal gradients between the center and the sheath of

the rod generated when the Er:YAG laser is used, which do not exist when the

CO2 laser is used. This qualitative analysis is supported by the data in Table 6.10,

which consists of the minimum and maximum principal stress in elements located

close to the XY center of each model and at various depths. Some of the elements

are located at the head and others at the tail of the rods. This data indicates

something that is not easy to detect by simply having a look at the stress maps:

that the stress at the rod tail is always higher than the stress at the rod head

when the water layer is present, which suggests that the tail of the enamel rods is

mechanically more prone to cracking than the head.

Curiously, the models indicate that very high stresses can be generated in

enamel solely due to the expansion of liquid water, without any vaporization taking

place: as mentioned before, the top values of stress are raised by one order of
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RodsWL CO2 1.2e10 RodsWL Er 6.2e90 RodsHom CO2 1.2e10
Depth Max. Pr. Min. Pr. Max. Pr. Min. Pr. Max. Pr. Min. Pr.
(µm) (N/m2) (N/m2) (N/m2) (N/m2) (N/m2) (N/m2)

0 H 1.2E6 -2.3E7 5.2E6 -9.7E6 3.0E6 -2.6E7
T 1.9E7 -8.4E7 1.8E7 -2.7E7 9.5E4 -2.8E7

-0.58 H 3.1E6 -2.2E7 1.4E7 1.7E6 5.0E6 -2.2E7
T 1.9E7 -7.8E7 2.4E7 -1.1E7 4.4E5 -2.4E7

-4.1 H 2.5E6 -1.1E7 7.4E6 -9.2E5 9.0E6 -5.4E6
T 1.2E7 -5.1E7 5.3E6 -1.6E6 6.3E6 -5.4E6

-6.4 H 3.6E6 -8.2E6 2.8E6 -2.2E6 1.1E7 -3.5E6
T 9.7E6 -4.0E7 3.7E6 -4.3E6 1.0E7 -2.9E6

Table 6.10: Minimum and maximum principal quasi-static stress at the end of
the 0.35 µs laser pulse for Rods models with a water layer. The letters H and T corre-
spond to elements located at the head and at the tail of the rod, respectively.

magnitude when the rod sheath includes water. Now, one could think that at the

temperatures reached in these models water vaporization would take place, which

would make the present models inadequate and the conclusions untrustworthy.

In fact, strong experimental evidence suggests that assuming the water will not

vaporize at a temperature of 160 – 280 ◦C is very reasonable, given that heating

takes place rapidly. Liquid water has been shown to be heated up to 300 ◦C at

normal pressure without vaporizing, provided that the heating takes place rapidly

as is the case here [149, 150].

While the actual values of stress listed in Table 6.10 should not be taken at face

value because of the uncertainty associated with the approximations made when

developing the model, it is nevertheless interesting that the stresses generated are

comparable to, or even greater than, the ultimate tensile and compressive strength

of HA, given in Table. 6.11. Although it is possible that the stress is overestimated

in the results presented here, these nevertheless suggest that the quasi-static stress

at the end of the laser pulse will reach high values and should play a role in ablation

even before water vaporization takes place.

Ultimate tensile Ultimate compressive
strength (MPa) strength (MPa)

Enamel 10.3 [151] 384 [152]
HA 115 [146] 917 [146]

Table 6.11: Ultimate tensile and compressive strength for enamel and hydroxyapatite.
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These results indicate that, even under soft radiation conditions, the Er:YAG

and CO2 lasers should lead to qualitatively different temperature distributions

within enamel which seem to induce different stress distributions in this material.

The enamel microstructure has been shown to have an important effect on the

thermally induced stresses: the locations close to the water experience much higher

stress. As a consequence, the rod tails seem to have a higher tendency to fail

mechanically than the rod heads.

6.2.2.2 The influence of the mesh and material parameters

Once the first results were obtained and analyzed, another important question

arose: how sensitive are these results to the mesh used and to the particular ma-

terial parameters chosen? To answer it, several simulations were performed and

compared with the reference values presented in the previous Subsection. The

sensitivity of the models was tested to changes in the following parameters: shape,

dimensions and number of finite elements, number of time steps, mass density,

thermal conductivity, specific heat, Young’s modulus and thermal expansion coef-

ficient of the organic/water, the HA and the Restrain-layers.

To test the sensitivity of the results on the mesh, model Cubes was created

as described previously. The temperature and stress maps obtained using model

Cubes are given in Figs. 6.14 and 6.15. To facilitate comparison, the results ob-

tained using identical laser and material parameters but model Rods (already

discussed in the previous Section) are also presented.

The more irregular mesh and the high aspect-ratio elements used in the model

Rods do not have any effect on the temperature obtained at the end of the laser

pulse: the temperature maps using the Rods model and the Cubes model are

identical. Simulations using meshes that were significantly coarser and finer than

the one described in the previous Section were also performed, and the results are

very similar to the reference values. This indicates that the mesh used in model

Rods is acceptable as far as the thermal simulations are concerned. The stress

maps obtained under the same conditions are qualitatively identical: the higher

and lower stress zones are located in the same regions. From a quantitative point

of view, the stress maps are not identical but are certainly very similar for both

meshes. In order to illustrate this point, the minimum and maximum principal

stresses at elements located at the XY center of the irradiated surface and at

various depths are given in Table 6.12.

These results indicate that the mesh used for model Rods is adequate, and that,
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(a) Nodal temperature for simulation
CubesHom CO2 1.2e10 at the end of
the 0.35 µs laser pulse.
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(b) Nodal temperature for simulations Rod-
sHom CO2 1.2e10 and RodsWL CO2 1.2e10
at the end of the 0.35 µs laser pulse.

Figure 6.14: Temperature (in kelvin) at the end of the 0.35 µs CO2 laser pulse for models
RodsHom and CubesHom. Numbers 1, 2 and 3 near the cartesian axes correspond to
directions X, Y and Z, respectively. Only half of each model is shown so that the
temperature distribution on the inside can be seen.

CubesHom CO2 1.2e10 RodsCO2 hom 1.2e10
Depth Max. Pr. Min. Pr. Max. Pr. Min. Pr. Depth
(µm) (N/m2) (N/m2) (N/m2) (N/m2) (µm)
-0.54 2.29E+05 -2.46E+07 4.37E+05 -2.38E+07 -0.58
-4.53 7.26E+06 -3.14E+06 6.31E+06 -5.42E+06 -4.1
-6.17 1.03E+07 -9.07E+05 1.03E+07 -2.93E+06 -6.4

Table 6.12: Minimum and maximum quasi-static principal stress values at the end of
the 0.35 µs CO2 laser pulse for models without water and using different meshes.

while the high aspect-ratio elements seem to introduce some numerical uncertainty

in the results obtained with this model, results are quite acceptable.

Although all the simulations reported above were performed using ABAQUS’s

automatic time incrementation schemes, several other simulations were performed

to assess the influence of the time-step duration on the quality of the results. It

was found that increasing this duration did not modify the results to any signif-

icant extent, so the automatic time incrementation schemes were used in all the

simulations presented in this Thesis.

The mass density of HA was varied between 2900 kg/m3 and 3150 kg/m3, an

interval which reflects the uncertainty associated with the density of this material.

The temperature distribution maps obtained using these values remained qualita-

tively identical, and the maximum temperatures reached varied by 3% compared

to the reference values. The mass density of the organic/water part was varied
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(a) Minimum principal stress (N/m2) for sim-
ulation CubesHom CO2 1.2e10.
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(b) Minimum principal stress (N/m2) for sim-
ulation RodsHom CO2 1.2e10.
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(c) Maximum principal stress (N/m2) for sim-
ulation CubesHom CO2 1.2e10.
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(d) Maximum principal stress (N/m2) for sim-
ulation RodsHom CO2 1.2e10.

Figure 6.15: Quasi-static stress maps at the end of the 0.35 µs CO2 laser pulse for
models composed only of mineral and using different meshes. Numbers 1, 2 and 3 near
the cartesian axes correspond to directions X, Y and Z, respectively. Only half of each
model is shown so that the stress distribution on the inside can be seen.

between 995 kg/m3 and 1005 kg/m3, also a reasonable estimate for the possible

variation of this quantity for a mix of water with protein. No differences were

observed on the temperature maps. Therefore, the models are not sensitive to

small changes in the values of the density.

Varying the values of the thermal conductivity of water/organic and HA and

the specific heat of water by ± 15% did not induce any changes on the temperature

maps, which indicates that the model is not sensitive to these parameters. Varying

the specific heat of HA by ± 15%, however, led to some changes on the temper-

ature maps; for example, the maximum temperature reached varied by ± 10%.

Qualitatively, however, the temperature maps remained unchanged. The models

are thus somewhat sensitive to the particular values of the specific heat of HA

used but the uncertainty associated with this in no way precludes the results from

being considered valid, especially from a qualitative point of view.

The values of the modulus of elasticity of the restrain layers used in the stress
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analyzes were varied by ± 20% in relation to the values displayed in Table 6.7,

and the stress maps obtained were qualitatively and quantitatively very similar.

The Young’s modulus of the mineral was varied between 95 GPa and 130 GPa.

The displacement maps were not modified by the use of these values, but the

stress maps did show a quantitative modification: the maximum stress observed

was, in the worst case, 15% higher than the reference value. This indicates that

results are sensitive to the values used for Young’s modulus for the mineral, so it

is important to get good estimates of this quantity. The Young’s modulus of the

water/organic, Ewater, was varied by ± one order of magnitude. Increasing Ewater

caused the stress values to decrease by 1/3 to 1/2, but decreasing this quantity

had no visible effect on the stress maps. While in all situations the stress maps

remained qualitatively the same, these results indicate that the quantitative results

are somewhat dependent on the value of Ewater.

The thermal expansion coefficients of water/organic and HA, αwater and αHA,

were separately varied by plus or minus one order of magnitude in relation to the

values in Table 6.7. Varying αwater had little or no effect on the stress maps, but

varying αHA led to changes up to one order of magnitude in the stress values.

However, the qualitative description of the stress maps remained the same. These

results indicate that the model is sensitive to the thermal expansion coefficient HA

from a quantitative point of view.

The results indicate that the Rods model is not sensitive, from a qualitative

point of view, to the value of any of the material parameters that were tested.

However, from a quantitative point of view, the model seems to be sensitive to

the values of the thermal expansion coefficient and modulus of elasticity used for

HA, which indicates that good estimates of these quantities should be obtained.

Furthermore, results also indicate that the response of enamel to laser radiation

may vary from sample to sample or even from location to location within the same

sample, because of local variations in the mechanical properties of enamel.

