
• Lasers have been advocated to address the clinical preparation of restorative cavities and 
also the pain associated with conservative dentistry.

• All oral hard tissues can be ablated with laser energy.
• Precision, preservation of healthy tissue and control of temperature rise are hallmarks of 

correct laser use on hard tissue.
• The development of interceptive techniques to address early carious lesions may herald a 

more widespread use of lasers in restorative dentistry.

I N  B R I E F

Surgical lasers and hard dental tissue
S. Parker1

The cutting of dental hard tissue during restorative procedures presents considerable demands on the ability to selectively 
remove diseased carious tissue, obtain outline and retention form and maintain the integrity of supporting tooth tissue 
without structural weakening. In addition, the requirement to preserve healthy tissue and prevent further breakdown of 
the restoration places the choice of instrumentation and clinical technique as prime factors for the dental surgeon. The 
quest for an alternative treatment modality to the conventional dental turbine has been, essentially, patient-driven and has 
led to the development of various mechanical and chemical devices. The review of the literature has endorsed the benefi -
cial effects of current laser machines. However utopian, there is additional evidence to support the development of ultra-
short (nano- and femto-second) pulsed lasers that are stable in use and commercially viable, to deliver more effi cient hard 
tissue ablation with less risk of collateral thermal damage. This paper explores the interaction of laser energy with dental 
hard tissues and bone and the integration of current laser wavelengths into restorative and surgical dentistry.

THE DEVELOPMENT OF THE ‘LASER DRILL’
The fundamental concept of laser energy with 
oral tissue components has been explored in 
earlier papers in this series. The fi rst laser 
wavelengths to be made available for general 
dental practice use were the Nd:YAG (1,064 
nm) laser together with the carbon dioxide 
(10,600 nm) laser, which had already found 
acceptance in oral and maxillofacial surgery. 
Both laser wavelengths, in their emission mode 
confi guration, had been in use for some time 
in their capacity to ablate soft tissue. Regret-
tably, the Nd:YAG ‘dental laser’ (free-running 
pulsed – 150 µs pulse width) was marketed 
as being suitable in tooth cavity preparation 
– a claim that was quickly deemed to be erro-
neous for clinical relevance. Early research 
into this claim supported the ablative effect 
of the 1,064 nm wavelength on accessible 
pigmented carious lesions,1-3 but whenever 
healthy enamel and dentine was exposed to 
the laser energy, the comparatively long pulse 
width and associated heat transfer, combined 
with the lack of water spray, resulted in ther-
mal cracking and melting of hydroxyapatite 
(Figs 1 and 2), together with high intra-pulpal 
temperatures, as investigated by a number of 
workers.4-11 It is pertinent to note that thermal 

cracking is also evident with rotary instru-
mentation (Fig. 3).

Interestingly, it was discovered that the 
reformed, amorphous hydroxyapatite in 
post-laser sites was more resistant to acid 
dissolution and some studies were published 
advocating the use of the Nd:YAG laser in a 
quasi-fi ssure sealant technique for erupted 
posterior teeth.12-16

The carbon dioxide wavelength and emis-
sion mode (continuous or gated continuous 
wave) of commercially available lasers also 
made it impractical for restorative procedures 
(Figs 4-6). Although there is a high absorp-
tion peak of this wavelength (in the region 
of 10,000 nm) by carbonated hydroxyapa-
tite (CHA), the continuous wave emission of 
laser energy and lack of axial water coolant 
resulted in carbonisation, cracking and melt-
ing of tooth tissue.17-19 During laser light 
generation, the slow decay from the energised 
state in the CO2 active medium results, poten-
tially, in a number of individual wavelengths 
from this laser (9,300, 9,600, 10,300 and 
10,600 nm). If one of the shorter wavelengths 
other than the usual 10,600 nm is selected, 
the absorption coeffi cient of CHA (carbon-
ate group) increases greatly.20,21 Featherstone 
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and co-workers at UCSF (California, USA) 
have investigated extensively with an experi-
mental ultra-pulsed 9,300 and 9,600 nm laser, 
the ablation rates of enamel and dentine, 
with much success. In addition, the removal, 
through ablation, of the carbonate group 
from the CHA molecule results in a greatly 
increased acid-resistant compound.22-26

The development of the Er:YAG and Er,Cr:
YSGG lasers and investigations of their action 
on dental tissues shifted the emphasis from 
‘fringe’ benefi cial action of laser light towards 
a true ablation, that did not cause thermal or 
mechanical damage to the tooth or pulp and 
was suffi ciently fast to be acceptable in a 
clinical setting.27-29 The prime chromophore 
of the erbium YAG wavelength is water and 
the free-running micro-pulse emission mode 
results in rapid and expansive vaporisation 
(Fig. 7). When exposed to this wavelength, 
the small amounts of water contained in 
enamel and dentine are vaporised, causing an 
explosive dislocation of the gross structure 
(Figs 8-10).

Clinically, this is seen as ejection of micro-

fragments of tooth tissue within the laser 
plume and the change in pressure in the 
immediately surrounding air results in an 
audible ‘popping’ sound. In target tissue that 
has greater water content (caries > dentine > 
enamel), the popping sound is louder. With 
experience, this can aid the clinician in selec-
tively ablating carious vs non-carious tissue.30 
Compared to near-infrared wavelengths, 
the explosive outward effect of erbium laser 
energy results in minimal thermal diffusion 
through the tooth structure.

Co-axial with this laser is a water spray, to 
aid in dispersing ablation products and to pro-
vide cooling of the target site. This is vitally 
important as, in a situation of laser incident 
energy commensurate with tooth cutting, the 
ablation front will be in advance of the ther-
mal front. Insuffi cient water coolant and con-
sequent dispersal of ablation products during 
cavity preparation can lead to a build-up of 
eschar, which can become super-heated (Fig. 
11). Conduction of this thermal energy to sur-
rounding tooth tissue will lead to morphologi-
cal cracking and melting, pain and possible 
pulpal damage.31 An additional factor may 
be the shielding effect of the ejected debris 
and laser plume products into the line of the 
incident beam (Fig. 12).32,33 The development 
of ultra-short pulse laser emissions of the 
erbium group of wavelengths appears promis-
ing in reducing the conductive heat potential, 
whilst increasing the rates of tissue ablation.

The other major laser wavelength that is 
applicable to tooth and bone ablation is the 
Er,Cr:YSGG (2,780 nm). This laser is similar to 
the Er:YAG in that it is absorbed by water and 
both wavelengths ablate through vaporisation 
of interstitial water,34 although the absorp-
tion coeffi cient is slightly lower (4,000 cm-1 vs 
13,000 cm-1 for Er:YAG). When one examines 
the absorption curve of CHA (enamel), there is 
a peak, coincident with 2,700 nm, represent-
ing absorption by the hydroxyl group (OH-) 
contained in the mineral molecule (Fig. 13).

It is thought that the simultaneous abla-
tion of this radical, with concomitant rapid 
heating of the mineral together with some 
direct vaporisation of whole water in hard tis-
sue, contributes to the explosive dislocation 
of the target tissue when using this laser.33 
Claims have been made as to the involve-
ment of the atomised water spray, used with 
the erbium YSGG and referred to as a hydro-
kinetic effect.35 The hypothesis draws on the 
postulation that water droplets axial to the 
laser beam absorb kinetic energy and are 
accelerated to aid hard tissue ablation. Inves-
tigation into this effect has questioned the 
validity of such claims and in addition, with 
comparable incident energies, suggested that 
the ablation rate of the erbium YSGG with 
enamel is slightly slower than that of erbium 
YAG.34 As mentioned above, this might be 
explained by the absorption dynamics of the 
YSGG and transfer of conductive heat from 
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Fig. 1  Scanning electron micro-
graph (SEM) of enamel exposed 
to Nd:YAG laser energy, showing 
an ablation cavity surrounded by 
thermal cracking

Fig. 3  SEM of rotary bur and 
enamel

Fig. 2  Close up showing melted 
mineral structure of enamel
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apatite to free water, although Walsh and 
Cummings have suggested that absorption of 
mid-infrared radiation by water is a function 
of temperature and pressure, both of which 
rise rapidly during an ablative laser pulse.36 
Apel et al. further confi rmed this slight dif-
ference in their investigation into the ablation 
threshold of enamel with these lasers, fi nding 
values of 9-11 J cm-2 for Er:YAG and 10-14 J 
cm-2 for Er,Cr:YSGG.37 Nonetheless, both laser 
wavelengths allow cavity preparation within 
acceptable clinical parameters.38

Early erbium lasers had rudimentary hand-
pieces which were comparatively heavy. In 

addition, the delivery of laser energy through 
a non-contact sapphire window proved inac-
curate in delivery of precise cutting action. 
Newer developments have resulted in bal-
anced waveguides or low-OH- fi bres, together 
with hand-pieces that are similar to turbines 
and use contact tips (Figs 14-17). Tissue abla-
tion results from end-on emission of laser 
energy from the tip, which should be moved 
gently over the tooth surface to develop 
the cavity.