6.3 Influence of water pores on the response of

enamel: the macropores model

While it is known that more water exists at the boundary of the rods than on

their inside, the exact fraction of water in enamel, the pore size distribution and

connectivity are not known [3, 153]. The results discussed in the previous Section
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represent a first attempt to ascertain the role of water in ablation, by modelling the

water-rich rod sheath like a thin water-layer surrounding the rods. Even accounting

for the fact that this is a somewhat crude approximation to reality, there is no

getting away from the fact that the results strongly suggest the water existing in

enamel should play an important role in ablation. Therefore, it was decided to

continue to investigate this line of thought.

The next question to arise was: would the effect of water on the stress maps

still be this evident if the water content at the rod sheath was lower? To answer

this question, a new model, similar in geometry to those described in the previous

Section, was developed.

6.3.1 Model description

This new model is based on the geometry of model Rods, but now only a few

selected areas at the rod sheath – which can be considered wide and flat macro-

pores – have the properties of water. Therefore, it differs from the previously

described Rods models only in its total water content and distribution: the model

has 0.27% v/v water, instead of 4% as model Rods with a water-layer. This model

was called RodsPores (see Fig. 6.16 for the pore distribution). Each pore has

(a) The location of pores in model RodsPores. (b) The structure of model RodsPores.

Figure 6.16: The geometry of model RodsPores. The pores correspond to the squares
that stand out in white in image (a). In (a) only the rod sheath is shown in order
to make the pores visible. Numbers 1, 2 and 3 near the cartesian axes correspond to
directions X, Y and Z, respectively.

length and width on the order of 1 µm, and thickness of 0.1 µm. The material

properties assigned to the mineral and water/organic part of the models are those
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in Table. 6.7, and will not be presented again. The laser parameters used are given

in Table 6.13. Again, a single laser pulse of sub-ablative intensity was modelled.

Type of laser CO2 (10.6 µm) Er:YAG (2.9 µm)
Pulse duration (µs) 0.35 0.35
Maximum absorbed 1.2 ×1010 1.2 ×1010

intensity, I0 (J/m2/s)
Number of pulses 1 1
Laser beam radius (mm) 0.2 0.2

Table 6.13: Laser parameters used in simulations that assess the effect of water macro-
pores at the rod sheath, used in model RodsPores.

In order to make it easier for the reader to understand what simulations were

performed and the main differences between them, a list of the names and dis-

tinguishing laser parameters for the simulations performed are presented in Ta-

ble 6.14. Note that results from the first two simulations have already been an-

alyzed in Section 6.2, and are repeated here because they will be compared with

the results obtained with model RodsPores. This time, the same laser intensity is

Name Wavelength Water Laser intensity
RodsHom CO2 1.2e10 CO2 no 1.2 ×1010

RodsWL CO2 1.2e10 CO2 yes 1.2 ×1010

RodsPores CO2 1.2e10 CO2 yes 1.2 ×1010

RodsPores Er 1.2e10 Er:YAG yes 1.2 ×1010

Table 6.14: Distinguishing simulation parameters used for models RodsHom, RodsWL

and RodsPores, in order to assess the effect of wavelength and water distribution on the
temperature and static stress maps. The first two simulations, corresponding to having
a model without water and one in which the rod is surrounding by a water layer, have
already been analyzed in Section 6.2, and are repeated here because their results will be
compared with the results obtained with model RodsPores.

used for the CO2 and Er:YAG laser because, as it will be seen when the results

are analyzed, the same maximum temperature will be reached at the end of the

laser pulse.

The simulations were performed in the same manner described for RodsWL

(model Rods with a water layer): first the heat transfer simulations were per-

formed, for a total duration of 10 µs. Subsequently, the linear static stress simu-

lations were performed taking as input the temperature map generated at the end

of the laser pulse.
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6.3.2 Results and discussion

The temperature distribution at the end of the laser pulse for all the simulations

is given in Fig. 6.17. There are no differences in the temperature maps between

models RodsWL and RodsPores when the CO2 laser is used. Similarly to what was

observed for model RodsWL, the temperature distributions for model RodsPores

are qualitatively different for the CO2 and for the Er:YAG laser: the CO2 laser

induces appreciable temperature gradients only along OZ, that is, parallel to the

optical axis of the laser beam, while the Er:YAG laser induces significantly higher

temperatures at the regions with higher water content.
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(a) Nodal temperature for model RodsPores

and for the CO2 laser. Only half the model is
shown.
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(b) Nodal temperature at the rod sheath for
model RodsPores and for the CO2 laser.
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(c) Nodal temperature for model RodsPores

and for the Er:YAG laser. Only half the model
is shown.
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(d) Nodal temperature at the rod sheath for
model RodsPores and for the Er:YAG laser.

Figure 6.17: Temperature (in kelvin) at the end of a single 0.35 µs laser pulse for model
RodsPores. Numbers 1, 2 and 3 near the cartesian axes correspond to directions X, Y
and Z, respectively.

The maximum temperature reached in all RodsPores models was approxi-

mately 160 ◦C, which was rather unexpected. If the reader remembers the results

obtained using model RodsWL (presented in Section 6.2), the Er:YAG laser in-

duced a maximum temperature of 278 ◦C when the same laser intensity of 1.2× 1010 J/m2/s

was used in this model. This suggests that the maximum temperature induced at

the pores by the Er:YAG laser may be a function of the pore size, something which
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may have significant implications for understanding and controlling the ablation

of enamel using this laser.

The minimum and maximum quasi-static stress maps at the end of the laser

pulse for the RodsPores models are given in Figs. 6.18 and 6.19. To facilitate

comparisons, the stress maps for models in which the rod sheath is composed

entirely of mineral and entirely of water are presented again (they were already

analyzed earlier in Section 6.2). In Fig. 6.19, only the rod sheath is shown.

Clearly, the water distribution and the wavelength used make a significant

difference on the stress maps. When using the CO2 laser, the stress distribution

for model RodsPores is almost identical to model RodsHom, the only differences

being that the stress in and around the water pores tends to be compressive rather

than tensile and an increase in the minimum principal stress (which traduces an

increase in the highest compressive stress). The concentration of stress around

the rod tail seen in model RodsWL (with a higher content of water around the

rod) is no longer present. When the Er:YAG laser is used, however, there is a

clear increase in both the minimum and maximum principal stresses throughout

the model, which means that the model experiences higher tensile and compressive

stresses than model RodsHom. Nevertheless, the stress levels are significantly lower

than those observed in model RodsWL. Similarly to what is observed for the CO2

laser, the stresses around the pores tend to be compressive.

These results indicate that the local temperature gradient generated around

the pores when the Er:YAG laser is used induce higher stress concentrations than

when the CO2 laser is used, despite the fact that the same incident fluence was

applied for both lasers and the same maximum temperature is reached at the

pores. They also indicate that the amount and distribution of water in enamel

should have a significant influence on the temperature and stress generated in this

material. This suggests that the results of ablating enamel using both lasers may

be dependent on conditions that alter the water content of the tooth (age, location

of irradiated site, type of tooth, level of hydration for in vitro teeth). Therefore, it

seems that experimentalists may want to plan their experiments and analyze their

results taking those factors in consideration, in particular when using the Er:YAG

laser for which this effects seems to be more intense.

The differences observed between the models that have a water-layer surround-

ing the rod sheath and those that have large, flat pores at the same location sug-

gested that the response of the material may be a function of pore-size. In order

to investigate this issue, a new set of simulations were performed and are now
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presented in the next Section.



146 Chapter 6

(Ave. Crit.: 75%)
Field-1, Min. Principal

-3.76e+07
-3.35e+07
-2.94e+07
-2.53e+07
-2.11e+07
-1.70e+07
-1.29e+07
-8.77e+06
-4.64e+06
-5.23e+05
+3.60e+06
+7.72e+06
+1.18e+07

1

2

3

(a) Minimum principal stress for simulation
RodsHom CO2 1.2e10.

(Ave. Crit.: 75%)
Field-1, Max. Principal

-8.42e+06
-5.80e+06
-3.19e+06
-5.69e+05
+2.05e+06
+4.66e+06
+7.28e+06
+9.90e+06
+1.25e+07
+1.51e+07
+1.77e+07
+2.04e+07
+2.30e+07

1

2

3

(b) Maximum principal stress for simulation
RodsHom CO2 1.2e10.

(Ave. Crit.: 75%)
Field-1, Min. Principal

-3.08e+08
-2.81e+08
-2.55e+08
-2.28e+08
-2.01e+08
-1.74e+08
-1.47e+08
-1.20e+08
-9.36e+07
-6.68e+07
-3.99e+07
-1.31e+07
+1.37e+07

1

2

3

(c) Minimum principal stress for simulation
RodsWL CO2 1.2e10.

(Ave. Crit.: 75%)
Field-1, Max. Principal

-5.68e+07
-4.18e+07
-2.67e+07
-1.17e+07
+3.39e+06
+1.84e+07
+3.35e+07
+4.86e+07
+6.36e+07
+7.87e+07
+9.37e+07
+1.09e+08
+1.24e+08

1

2

3

(d) Maximum principal stress for simulation
RodsWL CO2 1.2e10.

(Ave. Crit.: 75%)
Field-1, Min. Principal

-4.14e+07
-3.69e+07
-3.25e+07
-2.80e+07
-2.36e+07
-1.91e+07
-1.47e+07
-1.02e+07
-5.78e+06
-1.33e+06
+3.12e+06
+7.56e+06
+1.20e+07

1

2

3

(e) Minimum principal stress for simulation
RodsPores CO2 1.2e10.

(Ave. Crit.: 75%)
Field-1, Max. Principal

-8.51e+06
-5.88e+06
-3.26e+06
-6.34e+05
+1.99e+06
+4.61e+06
+7.24e+06
+9.86e+06
+1.25e+07
+1.51e+07
+1.77e+07
+2.04e+07
+2.30e+07

1

2

3

(f) Maximum principal stress for simulation
RodsPores CO2 1.2e10.

(Ave. Crit.: 75%)
Field-1, Min. Principal

-7.98e+07
-7.15e+07
-6.32e+07
-5.48e+07
-4.65e+07
-3.82e+07
-2.99e+07
-2.15e+07
-1.32e+07
-4.91e+06
+3.41e+06
+1.17e+07
+2.01e+07

1

2

3

(g) Minimum principal stress for simulation
RodsPores Er 1.2e10.

(Ave. Crit.: 75%)
Field-1, Max. Principal

-3.50e+07
-2.86e+07
-2.22e+07
-1.58e+07
-9.39e+06
-2.98e+06
+3.43e+06
+9.84e+06
+1.63e+07
+2.27e+07
+2.91e+07
+3.55e+07
+4.19e+07

1

2

3

(h) Maximum principal stress for simulation
RodsPores Er 1.2e10.