Numerous studies have been carried out to 
investigate the ablation rates of both wave-
lengths with enamel, dentine and caries, 
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Fig. 4 (left)  Buccal cavity, lower 
canine

Fig. 6 (left)  Restoration completed 
with hand instruments. Luckily, the 
tooth vitality was preserved, with 
no ill-effects

Fig. 8 (left)  Buccal caries, LL 4

Fig. 10 (left)  Completed restoration

Fig. 5 (right)  Following use of a 
carbon dioxide laser (10,600 nm). 
The erroneous use of this laser 
wavelength produced rapid carboni-
sation

Fig. 7 (right) Er:YAG laser in use. 
Note non-contact mode of opera-
tion and disruption of water spray

Fig. 9 (right)  Following cavity 
preparation with Er:YAG 2,940 nm 
laser

Fig. 11 (right)  Ablation cavities cut 
in tooth tissue. The small cavity on 
the right was cut with Er:YAG laser 
energy and co-axial water spray. 
The cavity to the left was cut with 
the Er:YAG laser without water 
and shows the carbonisation that 
readily develops



together with non-metallic or non-thermo-
fused ceramic restoratives such as direct com-
posite resin and glass-ionomer cements (Figs 
18-20). Under normal operating parameters, 
pulpal temperature has been shown to rise 
minimally (<5°C) during laser-assisted cavity 
preparation. Comparisons have been advan-
tageously made between laser use and rotary 
instrumentation, although speed comparisons 
fall below that obtained with an airotor.

The gross and micro-appearance of a ‘laser’ 
cavity in tooth tissue is essentially a crater 
form (Fig. 21), which is markedly different 
to the ‘classical’ cavity form obtained with 
rotary instrumentation and consistent with 
the production of stable amalgam restora-
tions.39 However, the micro-dislocation of 
mineral at the cavity edges, visually evident 
as ‘etched’ in appearance, can be benefi cially 

employed in aiding the bonding of composite 
resin materials (Fig. 22).

Studies carried out into the marginal integ-
rity of such restorations refl ect a poor sta-
bility, partly explained by a post-ablation 
weakness in marginal enamel.40-42 Interest-
ingly, one study comparing laser and bur 
preparation but both without acid etching, 
found that marginal integrity was greater fol-
lowing laser preparation.43 However, when 
the cut surface is further treated with con-
ventional acid-etch techniques, this improves 
the longevity of the restoration, with some 
enhanced bond-strength.44,45 This facility can 
be employed as an adjunct where restorative 
procedures requiring facial or incisal bonding 
of direct composite resin materials is required, 
or in the placement of orthodontic brackets 
(Figs 23-26).
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Fig. 13  Absorption curve of 
carbonated hydroxyapatite (CHA) 
interaction with Er,Cr:YSGG, Er:
YAG and CO2 laser wavelengths. 
Peaks at 2,700 nm and 2,900 nm 
correspond to OH- group and free 
water; a small peak at approx 7,000 
nm is coincident with (CO3)2- group 
absorption; absorption at 9,600 
nm is coincident with the phos-
phate group in the molecule; water 
absorption is shown as a dotted line. 
(Produced in conjunction with Prof. 
J. Featherstone, UCSF, California, 
USA)

Fig. 12  Graphic showing the inter-
active zones between laser light, 
laser plume and tooth structure Laser
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PAIN PERCEPTION DURING LASER-ASSISTED 
CAVITY PREPARATION
The avoidance of pain during restorative and 
dental surgical procedures remains a strong 
factor in promoting patient acceptance of 
treatment and many studies have been car-
ried out to evaluate this.46-51 The use of the 
Nd:YAG laser in developing pulpal analgesia, 
possibly through interference with the ‘gate 
theory’ of neural stimulus propagation, has 
been suggested, although investigation into 
the subjectivity or placebo effect has rendered 
its application inconsistent.52-54