Figure 6.18: Minimum and maximum principal quasi-static stress (N/m2) at the end of
the 0.35 µs laser pulse for models: (a,b) without water; (c,d) with a water-layer at the
rod sheath and (e-h) with water-pores at the rod sheath. A positive value represents
tensile stress and a negative one represents compressive stress. Numbers 1, 2 and 3 near
the cartesian axes correspond to directions X, Y and Z, respectively. Only half of the
model is visible in each image, so that the stress at the center of the structure can be
analyzed.
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(f) Maximum principal stress for simulation
RodsPores Er 1.2e10.

Figure 6.19: Minimum and maximum principal quasi-static stress (N/m2) at the end
of 0.35 µs for models: (a,b) RodsHom; (c,d) RodsWL and (e,f) RodsPores. A positive
value represents tensile stress and a negative one represents compressive stress. Num-
bers 1, 2 and 3 near the cartesian axes correspond to directions X, Y and Z, respectively.
Only the sheath of a single rod is shown for each model.
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6.4 Influence of pore size on the temperature

and stress distribution: the nanoscale pore

models

In the previous Section, the effect of having wide, flat pores instead of a water layer

at the rod sheath was investigated. However, there is some evidence to suggest that

the majority of pores in enamel will be significantly smaller than this. Pores as

small as a few tens of nanometers and as large as a few hundreds of nanometers are

thought to exist, mostly at the rod sheath [7]. The question that naturally arose,

then, was whether water in pores as small as this would still induce similar stress-

concentrations to those observed for the RodsPores models. In order to investigate

the effect of the pore size on the response of enamel to the CO2 and Er:YAG

lasers, a new model was developed. This model does not attempt to include the

rod microstructure characteristic of enamel. Including this microstructure while

at the same time modelling pores with characteristic nanometer-scale sizes would

produce huge models which would be too computationally demanding. Instead,

the new models represent a single pore surrounded by mineral.

Results presented earlier in this Thesis indicate that the models are somewhat

sensitive, from a quantitative point of view at least, to variations in the Young’s

modulus of the water/organic material, Ewater, contained in the pores, in particular

to increases in this value. Furthermore, the combination of Young’s modulus (1 ×
105 N/m2) and Poisson’s ratio (0.28) used for the content of the pores implies that

the water/organic is modelled as a material that is five orders of magnitude more

compressible than water, which may introduce uncertainty also from a qualitative

point of view 3. In order to reduce the level of uncertainty associated with the

results, it was decided to follow an entirely different approach now: the material in

the pores is assumed to be pure water, and is modelled using an Equation of State

for this substance. Therefore, the compressibility of the material is now modelled

more adequately, since it is a function of both pressure and temperature.

Finally, the stress results presented until now refer only to the quasi-static stress

induced in the material at the end of the laser pulse. However, it is important to

understand the dynamical evolution of stress during and after the laser pulse. For

3The bulk modulus for the water/organic material model is K = E/3/(1 − 2ν) = 7.6 ×
104 N/m2, and for liquid water at 50 ◦C and pressure between 1 and 20 MPa is K = ρ dP/dρ ≃
1 × 109 N/m2. Data for liquid water from ref. [147].
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this reason, both thermal and mechanical simulations presented in this Section

have a dynamical nature.

6.4.1 Description of the finite element model

In order to investigate the effect of pore size on the stress distributions induced

by mid-infrared laser pulses, three Finite Element models – representing a piece of

HA surrounding a single cubic pore containing only water – were developed (see

Fig. 6.20 for a representation of the model). The total dimensions of the models

are 3.1 × 3.1 × 1.3 µm3, which makes them much smaller than any of the models

presented thus far. The three models differ only on the size of the pore: the length

of the pore edges considered are 30, 70 and 130 nm and, for this reason, the models

are called SmallPore30, SmallPore70 and SmallPore130.

Figure 6.20: Geometry of model SmallPore70 ; only half of the model is shown, so
that the pore can be seen. The geometry of models SmallPore30 and SmallPore130 is
similar, only differing in the dimensions of the pore.

As mentioned in the introduction to this Section, the results obtained by prior

models indicate that they are sensitive, from a quantitative point of view, to the

value of the Young’s modulus of the material contained at the pores. Also, it is

likely that the water/organic material was assigned an excessively high compress-

ibility, which may influence the stress maps in a significant manner. Therefore, at

this point it was judged more appropriate to model this material as a fluid, using

an Equation of State instead of using a solid-material model. Since the water is

more abundant in the pores than the organic material, an Equation of State (EOS)

for pure water was implemented through subroutine UMAT, used during the stress

simulations. Note that, since the temperature maps were not particularly sensitive

to variations in the material parameters of water, the content of the pores during
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the heat transfer simulations is still modelled using the density, specific heat and

thermal conductivity of water. The EOS is only used for the stress analyzes.

In order to decide which EOS would be used (a number of them exist to model

the behavior of water under different experimental conditions) it was necessary

to determine whether the water in the pores would behave like liquid bulk water.

The factors that most influence the behavior of water are the pore dimensions

and the hydrophilic character of the pore surface: as either of them increases, the

water in a pore will behave more like liquid bulk water. Work done by Giaya,

Liu, Borggreven and co-workers [8, 9, 10] strongly suggests that water contained

in pores of width larger than 30 nm and pore walls made of HA will behave like

liquid bulk water, because HA is an ionic substance and, consequently, can be

expected to have a strong hydrophilic character. Therefore, the remaining task

was to select an EOS that described the behavior of water accurately in the range

of temperatures and pressures expected to develop during and after a single laser

pulse.

After reviewing the literature, it was decided to use the EOS described by

Lyons [154], which relates the water pressure, P , in the pore at a given tempera-

ture, T , and volume per unit mass, Vm, according to:

P = BT exp
[(

−Vm − V0T

V0T × AT

)

− 1
]

(6.11)

where V0T , AT and BT are those defined in eqs. 6.12, 6.13 and 6.14. This particular

EOS was chosen because of its accuracy and simplicity.

V0T = VP0T0

(

1 + ξ1T + ξ2T
2 + ξ3T

3 + ξ4T
4 + ξ5T

5
)

(6.12)

AT = A0

(

1 + η1T + η2T
2 + η3T

3
)

(6.13)

BT = B0

(

1 + ς1T + ς2T
2 + ς3T

3
)

(6.14)

The values of constants VP0T0, A0, B0, ξi, ηi and ςi used in eqs. 6.12, 6.13

and 6.14 can be found in Table 6.15. Lyons obtained these values by fitting equa-

tion 6.11 to experimental measurements of temperature, pressure and mass-volume

for liquid water. He established the validity of eq. 6.11 for temperatures in the 0

to 100 ◦C range and pressures between 0.1 and 100 MPa, which is insufficient for

the models described here. However, the author of this Thesis compared the re-

sults of eq. 6.11 with experimental data in references [147, 155], and found that it
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B0 (N/m2) 2.71000000000E+08
A0 1.38000000000E-01
Vp0t0 (m3/kg) 1.00021195720E-03

ξ1(
◦C−1) -6.10804506610E-05

ξ2(
◦C−2) 8.26422147620E-06

ξ3(
◦C−3) -6.25191522510E-08

ξ4(
◦C−4) 3.96577772140E-10

ξ5(
◦C−5) -1.03766115850E-12

η1(
◦C−1) 1.83447912390E-03

η2(
◦C−2) -3.94832209280E-05

η3(
◦C−3) 1.32756265960E-07

ς1(
◦C−1) 9.43239862720E-03

ς2(
◦C−2) -1.43696702930E-04

ς3(
◦C−3) 4.56081249050E-07

Table 6.15: Parameters used for the Equation of State for water.

holds well for temperatures up to 200 ◦C and pressures up to 500 MPa, sufficient

for the purposes of the work described here.

The material parameters used to model the content of the pores (for the thermal

simulation) and the mineral are given in Table 6.16. The reasons for choosing

these values have already been given in Section 6.2, so they will not be repeated

here. The values for the Restrain-layers were calculated according to the equations

presented in Section 6.1.1.2 and 6.1.1.1, and using the geometrical parameters given

in Table 6.17.

Similarly to all the previous simulations, all the external nodes were fixed in

the stress analyzes with the exception of the nodes at the irradiated surface, which

were left unconstrained. All the nodes were given an initial temperature of 37 ◦C,

which was also the stress-free reference temperature.

As usual, first the transient heat transfer simulations were performed, which

yielded the temperature maps during and after the laser pulse, for a total simula-

tion time of 10 µs. The laser parameters, similar to those used in the previously

reported work, are given in Table 6.18. Subsequently, the temperature distribution

was used as input to the dynamic stress simulations, from which the stress and

displacement experienced throughout the model were obtained. The EOS of wa-

ter (necessary for the mechanical simulations) was implemented using subroutine

UMAT. In UMAT, the volume of the pore at each increment was made a state

variable; this quantity is calculated in each increment by taking the volume of
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Water Hydroxyapatite BRL LRL

Abs. coeff. at 122.5 [123] 3 3 NA
2.94 µm (×104 m−1)
Abs. coeff. at 8.25 8.25 [69] 8.25 NA
10.6 µm (×104 m−1)
κ (J/(s.m.◦C)) 0.6 [147] 1.3 [143] 2.5×10−5 1.3
Spec. heat 42 (313 K) [147] 880 [143] 8.8 8.8
(×102 J/kg/◦C) 44 (453 K)

47 (503 K)
53 (553 K)

E (×106 N/m2) Not applicable 110000 [144] 0.289 15
ν Not applicable 0.28 [145] 0.28 0.28
α(×10−5 K−1) Not applicable 1.6 [146] 160 400 (x)

400 (y)
1.6 (z)

ρ (×103 kg/m3) 0.99 [147] 3.1 [142] 15.5∗ 3.1
3.1♯

Table 6.16: Properties of enamel used in models SmallPore. Note that the parameters
used only in the heat transfer simulations are not given for the Lateral Restrain-layer
(LRL), since this layer is only used for the mechanical simulations. Also, the thermal
expansion coefficient of the Lateral Restrain-layer is given in terms of the three directions
in space, and the specific heat of water is given as a function of temperature. ∗ Used in
the heat transfer simulation, to act as a heat sink. ♯ Used in the mechanical simulation.

the pore in the previous increment and the current strain tensor passed into the

subroutine. Having determined the volume of the pore, the stress tensor can easily

be calculated by taking the temperature at the pore and using eqs. 6.11, 6.12, 6.13

and 6.14: the direct stress components are equal to the pressure calculated using

eq. 6.11, and the shear stress components are zero at every instant. An example of

the UMAT subroutine can be found in Annex 2. All analyzes were performed using

ABAQUS implicit algorithm, using the automatic incrementation scheme available

except those for models without water, which used the Explicit algorithm 4

A number of simulations were performed, to assess the effect of the pore size

and the different wavelengths on the results. A few simulations were performed

4The Explicit algorithm is better than the Implicit one to obtain insight into the dynamic
behavior of the model, and in fact should have been used for all analyzes reported in this Section.
This was not done because of difficulties in implementing the EOS of water, indispensable to
model the water at the pores, in a manner that it could be used in the Explicit algorithm. For
this reason, the SmallPore models are not analyzed in detail with respect to their dynamic stress
response to the laser pulse.
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Model SmallPore30 SmallPore70 SmallPore130

Total dimensions 3.1 × 3.1 × 1.3
of model (µm3)
Number of nodes 49392 49392 38400
Number of elements 45374 45374 31936
LLRL (µm) 0.96
ℓen (mm) 6
ℓen,expanding (mm) 0.2
Een (N/m2) 1.1× 1011

∆zBRL (µm) 0.116
∆zen+den (mm) 6
κen 1.3
Een+den (N/m2) 1.5 × 1010

Table 6.17: Geometrical parameters for models SmallPore. ℓen and (∆zen+den) cor-
respond to the thickness of enamel (or enamel + dentine) considered to surround the
modelled structure and that is being replaced by the Lateral Restrain-layer and the
Bottom Restrain-layer, respectively.

Type of laser CO2 (10.6 µm) Er:YAG (2.9 µm)
Pulse duration (µs) 0.35 0.35
Maximum absorbed 1.2 ×1010 2 ×1010

intensity, I0 (J/m2/s)
Number of pulses 1 1
Laser beam radius (mm) 0.2 0.2

Table 6.18: Laser parameters used in models SmallPore.

with the aim of comparing the results obtained using model SmallPores with the

larger Cubes model, thus establishing to what extent the model size influences the

results. The names of the most relevant simulations performed and a highlight of

the relevant parameters for each is given in Table 6.19 for the convenience of the

reader.

Before proceeding to the discussion of results, it is necessary to make a few

comments on the choices made for the analysis that will be presented. The results

of the stress simulations will be analyzed based on the Von Mises stress maps ob-

tained for the mineral. While it is known that the concept of equivalent stress does

not apply to brittle materials, the results obtained with previous models indicate

that the VMS reproduces fairly well the minimum and maximum principal stress

distributions in the regions close to the water pores, at least from a qualitative
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Name Wavelength Water Laser intensity
Cubes CO2 1.2e10 CO2 no 1.2 ×1010

SmallPore70CO2 hom 1.2e10 CO2 no 1.2 ×1010

SmallPore70CO2 water 1.2e10 CO2 yes 1.2 ×1010

SmallPore30CO2 water 1.2e10 CO2 yes 1.2 ×1010

SmallPore130CO2 water 1.2e10 CO2 yes 1.2 ×1010

SmallPore70Er water 2e10 Er:YAG yes 2 ×1010

SmallPore30Er water 2e10 Er:YAG yes 2 ×1010

SmallPore130Er water 2e10 Er:YAG yes 2 ×1010

Table 6.19: Simulation parameters for models SmallPore and for model Cubes, to assess
the influence of model size, pore size and wavelength on the temperature and stress in
enamel.

point of view. Provided that the readers keep in mind the limitations of using the

VMS stress and do not dwell too closely on the actual values obtained, it is thus

reasonable to analyze results using this approach. Keep in mind, however, that the

stress results at the pore are analyzed in terms of pore pressure and not VMS, and

for this reason are not subject to the same words of caution. Furthermore, while

the mechanical simulations performed have a dynamical nature and, consequently,

the stress results are obtained as a function of time, graphs of stress as a func-

tion of time will not be analyzed or presented at this stage. The justification for

this choice lies in the fact that the time-step used in the mechanical simulations

(determined by the automatic incrementation scheme available in the program)

is too long to capture the high-frequency stress oscillations generated. Therefore,

plots of stress as a function of time do not yield much useful information. The

author attempted to run the simulations using the implicit algorithm and very

short, user-controlled, time-steps, but it proved computationally too demanding.

The author also attempted to perform the same simulations using the explicit al-

gorithm, for which a very short time-step is naturally available, but difficulties in

implementing the EOS of water made it impossible. Since the temporal definition

of the stress results is not sufficient to yield useful information, only the stress (or

pressure) at the end of the laser pulse is reported, since it represents an upper

boundary for the stress values.

6.4.1.1 Results and discussion

Before performing the main set of simulations, it was necessary to assess in what

way the small size of model SmallPore could induce changes in stress and temper-



The nanoscale pore models 155

ature maps when compared to the larger models presented previously. In order

to this, two preliminary simulations using models SmallPores70 and Cubes were

performed. Neither of the models at this stage includes water, and both use CO2

laser parameters (see parameters for simulations Cubes CO2 1.2e10 and Small-

Pore70CO2 hom 1.2e10 in Table 6.19).

The thermal analysis indicates that the maximum temperature (160 ◦C) for

simulation SmallPore70CO2 hom 1.2e10 is reached at the irradiated surface, at

the end of the laser pulse, and slowly decreases until the end of the simulation, a

similar result to the one obtained with model Cubes. With respect to the results

from the mechanical simulations, the Von Mises stress levels reached at the end

of the laser pulse in the current model are one order of magnitude higher than

the ones obtained when dynamical stress simulations are performed using model

Cubes CO2 1.2e10, as is illustrated in Fig. 6.21. Also, the results using model
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(a) VMS for a single element
of height 0.4 µm for simulation
Cubes CO2 1.2e10.
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at depths between 0 and 0.6 µm for simu-
lation SmallPore70CO2 hom 1.2e10.

Figure 6.21: Von Mises stress between 0 and 5 µs for elements located at the XY center
of the irradiated surface of models: (a) Cubes and (b) SmallPore70. In (b) the VMS
is averaged over 4 elements that are roughly at the same location as the single element
mentioned in (a), because model SmallPore70 has a much finer mesh than model Cubes.

SmallPore70 show a high-amplitude oscillation of the stress values like in model

Cubes but the amplitude of that oscillation is also one order of magnitude higher

than what it should be. The time-averaged VMS values obtained with the Small-

Pore70 model give much more promising results: they are within the same order

of magnitude of those obtained using the Cubes models, although still higher than

in model Cubes, as can be seen in Table 6.20. Note that the maximum VMS values

reached concentrate at the end of the laser pulse, for both model sizes. These re-

sults suggest that qualitative inferences on the stress behavior may be made from
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Simulation Cubes CO2 1.2e10 SmallPore70CO2 hom 1.2e10
VMS at the end of 1.3 × 107 4.6 × 107

the laser pulse (N/m2)
VMS between 7.3 × 106 3.9 × 107

4 and 5 µs (N/m2)

Table 6.20: Time-averaged Von Mises Stress values for simulations Cubes CO2 1.2e10
and SmallPore70CO2 hom 1.2e10 for the elements mentioned in Fig. 6.21. The VMS at
the end of the laser pulse was averaged between 0.35 and 0.36 µs.

the current results using models SmallPore and that the time-averaged VMS val-

ues give an idea of the correct order of magnitude of the stress reached in enamel,

but the actual instantaneous values of stress should not be taken at face value.

This is not unexpected, since in Section 6.1.1.1 a similar behavior was observed for

the smaller model used to test the boundary conditions applied to the mechanical

simulations.

Having established the confidence with which the results may be interpreted,

simulations were then performed using model SmallPore70 and CO2 laser para-

meters, but this time considering the water pore to be totally filled with liquid

water. The results of this simulation, named SmallPore70CO2 water 1.2e10, will

be compared with the results from simulation SmallPore70CO2 hom 1.2e10, thus

assessing the influence of the water pore on the stress generated in enamel. The

stress levels at the water pore became one order of magnitude higher than when

that region is made of mineral only. As a consequence, the stress levels at the

mineral directly surrounding the pore were also elevated. This suggests that the

water pores can have a significant impact in the stress distributions in enamel

and can play an important role in ablation, even for relatively low temperature

elevations such as the one predicted using the laser parameters in Table 6.18. It

should be noted that the temperatures reached in the material do not allow for

water vaporization, because they are always lower than the vaporization tempera-

ture at the pressures felt inside the pore. The high pressures in the water pore are

solely due to the thermal expansion of the water, its low compressibility and the

high rigidity of HA, which means that even very small volume variations trans-

late into high mechanical pressures. These results suggest that cracking of enamel

may take place even before water-vaporization begins, and that it is possible that

vaporization may actually begin only after the pore walls have cracked. This is in

qualitative agreement with results obtained by Apel et al. [94], who found that the
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Er:YAG laser could cause extensive cracking in enamel even when fluences lower

than the ablation threshold were used.

The mechanical properties of HA seem to have some influence on the stress

maps (see Section 6.2), but this influence was not investigated in the context of

this new, smaller, model. This fact, together with the knowledge that a biological

material like enamel may experience significant changes in its properties depending

on its location, made it necessary to re-assess the influence of the mechanical prop-

erties of HA, EHA and νHA, on the stress levels reached. Both those parameters

were independently varied by ± 10% and ± 25%, using model SmallPore70 and

CO2 laser parameters. It was found that varying EHA or νHA within the tested

range has little effect on the water pressure reached at the pore: the maximum

variation experienced was approximately 3%. Some significant differences were

observed, however, on the stress values at the mineral that directly surrounds the

pore when EHA was varied: the VMS becomes 15% higher when EHA is raised

by 25% and 5% lower when EHA is lowered by 25%. While the actual figures

obtained should not be taken at face value because of the uncertainty associated

with the results, this does suggest that different values of EHA will cause some

non-intuitive variations on the stress levels experienced throughout enamel. Re-

gardless of the changes in the VMS when EHA or νHA are modified, the general

behavior of the stress remains the same: the higher levels of stress are felt in the

pore and in the mineral that surrounds the pore.

The influence of the pore size on the stress levels reached in enamel when

using the CO2 laser was assessed by performing simulations using models Small-

Pore30 and SmallPore130 (simulations SmallPore30CO2 water 1.2e10 and Small-

Pore130CO2 water 1.2e10). It was found that the temperature behavior was iden-

tical to that observed in model SmallPore70, which was expected because the

absorption coefficients of HA and water were considered identical. The pressure at

the water pores remained unchanged in all three models, consistent with the iden-

tical thermal results in all those models. The VMS of the material that directly

surrounds the water pore, however, increased significantly (over 50%) from model

SmallPore30 to SmallPore130, which was not expected given that the water pres-

sure remained approximately the same in all three models. This result suggests

that the size of the water pores by itself may influence the stress levels reached

by the material, independently of the temperature reached at the pore. However,

given the uncertainty associated with the actual values of the results, further work

is necessary to determine whether this assumption will hold.
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Finally, simulations using the three geometric models with water pores, but us-

ing Er:YAG laser parameters were performed, to assess the influence of pore size

and wavelength of laser on the temperature and stress induced in enamel (simula-

tion SmallPore30Er water 2e10, SmallPore70Er water 2e10 and SmallPore130Er water 2e10).

The temperature map at t = 0.35 µs for model SmallPore70 and the Er:YAG laser

can be seen in Fig 6.22. The qualitative features in this image are common to all

the simulations in which the Er:YAG laser was used; the only differences are the

actual temperature values.

Figure 6.22: Temperature distribution for model SmallPore70 at the end of a sin-
gle 0.35 µs laser pulse by the Er:YAG laser with intensity 2 × 1010 N/m2. Only half of
the model is shown, so that the water pore can be seen.

As expected, the water pore is the site with the highest temperature in each

model, because of the difference in the absorption coefficients of water and HA.

The maximum temperature reached at the water pore (at the end of the laser

pulse) seems to be a strong function of the pore size for Er:YAG, as can be seen in

Table 6.21. This can easily be explained if one remembers that smaller pores have

Er:YAG CO2

Pore Maximum Maximum Maximum Maximum
dimensions temperature pressure temperature pressure
(nm3) (◦C) (N/m2) (◦C) (N/m2)
30 × 30 × 30 113 8.3 ×107 153 1.5 ×108

70 × 70 × 70 116 8.3 ×107 153 1.5 ×108

130 × 130 × 130 138 8.9 ×107 153 1.5 ×108

Table 6.21: Maximum temperature and pressure reached at the pores at the end of the
laser pulse, for the various pore-sizes in models SmallPore.

higher area-to-volume ratios and, therefore, lose heat to their surroundings more

rapidly than larger pores. One microsecond after the laser pulse, the pore reaches
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thermal equilibrium with its surroundings and the temperature in all three models

is close to 100 ◦C. The actual temperature values should not be considered entirely

accurate because of the uncertainty associated with the material parameters used,

in particular the absorption coefficient of water at λ = 2.9 µm. However, since the

minimum value that the absorption coefficient of water can reach is ≃ 10000 cm−1

(according to work by Shori et al. [123]), which is still significantly higher than the

absorption coefficient for HA (300 cm−1), one can confidently suggest that CO2

and Er:YAG lasers will induce different responses in dental enamel.

Consistent with the temperature maps obtained for Er:YAG laser parameters,

the stress maps (see Fig. 6.23 for an example) indicate that the water pores reach

Figure 6.23: Von Mises stress (N/m2) at t = 0.44 µs for the 70 nm pore model with
Er:YAG laser. Only half of the model is shown, so that the pore can be seen.

a maximum pressure at the end of the laser pulse. This maximum pressure varies

with pore size as can be seen in Table 6.21: there is a 7% increase in peak-

pressure from the SmallPore30Er water 2e10 to the SmallPore130Er water 2e10

simulations. This is a consequence of the increase in the pore peak-temperature.

Similarly to what was observed for the Rods models, even the relatively low

temperatures induced by the lasers (up to 160 ◦C) seem to induce high stress

concentrations around the pore which are solely caused by the thermal expansion

of liquid water. The VMS of the material that surrounds the pore is comparable

to, or even higher than, the ultimate strength of enamel. Again, while the actual

numerical results reported here should not be given too much importance, they do

suggest strongly that cracking of enamel may commence before water vaporization

can take place and before ablation starts.
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The results have thus established that there should be a direct relationship

between the temperature reached at the pores and the pore pressure, and that

the pore temperature at the end of the laser pulse should be dependent of pore

size for the Er:YAG laser and virtually independent of pore size for the CO2 laser.

Therefore, it is possible to qualitatively assess the effects in terms of stress of

having pores of different sizes by simply determining its temperature. Comparing

the results from equally-sized SmallPore models and different lasers, one finds

that in all situations the maximum VMS in the mineral, and the corresponding

maximum pressure at the water pore, are always higher for the CO2 laser. This

is consistent with the fact that, despite the higher laser intensity used for the

Er:YAG laser, a lower temperature is reached at the end of the laser pulse in this

case because heat is lost very rapidly through the pore walls. This is an opposite

behavior to that observed with the RodsWL models (that have a thin water layer

surrounding each rod), in which the Er:YAG laser induced the same temperature

change using half the laser intensity that was used for the CO2 laser. The difference

between both cases lies in the dimensions of the pore: in the Rods models, the

water layer is 0.1 µm thick and covers a large area at the rod sheath, whereas

pores are significantly smaller than that in models SmallPores.

Clearly, model Rods and model SmallPores represent two extreme cases. The

actual morphology of enamel should be somewhere in between these two extremes,

where a large number of small pores, relatively close to each other, can be found

at the rod sheath. What the present results suggest is that the main ablation

mechanism for the CO2 laser should also be the explosive vaporization of water

(at least at lower fluences), and that the CO2 laser should be less sensitive to the

pore size than Er:YAG ablation. This may have significant practical implications,

because it is known that enamel may present abnormally large regions with high

water/organic content (enamel tufts, lamellae and spindles). An Er:YAG laser

irradiating these areas will thus generate much higher temperatures (and, conse-

quently, pressures) than the CO2 laser using the same laser intensity. This means

that the likelihood of the Er:YAG laser inducing large local stress concentrations

and thus creating large local cracks in enamel is higher. Therefore, it seems that

unwanted mechanical damage such as cracking should be easier to control when

using the CO2 laser. It also suggests that the enamel ablation threshold using the

CO2 laser should be more reproducible than using the Er:YAG laser. The results

suggest that both the CO2 and the Er:YAG laser should induce very high pressures

at the pores, capable of inducing cracking, even when using sub-ablative fluences.
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This is in agreement with experiment as far as the Er:YAG laser is concerned [94],

but not for the CO2 laser. In fact, cracking is normally not observed when using the

CO2 laser at sub-ablative fluences to increase enamel’s resistance to acid attacks.

This may be explained by the fact that the mineral will reach higher temperatures

when the CO2 laser is used, which may induce a brittle-to-ductile transition which

delays the onset of cracking. Unfortunately, it is not possible at the moment to

satisfactorily verify these claims because the available experimental literature on

ablation of enamel by both lasers reports a myriad of operating conditions which

renders the direct comparison of results by one laser or the other impossible.

6.4.2 Description of the analytical stress model

The results obtained with previous models provided very useful insight, mainly

from a qualitative point of view, into the laser-induced stress fields generated in

enamel by the CO2 and the Er:YAG lasers. However, since the purpose of this

Thesis is to determine the laser operating parameters that produce the best results,

it would be advantageous if one could have more confidence on the results from a

quantitative point of view. This is particularly the case for models SmallPores, for

which the uncertainty associated with the results is thought to be higher than for

the Rods models because models SmallPores are much smaller than model Rods.

Since there is no experimental information available that could be used to validate

the models, the only possible way to do this is resorting to modelling. If models

based on different techniques produce similar results, one may have a higher degree

of confidence on the results. This is not the same as validating the model but,

since that is not possible, it is nevertheless useful.

In order to estimate the pore pressure at the end of a laser pulse, and to

further test whether water vaporization is likely to initiate or not before the onset

of cracking, an analytical model of a single water pore in human dental enamel

was built. This model only intends to simulate the mechanical response of enamel

and uses temperature values as input only. Temperatures in the range of those

that have been obtained with the SmallPore models presented in the previous

Section will be used in this analytical model. The model consists of a spherical

pore completely filled with water and surrounded by an infinite thickness of HA.

The relationship between the specific volume (volume per unit mass), V , of the
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pore and the pressure, P , experienced at the pore is [140]

V = V0

[

1 +
1 + νHA

2EHA

(P − P0)
]3

(6.15)

where V0 is the initial specific volume of water when the pressure at the pore is P0,

νHA is Poisson’s ratio and EHA is the Young’s modulus for HA. The values used

to obtain the results presented here are given in Table 6.22. For the particular

P0 (Pa) (1 × 105)
V0 (m3/kg) 0.00100888
E ( N/m2) 1.1× 106 [144]

ν 0.28 [145]

Table 6.22: Parameters used in the stress-strain relationship for a spherical pore sur-
rounded by an infinite medium.

system being studied, P0 is the atmospheric pressure and V0 is the specific volume

of water at pressure P0 and temperature 37 ◦C.

On the other hand, the specific volume of water in the pore is a function of

water temperature and pressure; this relationship can be expressed by the EOS

already used for the finite element model SmallPore described earlier, which is

now presented under a slightly different form:

V = V0T

[

1 − AT ln
(

1 +
P

BT

)]

(6.16)

where V0T , AT and BT are defined in equations 6.12, 6.13 and 6.14, repeated below

for the convenience of the reader.

V0T = VP0T0

(

1 + ξ1T + ξ2T
2 + ξ3T

3 + ξ4T
4 + ξ5T

5
)

AT = A0

(

1 + η1T + η2T
2 + η3T

3
)

BT = B0

(

1 + ς1T + ς2T
2 + ς3T

3
)

The values for the constants used in the EOS can be found in Table 6.15. Using

eqs. 6.15 and 6.16, the expression that relates the pressure at the pore with the



The nanoscale pore models 163

pore temperature was obtained:

V0 T
[

1 − AT ln
(

1 +
P

BT

)]

= V0

(

1 +
1 + νHA

2EHA

(P − P0)
)3

(6.17)

It should be emphasized that, according to this model, the pressure at the pore is

not a function of pore size, but of the temperature at the pore and the mechanical

properties of the elastic medium surrounding the pore only, which suggests that

the increase of pore pressure with pore size described in the previous Subsection

for models SmallPore should be the result of numerical uncertainty and may not

translate a physical effect.

Analytically solving this new equation with respect to the pressure so that a

general solution can be obtained is not practical. Instead, Maple 8.0 was used

to solve it numerically using the material parameters for HA and temperatures

between 118 and 176 ◦C, which are given in Table 6.23.

Similarly to what was done with models SmallPores, the influence of the partic-

ular values of EHA and νHA on the results was assessed by independently varying

both those parameters by ± 20%. To further test the influence of EHA on the

results, this quantity was varied by ± 1 and± 2 orders of magnitude. The conse-

quences of varying Poisson’s ratio more than ± 20% were not investigated since

for most materials it can only take values between 0 and 0.5 and it is not likely

that νHA will be close to those extreme values.

6.4.2.1 Results and discussion

Equation 6.17 has non-trivial solutions in the temperature range under discussion

(between 100 and 200 ◦C); the results obtained are shown in Table 6.23. These

results are in excellent agreement, both qualitative and quantitative, with those

obtained using the FE models SmallPores. Results obtained using both types of

models indicate that there is a clear dependence between the pore pressure and

pore temperature. For a pore temperature of 118 ◦C both the FE and the analytical

models predict a pore pressure between 1.0 – 1.1× 108 Pa; for a pore tempera-

ture of 134 – 135 ◦C, both models predict a pore pressure of 1.3 – 1.4× 108 Pa.

This agreement between the values of the pore pressure obtained using these two

models suggests that quantitative inferences may be made from them, rather than

just qualitative ones. As mentioned previously, the results indicate that very high

pressures may be reached in the absence of water vaporization, caused solely by
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Pore Pore
temperature pressure
(◦C) (N/m2)
113 1.1 ×108

125 1.2 ×108

135 1.4 ×108

138 1.5 ×108

145 1.6 ×108

153 1.8 ×108

165 2.0 ×108

175 2.2 ×108

Table 6.23: Maximum pressure reached at the pores as a function of temperature.
Results obtained using the analytical model.

the thermal expansion of liquid water. Indeed, the pressures reached in either

the FE SmallPore models or the analytical model, for pore temperatures superior

to 120 ◦C, are higher than the ultimate tensile stress (UTS) for polished, fully dense

HA (1.15 × 108 Pa, [146]). If one assumes that cracking will take place whenever

any component of the stress tensor in HA exceeds this material’s UTS, then crack-

ing should occur before the onset of ablation. This is in qualitative agreement

with experimental results obtained by Apel et al. for the Er:YAG laser [94], as was

mentioned before. However, the fluences at which the mineral is expected to crack

in these models are lower by at least one order of magnitude from those used by

Apel et al..

In order to determine a possible source of uncertainty in the model that could

reduce the gap between the results presented here and the experimental evidence

(that indicates that the pore pressures are overestimated by the models), it was

decided to evaluate the influence of the chosen values of EHA and νHA on these

results, now using the analytical model. To achieve this, equation 6.17 was solved

for the temperatures indicated in Table 6.23 but varying EHA and νHA indepen-

dently by ± 20%. The values of pressure varied by 2% or less, which indicates

that the results are not particularly sensitive to small variations in EHA and νHA.

Subsequently, EHA was varied by ±1 order of magnitude, and it was found that

while using EHA = 1 × 1012 Pa (one order of magnitude higher) only caused a 5%

increase in pore pressure, using EHA = 1 × 1010 Pa (one order of magnitude lower)

caused a very significant 33% decrease in pore pressure. Using EHA = 1 × 1013 Pa

(two orders of magnitude higher) caused a mere 6% increase in pore pressure, but
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using EHA = 1× 109 Pa (2 orders of magnitude lower) caused a 81% decrease in

pore pressure. Now, the default value of EHA used for all the simulations in this

Thesis (1.1× 1011 Pa) lies on the upper range of experimental values of E available

for enamel or HA. This means that the models may be improved slightly by using

a lower value of E, which would produce results closer to the experimentally ob-

served ones. However, it is also possible that the simple material model being used

does not suffice, and that a more accurate model of enamel, accounting for the

properties of the the protein that is thought to surround the enamel crystallites

should be used in the future [156].

Even considering that the local mechanical properties of hydroxyapatite may

vary significantly from the average values (of both E and UTS) that are available

in the literature and that the value of EHA may have been overestimated in this

work, the results obtained using both the analytical and the FE SmallPore models

strongly suggest that the thermal expansion of liquid pore water may play a signif-

icant role in cracking and ablation of human dental enamel. Because the pressure

experienced at the water pores is high enough to prevent water vaporization from

taking place, water vaporization may begin only after cracking of the pore walls

has occurred, a hypothesis that so far has not been considered by other authors.

The results indicate that the CO2 laser may ablate enamel in a more repro-

ducible manner than the Er:YAG, which makes it a better choice for the tunnelling

technique being developed by Pearson to treat dental caries. The Er:YAG laser

may induce higher local stress concentration than the CO2 laser if regions like

lamellae or tufts (which have dimensions on the order of tens of microns) are irra-

diated, and this may generate large cracks. Therefore, the CO2 laser seems to be

a better choice than the Er:YAG laser to ablate enamel.

6.5 Investigating the influence of the pulse dura-

tion on the stress levels: the pulse duration

models

One of the most important factors governing the outcome of laser irradiation of

a material is the pulse duration, which was discussed in Chapter 2. The effect of

pulse duration on ablation by IR lasers has been extensively studied. In general, it
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is accepted by the scientific community that to minimize thermal damage around

the ablated site, the pulse duration, τp, should be inferior to the characteristic ther-

mal relaxation time, τther. If τp ≪ τther, the temperature at the irradiated site is

maximized because only small amounts of energy diffuse out of it during the laser

pulse, and the laser is operating under thermal confinement. If τp is significantly

shorter than the acoustic relaxation time, τac, then it is said that ablation oc-

curs under conditions of stress or inertial confinement. Under stress confinement

conditions, the stress transients are normally much higher than the quasi-static

thermal stress generated in the material and, consequently, mechanical damage

such as cracks is much more likely to occur. For most materials, τac ≪ τther [56].

While these general guidelines are known and are used to determine the order

of magnitude of τp to use for particular procedures, they do not easily allow the

optimization of this quantity beyond this, as discussed already in Chapter 2. In

particular, the behavior of materials under laser pulses with τac < τp < τther is

particularly difficult to predict based on these generic rules. For example, Er:YAG

and CO2 laser pulses with a duration of 0.15 µs have been reported to induce signif-

icant mechanical damage on enamel and dentine despite the fact that these pulses

are significantly longer than τac for these materials [157]. There is consequently

a need for models with sufficient predictive capability to allow the fine-tuning of

laser operating parameters, in particular the pulse duration, easily adaptable to

different materials and lasers. In this Section a finite element model of human

dental enamel under radiation by the CO2 laser is used to investigate the thermal

and mechanical dynamical response of this material to pulses of varying duration,

in the regime τp ≥ τac.

6.5.1 Model description

Model Cubes, already described in Section 6.2, is used in all the simulations per-

formed here. If the reader remembers, it has dimensions 23 × 23 × 35 µm3 but

does not account for enamel’s microstructure or inhomogeneous chemical compo-

sition at this scale. As usual, the thermal simulations were performed, using the

implicit algorithm available in ABAQUS Standard. Subsequently, the tempera-

ture as a function of time at each node was passed into the mechanical analyzes,

performed using the Explicit algorithm available in ABAQUS because this algo-

rithm is more suitable to study rapid events like laser pulses. The total duration

of the simulations varied between 100 and 250 µs; the duration of the laser pulses
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varied between 0.1 and 150 µs, ranges for which the thermal interaction with the

material dominates.

In order to distinguish between effects caused by the lower temperatures reached

in the material when longer pulses are used (because of heat diffusion) and effects

caused by the actual pulse duration, a second set of simulations were performed.

All the mechanical simulations in this second set share the same temperature dis-

tribution, the one obtained in the first set of simulations for a 0.35 µs laser pulse.

This temperature distribution was divided into two parts, part A containing the

temperature as a function of time during the laser pulse for all nodes in the model,

and part B containing the temperature as a function of time after the laser pulse.

In this set of simulations the timescale of part A was compressed or extended so

that those temperature values were applied in different time intervals in the me-

chanical analyzes, corresponding to different pulse durations: 0.1, 1, 10 and 100 µs.

To continue the mechanical simulation for longer times than the laser pulse, part B

of the temperature distribution in question was applied to the model without any

change. In this manner one could ascertain whether the observed behavior of the

model in terms of stress derived from the lower temperatures reached when longer

pulses are used and the same incident fluence is kept, or if they are in fact a

consequence of the duration of the laser pulse.

6.5.2 Results and discussion

The temperature distributions obtained for all simulations share the same quali-

tative features: the maximum temperature is reached at the surface of the model

and at the end of the laser pulse, and the only appreciable temperature gradients

are along OZ (the optical axis of the laser beam), similarly to what was reported

previously. The temperature maps are not shown here since they are similar to

those already given in Fig. 6.14. The maximum temperatures obtained for the first

set of simulations, in which the same amount of energy is deposited by the laser

in all simulations, are given in Table 6.24. It is apparent that pulse durations be-

tween 0.1 and 2 µs cause little change in the maximum temperature reached (less

than 10 ◦C), but longer laser pulses are associated with significantly lower maxi-

mum temperatures (up to 45 ◦C lower). Both the mean and the maximum VMS

reached at the center of the irradiated face of the modelled structure, also given in

Table 6.24, are higher for shorter pulse durations if τp is shorter than 10 µs. How-

ever, the increase of the maximum VMS with shorter pulses is very large while
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Max. abs. τp Max. temp. Max. stress Mean stress at
intensity, I0 reached reached the end of the
(J/(m2s1)) (µs) (◦C) (N/m2) laser pulse (N/m2)
4.20 × 1010 0.1 162 4.5× 107 1.6 × 107

2.10 × 1010 0.2 162 2.9× 107 1.3 × 107

1.20 × 1010 0.35 160 2.7× 107 1.2 × 107

7.00 × 109 0.6 159 1.9× 107 1.2 × 107

4.20 × 109 1 158 1.7× 107 1.2 × 107

2.10 × 109 2 155 1.3× 107 1.1 × 107

4.20 × 108 10 147 5.5× 106 4.8 × 106

8.40 × 107 50 132 8.0× 106 7.7 × 106

4.20 × 107 100 123 1.2× 107 1.2 × 107

2.80 × 107 150 117 1.3× 107 1.2 × 107

Table 6.24: Mean and maximum Von Mises stress stress and maximum temperature
reached at the center of the irradiated face of model Cubes at the end of the CO2 laser
pulse, as a function of the maximum absorbed intensity, I0, and pulse duration, τp. For
each simulation, the mean VMS was averaged over 1 µs after the end of the laser pulse.
Note that the incident fluence was maintained constant at 0.42 J/cm2.

the increase of the mean VMS after the laser pulse is only moderate. In fact,

the maximum VMS for τp = 0.1 µs is 55% higher than the equivalent value for

τt = 0.2 µs, even though the maximum temperature reached by the model is the

same in both cases. The magnitude of the difference between the stress values at

longer and shorter pulse durations is more evident in Fig. 6.24 , which shows the

VMS values at the center of the irradiated face of the model for 0.1 and 10 µs

laser pulses, representative of results obtained for analyzes with τp up to 1 µs and

τp between 2 and 100 µs, respectively. In this figure it is readily apparent that,

while the mean VMS for both analyzes is relatively similar, the VMS for the short

pulse simulation oscillates significantly around its mean value but the VMS for the

longer pulse analysis does not. The stress at the free surface of the laser reaches a

minimum value between 10 and 20 µs, a non-intuitive result present for all pulse

durations that explains the fact that the lowest VMS is reached when t = 10 µs

and not towards the end of the simulated time period. These results suggest that

short laser pulses can generate large stress oscillations in the irradiated objects

even when the pulse is far too long to be under stress confinement conditions (τp

should be shorter than 20 ns in this case). Furthermore, these results suggest that

τp influences the amplitude of the stress vibrations experienced by the irradiated

object, independently of the maximum temperature reached.
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Figure 6.24: Von Mises stress as a function of time for the central top element of model
Cubes for two different pulse durations: 0.1 and 10 µs.

To further test these hypotheses, a second set of simulations was performed

according to what was previously described. The results obtained in this set are

given in Table 6.25.

Pulse Max. temperature Max. stress Mean stress at
duration reached reached the end of the
(µs) (◦C) (N/m2) laser pulse (N/m2)
0.1 160 4.5× 107 1.6× 107

0.35 160 2.6× 107 1.6× 107

1 160 1.8× 107 1.2× 107

10 160 1.3× 107 1.2× 107

100 160 1.3× 107 1.2× 107

Table 6.25: Mean and maximum VMS stress and maximum temperature reached at
the center of the irradiated face of the modelled structure as a function of the pulse
duration. For each simulation, the mean VMS was averaged over 1 µs after the end of
the laser pulse. Note that the same temperature distribution was used as input to the
mechanical analyzes reported.

It is apparent that, while the temperature distribution used as input to the

mechanical simulations is the same, the maximum VMS reached at the center of

the irradiated face of the modelled structure is significantly higher for the shorter

τp’s. At the same time, the mean VMS stress at the same location is only slightly

higher for the shorter τp’s. An analysis of plots of VMS as a function of time (not

presented, since they are similar to those given in Fig. 6.24) again indicates that a

τp shorter than 1 - 2 µs will generate a high frequency and high amplitude oscilla-

tion in the VMS stress values reached, the amplitude being higher for τp = 0.1 µs.
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This is in agreement with results obtained by Fried et al. [157], which suggest that

laser pulses with a duration of 0.15 µs induce large stress transients and signifi-

cant cracking in enamel [157], contrary to laser pulses of duration close to 10 µs.

However, the results cannot yet be fully compared against experimental data since

existing studies have not directly compared, under controlled conditions, the re-

sults of ablating dental enamel when 0.1 < tp < 10 µs. Therefore, one cannot

be certain whether the magnitude of the effect of the pulse duration described

in this work in the ablation procedure will be this high in reality, although the

fact that a similar behavior was observed in simulations performed using pulses

with various durations between 0.35 and 10 µs and a much smaller enamel model

(similar to that presented in section 6.4, and not described in more detail in the

present section) suggests that this results may in fact be quite solid.

Keeping these limits of validity in mind, the results described in this Section

may facilitate the search of the optimal laser parameters to ablate dental hard

tissue and to modify the surface of enamel to make it less susceptible to caries. The

higher stress transients experienced by the material when shorter (less than 2 µs)

laser pulses are used suggest that these pulses may be more efficient than longer

pulses at ablating tissue but, at the same time, they are more likely to inflict

unwanted damage in the material. For the same reasons, these results also suggest

that τp < 2 µs are less adequate to irradiate the surface of enamel to increase

its resistance to acid attack. These results indicate that free-running lasers, which

normally have a long macropulse (100 – 300 µs) composed of several micropulses,

each with a duration of approximately 1 µs, may not be the most appropriate

to use for enamel surface modification. However, further work investigating the

response of the material to multiple pulses must be done to support this conclusion.

These results can be extrapolated to other wavelengths commonly used to ablate

dental hard tissue, such as the Er:YAG laser at λ = 2.9 µm, and thus provide an

explanation as to why the free-running Er:YAG produces worse results in enamel

surface modification [94] than longer pulsed CO2 lasers [132].



Chapter 7

Conclusions and future work

The main accomplishments of the work presented in this Thesis are: 1) having

developed a new set of boundary conditions for Finite Element models that allow

to effectively simulate the static and dynamic behavior of a piece of material which

is a part of a larger object, thus avoiding computationally prohibitive larger models;

2) having elucidated the role of the mesostructure on the stress distribution induced

in enamel by two wavelengths very frequently used in dentistry, the CO2 and

Er:YAG lasers; 3) providing a possible explanation for the observed differences

in ablation of enamel by these lasers, despite the fact that this material has the

same absorption coefficient for both of them, and 4) presenting evidence which

supports the choice of a particular laser (the CO2 laser at λ = 10.6 µm) and

pulse duration (around 10 µs) as the laser operating parameters that will produce

the best results in ablation of enamel at the lowest cost and with fewer side effects.

This is the most significant accomplishment of this Thesis, since it represents a

direct contribution to the optimization of the laser operating parameters for the

ablation of enamel.

The results obtained when the set of BC’s developed during the work that led

to this Thesis were applied were shown to compare much more favorably to refer-

ence values than the results of models in which these BC’s were not applied. The

BC’s described in this Thesis represent a simple but effective way of investigating

phenomena taking place in a material at a small scale without having to create

large models that include the entire structure being modelled. The method de-

veloped to apply BC’s has a very general nature, so it can be applied not only to

investigate laser ablation of dental materials but to study the mesoscale response

of various materials to thermal or mechanical loads, such as ablation of ceramics
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or mechanical response of thin films to heating. It is thus a tool that may be of

use to the scientific community.

The results presented in this Thesis have contributed to clarifying the role of

the enamel mesostructure on the temperature and stress distributions when this

material is irradiated with CO2 or Er:YAG lasers: results indicate that, despite

the fact that the average absorption coefficient for enamel is the same for both

lasers, the temperature distribution generated in enamel is very different for both

lasers.

When using the CO2 laser, for which the water and the mineral have similar

absorption coefficients, water and mineral reach the same temperature both during

and after the laser pulse. Despite reaching the same temperature as the mineral,

the water pores seem to act as stress concentration points, generating pressures

which are much higher than those induced at the mineral. The magnitude of this

effect should vary with the magnitude of the thermal expansion coefficient and

the bulk modulus of the material at the pores and the Young’s modulus of the

mineral. This indicates that, at least at lower fluences for which the melting point

of hydroxyapatite is not reached, the dominant ablation mechanism of enamel by

the CO2 laser should be the explosive vaporization of water.

When using the Er:YAG laser, the water at the pores reaches different temper-

atures from the mineral, at least before thermal equilibrium is reached between

them, which occurs after the end of the laser pulse for the pulse durations and

laser intensity investigated here. Also, for the same laser intensity, the tempera-

ture reached in the water pore at the end of the laser pulse is a function of the

pore size: for small pores, which have a higher area-to-volume ratio, the pore loses

heat very rapidly, and thus tends to reach lower temperatures; for large pores,

the heat loss is much slower and the pores reach much higher temperatures. This

indicates that the effect of the Er:YAG laser in enamel will vary more strongly

according to the enamel microstructure than when the CO2 laser is used, which

may have significant practical implications. For one thing, it suggests that optimal

Er:YAG laser operating parameters may differ between deciduous or permanent

teeth, since enamel in deciduous teeth has a higher content in water. For another,

it implies that very high stresses may be induced in enamel when large regions

richer in water and organic material (such as enamel spindles, tufts and lamellae)

are irradiated by the Er:YAG laser, thus generating large cracks in the material.

The fact that the effect of the CO2 laser seems to be much less dependent on the

microstructure than the effect of the Er:YAG laser indicates that the CO2 laser
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should yield more reproducible results and, consequently, that it is most likely a

better choice to ablate enamel. For the same reasons, the CO2 laser is also a better

choice to irradiate enamel using sub-ablative fluences, a procedure under study to

provide enamel with a more acid-resistant surface.

Having collected evidence that supported the choice of the CO2 laser in detri-

ment of the Er:YAG laser, the next step was to understand how to tune the

parameters of this laser to obtain better results. A review of the literature in-

dicated that the spatial profile most likely to generate the least thermal damage

at the rim of the irradiated site is a top-hat profile. With respect to the opti-

mal temporal intensity profile, evidence in the literature strongly indicated that a

constant profile is the most adequate, and that intensity spikes should be avoided

because they may trigger the existence of a plasma which will then stall the ab-

lation rates. For the same reason, the optimal fluence range would be just below

the plasma threshold, but a reliable numerical estimate of this threshold could not

be obtained. To minimize shielding by the plume below the plasma threshold, the

repetition rate should be kept below 1000 Hz. Finally, the effect of the laser pulse

was investigated and it was found that a pulse duration of less than 2 µs induced

much more intense stress transients than a pulse duration of 10 µs or longer, de-

spite the fact that both pulse durations are above the acoustic relaxation time

and lower than the thermal relaxation time of the material. On the other hand,

when pulse durations higher than 10 µs are used, a significant amount of energy is

capable of diffusing out of the heated volume before the end of the pulse, and thus

thermal damage increases. Therefore, it was concluded that a laser pulse with a

duration of ≃ 10 µs seems to be the most adequate to produce the best results

when ablating enamel.

These results represent a contribution to the task of finding the optimal laser

operating parameters to ablate enamel, but much more is left to do. One aspect

that still needs to be addressed is the ablation fluence. While general guidelines

have been provided by the work presented in this Thesis as to the best fluence to

conduct ablation, the optimal range of values for this parameter is still to be found.

Another issue that needs further investigation is the matter of externally applied

water to serve as coolant. Since experimental evidence suggests that cooling of

the irradiated sites is necessary in order to keep melting and recrystallization to a

minimum, it is important to determine how the externally applied cooling water

will influence ablation. There are two aspects to this question: it is necessary to

determine how a thin layer of externally applied water alters the ablation rates
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and also whether accumulation of water at the crater will prevent ablation from

taking place.

In order to provide answers to these questions it is important to improve the

existing models. The current models give good qualitative insight into ablation

but do not go further than that (for example, the threshold cracking fluence of

enamel is largely underestimated). One of the key issues to be addressed is the

question of the theory used to model the mineral. In the work presented here, the

mineral was modelled in a simplistic manner as a linear elastic solid. However, the

mineral in enamel is in fact a nanocomposite, and several material-models exist

that will describe its behavior with more accuracy. The work by Ji et al. [156]

is a good starting point to improve this aspect of the model. It is also necessary

to understand if a simple cracking criterium such as assuming that the material

cracks when stress becomes higher than the material’s ultimate tensile strength,

or if a more complex model, including material fatigue for example, is necessary

to make accurate predictions. Future models should also investigate the effect of

cooling water on the temperature and stress maps.

Finally, another issue that should be addressed in the future is that of model

validity. The author is aware that only limited validation of the models was pos-

sible by comparison with experimental results, because of difficulty in finding the

information in the literature. While the number of papers on the topic of enamel

laser ablation is high, a large fraction of them do not report the full set of ex-

perimental parameters used by their authors. Only a few works report the data

carefully and with detail, but most of them not in the range of values suggested in

this Thesis. Therefore, it would be important to add an experimental component

to future investigation in this topic, to test the inferences made from the results.
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192

The purpose of this Annex is to allow anyone intending to continue this work
to relate the models described in this Thesis with the input and results electronic
files produced during this work.

Model Simulation names
Large s14, s15
Large, Natural frequencies testBC large NatFreq, s137, s138, s159, s160, s161
TestBC1 s1, s2, s43
TestBC1, Natural frequencies s135, s136, s180, s181
TestBC2 s10, s12, s16
CubesHom CO2 1.2e10 cube mesh7 Thermal, s57
RodHom CO2 1.2e10 s44, s53
RodWL CO2 1.2e10 s45, s54, s58, s59
RodWL Er 1.2e10 s48
RodWL Er 6.2e9 s49, s56
RodsPores CO2 1.2e10 s47,s61
RodsPores Er 1.2e10 s51, s63
SmallPore30 s75, s76, s79, s80
SmallPore70 s55, s64, s65, s70 to s74, s83 to s85
SmallPore130 s77, s78, s81, s82
Models to investigate the s17 to s40
effect of the pulse duration
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C     Real variables start with the letters A through H and O through Z
C     Integers start with I,J,K,L,M,N
C     Vol = STATEV(1); current volume of the element
C     V0 = STATEV(2); initial volume of the element (NEEDS TO BE STATEV BECAUSE NEEDS TO PASS TO 
UEXPAN)
C     R = is specific gas constant for water vapour, in J/kg/ºK; CHECK THIS!, 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
ccccccc
c
              SUBROUTINE UMAT(STRESS,STATEV,DDSDDE,SSE,SPD,SCD,
     1 RPL,DDSDDT,DRPLDE,DRPLDT,STRAN,DSTRAN,
     2 TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,MATERL,NDI,NSHR,NTENS,
     3 NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,CELENT,
     4 DFGRD0,DFGRD1,NOEL,NPT,KSLAY,KSPT,KSTEP,KINC)
C
      INCLUDE 'ABA_PARAM.INC'
C      
      CHARACTER*80 MATERL
      DIMENSION STRESS(NTENS),STATEV(NSTATV),
     1 DDSDDE(NTENS,NTENS),DDSDDT(NTENS),DRPLDE(NTENS),
     2 STRAN(NTENS),DSTRAN(NTENS),TIME(2),PREDEF(1),DPRED(1),
     3 PROPS(NPROPS),COORDS(3),DROT(3,3),
     4 DFGRD0(3,3),DFGRD1(3,3)
      PARAMETER (Patm =99865.0)
C
C -----------------------------------------------------------
C
C     STATEV(1) = volume of element that represents the gas  
C
      IF ((NOEL .EQ. 45163)) THEN
         IF (NPT .EQ. 1) THEN
            PRINT*," "
         END IF
         print*, "UMAT kstep and kinc is :", kstep, kinc
         print*,"element and integration point number are :",NOEL,NPT
      END IF

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc      
      IF ((kstep .EQ. 1) .AND. (kinc .EQ. 0)) THEN
         GO TO 100
      END IF

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC    
      if ((KSTEP .EQ. 1) .AND. (KINC .LE. 1)) THEN
C         Initializing the shear components of stress, which don't have meaning in a gas.The init
ial stress is zero (it's the gauge pressure)
            DO 40 K1=1, NTENS
                  stress(k1) = 0.
 40         continue
C
c         Initializing the user state variables (V is divided by the number of integration points
)
            V0 = props(1)/8.0
            STATEV(1) = props(1)/8.
            
            STATEV(2) = V0
c
C         Initializing other variables.
c
            RPL = 0.
            DRPLDT=0.
            DO 60 K1=1, NTENS
                  ddsddt(k1)=0.
                  DRPLDE(k1)=0.
                  DO 59 K2=1, NTENS
                  DDSDDE(K1,K2) =0.
59                continue
60          continue
      END IF
C----------------------------------------------------------------------------
c     Calculate mass of water in 1/8 of the pore (at T = 37 ºC and P = 1e5 Pa, v_m is 1.006726865
E-03 m3/kg)
      Vol = STATEV(1)
      V0 = STATEV(2)
      RmL = V0/(1.006726864759450E-03*1e18) 
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      Tf = temp + dtemp

      IF ((NOEL .EQ. 45163)) THEN
         print*,"current volume of 1/8 of the element ", Vol
         print*,"1/8 ofvolume of the cavity at the beginning of analysis
     & is ", V0
C
C---------------------------------------------------------------------
C     Calculate current increment in Volume
c
      print*,"strain increments are", dstran(1), dstran(2), dstran(3)
      print*,"temperature increment is ",dtemp
      ENd IF    
C     Calculate the increment in volume that the element undergoes in this iteration
      RDV = dstran(1)*Vol
      Vol = Vol + RDV
      RTDV = RDV
      IF ((NOEL .EQ. 45163)) THEN
      print*,"RDV IS ",RDV
      print*,"Vol IS ",Vol
      END If    
      RDV = dstran(2)*Vol
      Vol = Vol + RDV
      RTDV = RTDV + RDV

      IF ((NOEL .EQ. 45163)) THEN
      print*,"RDV IS ",RDV
      print*,"Vol IS ",Vol
      END If    
      RDV = dstran(3)*Vol
      Vol = Vol + RDV
      RTDV = RTDV + RDV
      IF ((NOEL .EQ. 45163)) THEN
      print*,"RTDV (change of volume of 1/8 of the element) is ",RTDV
      print*,"Current (updated) vol of 1/8 of the element is",statev(1)
      END If    
c     Update state variables to new values
      STATEV(1) = Vol
c      
      Volm = Vol*1e-18
C     Converting volume in microns3 to metres3  
c      
C     Converting the temperature in kelvin to the temperature in Celsius
      Tc = Tf - 273.0
      
C Calculate Jacobian (the sign is inverted because compressive stress is
C negative in abaqus)
      DO 70 K1=1, NDI
          DO 69 K2=1, NDI
               CALL KDDSDDE(RmL,Volm,Tc,V0_T,A_T,B_T,DSDE)
               DDSDDE(K1,K2) = - DSDE*1.0e-12
69        continue
70    continue 
C Calculate ddsddt, using an approximation of the equation by Lyons (see
C file DerivingDDSDDTForEOSwater.mws      
      DO 80 K1=1, NDI
               CALL KDDSDDT(Tc,DSDT)
               DDSDDT(K1) = - DSDT*1.0e-12
80    continue                 
C Calculate stress       
      call KStressInLiquid(RmL,Volm,strs,Tc,NOEL,V0_T,A_T,B_T)
      Gstress = strs - Patm
      IF (Gstress .LT. 0.0) THEN
         print*, "gauge stress is less than zero",NOEL,Kinc
      END IF
C The above calculation is done in N/m2.      
      DO 90 K1=1, NDI
           stress(k1) =-Gstress*1.0e-12
c     The minus sign means stress is compressive; 1e-12 is converting stress to N/m2      
 90   continue
C
Cpossibly define Pnewdt.
100      IF ((NOEL .EQ. 45163)) THEN
          print*,"Final Vol of the element", STATEV(1)
          print*,"temperature at the end is ", Tf
          print*," updated stress is", stress(1), stress(2), stress(3)
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          print*,"--------------------"
          IF ((NPT .EQ. 1) .AND. (kstep .EQ. 1)) THEN
             PRINT*," "
          END IF
        END IF
        RETURN
      END
c

C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C      
      SUBROUTINE KStressInLiquid(RmL,Vol,strs,T,NOEL,V0_T,A_T,B_T)
      INCLUDE 'ABA_PARAM.INC'

C           Rm_Vol is the mass per unit volume in m3/kg. Not necessary for anything I think.Vol i
s the volume of
C           the element. The parameters to fit an EOS for water were
C           obtained from Lyons. Check file: initialPressureWaterForEOSto100MPa.xls

      Vol_M = Vol/RmL
     
      strs = B_T*(EXP(1.0/A_T*(1.0 - Vol_M/V0_T)) - 1.0)
      IF ((strs .LT. 0.9e5) .OR. (strs .GT. 150e6)) THEN
          print*,strs,NOEL,"WARNING!!STRESS OUTSIDE BOUNDARIES!in N/m2:"
          print*,"temperature (ºC) is",T
            print*,"volume (m3) of the cavity is",Vol
            print*,"mass (kg) of water in the cavity is",RmL
            print*,"V0_T is",V0_T
            print*,"A_T is",A_T
            print*,"B_T is",B_T
            print*,"stress is (in Pa) ",strs
            print*,"Volume per unit mass (m3/kg) of water ",Vol_M
            print*,"***********************************************"
      END IF
      IF (T .GT. 200.0) THEN
          print*,"WARNING! TEMPERATURE OUTSIDE BOUNDARIES"
      END IF
      IF ((NOEL .EQ. 45163)) THEN
            print*,"temperature (ºC) is",T
            print*,"volume (m3) of the cavity is",Vol
            print*,"mass (kg) of water in the cavity is",RmL
            print*,"V0_T is",V0_T
            print*,"A_T is",A_T
            print*,"B_T is",B_T
            print*,"stress is (in Pa) ",strs
            print*,"Volume per unit mass (m3/kg) of water ",Vol_M
      END IF
      END SUBROUTINE KStressInLiquid
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
      
      SUBROUTINE KDDSDDE(RmL,Vol,T,V0_T,A_T,B_T,DSDE)
      INCLUDE 'ABA_PARAM.INC'
      PARAMETER (csi1=-6.108045066100000E-05,csi2=8.264221476200000E-06,
     & csi3=-6.251915225100000E-08, csi4=3.965777721400000E-10, 
     & csi5=-1.037661158500000E-12, eta1=1.834479123900E-03, 
     & eta2=-3.948322092800E-05, eta3=1.327562659600E-07, 
     & zeta1=9.432398627200E-03, zeta2=-1.436967029300E-04,
     & zeta3=4.560812490500E-07,V_p0t0=0.0010002119572,A0=0.13848005907,
     & B0=270541232.2)
      
      V0_T = V_p0t0*(1.0 + csi1*T + csi2*T**2 + csi3*T**3 + csi4*T**4 +
     & csi5*T**5) 
      A_T = A0*(1.0 + eta1*T + eta2*T**2 + eta3*T**3)
      B_T = B0*(1.0 + zeta1*T + zeta2*T**2 + zeta3*T**3)

      DSDE = -Vol/V0_T/RmL/A_T*exp(-(Vol - V0_T*RmL)/V0_T/Rml/A_T)*B_T
      print*,"V0_T, A_T, B_T, Vol,RmL, dsde",V0_T,A_T, B_T, Vol,RmL,dsde

      END SUBROUTINE KDDSDDE

            
      SUBROUTINE KDDSDDT(T,DSDT)
      INCLUDE 'ABA_PARAM.INC'
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       IF (T .LT. 60.0) THEN
          DSDT=778526.
      ELSE IF ((T .LT. 100.0) .AND. (T .GT. 60.0)) THEN
          DSDT = 0.12e7
      ELSE IF ((T .LT. 200.0) .AND. (T .GT. 100.0)) THEN 
          DSDT=0.16e7
      END IF         
      print*,"dsdt is",dsdt
      END SUBROUTINE KDDSDDT
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