Perhaps of greater signifi cance in address-
ing claims of pain avoidance during laser-
assisted tooth preparation is the lack of tactile 
and thermal stimulation compared to rotary 
instrumentation. In addition, there is the 
patient-centred factor of previous experience 
of turbine use together with other emotional 
and conditioning states. Many studies into the 
use of erbium lasers in restorative dentistry 
include reports of such treatment being less 
painful;55-61 Keller and Hibst investigated 
103 patients with 206 preparations distributed 
amongst 194 teeth. Only 6% requested local 
anaesthesia during laser application. Eighty 
percent of the patients rated laser treatment 
more comfortable than bur preparation and 
82% of the patients indicated that they would 
prefer the Er:YAG laser preparation for fur-
ther caries treatment.62 Similar results were 
obtained by Matsumoto et al., reporting a 6% 
request for anaesthesia, although pain was 
reported in 32% of cavities prepared.63 Chai-
yavej et al. found that Er:YAG, like bur cut-
ting of tooth tissue, caused neural response in 
both A and C intradental fi bres.64 Overall, the 
anecdotal reporting of prowess in delivering 
‘pain free’ laser cavity preparation continues 
to provoke much debate – possibly to the detri-
ment of the true capability of both Er:YAG and 
Er,Cr:YSGG in delivery of a genuine alterna-
tive to conventional rotary instrumentation.

‘The aim of the wise is not to secure pleasure, 
but to avoid pain’ (Aristotle). There remains 
the duty of the practitioner in showing profes-
sional responsibility towards the individual 
patient, their management and their comfort.

ERBIUM LASERS AND CAVITY PREPARATION
i) Enamel
Enamel is composed, by volume, of 85% min-
eral (predominately carbonated hydroxyapa-
tite), 12% water and 3% organic proteins. The 
majority of free water exists within the peri-
prismatic protein matrix. Of the major hard 
tissues, enamel exhibits greatest resistance to 
laser ablation and this is seen most in healthy, 
fl uoridated, occlusal sites, where ablation rate 
is approximately 20% of that achieved with a 
turbine. Fluoridated enamel presents a greater 
resistance, due to the combined effects of a 
harder fl uorapatite (Ca10(PO4)6F2) mineral 
and the replacement of the hydroxyl group by 
fl uoride (Fig. 27).
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Fig. 16  ‘Old-style’ hand-piece 
in use

Fig. 17  Latest developments 
incorporate fi bre-optics

Fig. 14  Top: early Er:YAG hand-
piece; bottom: current hand-piece, 
which is lighter and more accurate 
in use

Fig. 15  Older (left) non-contact 
and newer (right) laser hand-piece 
with sapphire contact tip. The 
older head incorporates a fl at 
sapphire window
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In Class III, IV and V cavity sites and cer-
tainly where prismatic density is less (as in 
deciduous teeth), the ablation rate is compa-
rable to rotary instrumentation.65-67 Anecdo-
tally, the speed of laser cutting is maximised 
if the incident beam is directed parallel to 
the prismatic structure and this is support-
ive of addressing the wavelength to the prime 
chromophore and its location within the tis-
sue structure. In early research into the use of 
Er:YAG and enamel, it was shown that laser 
power parameters of approximately 350 mJ/2-
4 pps (average power 0.7-1.4 W) would initiate 
enamel ablation in human teeth.68 With the 
development of better co-axial coolant and 
shorter pulses, fast and effi cient cavity prepa-
ration can be achieved with power levels of 
400-700 mJ/10-20 pps (average power range 
4-8 W) which, with adequate water cooling, 
does not cause pulpal damage. Clinical expe-
rience would suggest that with ‘harder’ occlu-
sal enamel, the use of higher energy-per-pulse 
and lower repetition rates provides for easier 
ablation. Where an etch-bonding technique is 
required, lower power levels (350-500 mJ/5-
10 pps – average power 1.75-3.5 W) should 
be employed. The concept of average power 

is more important in those lasers where the 
pulse rate is fi xed.

ii) Dentine
Dentine has a higher water content and less 
mineral density than enamel, being 47% by 
volume mineral (carbonated hydroxyapatite), 
33% protein (mostly collagen) and 20% water. 
Consequently, ablation rates are faster than 
for enamel and power parameters can be cor-
respondingly lower (average power range 3-5 
W) and it is essential to use co-axial water 
spray (Fig. 28).

The sound resonance is greater, refl ecting 
the greater water content. With carious den-
tine there is a potential in gross caries for 
the laser beam to quickly pass through the 
surface layer, thus leading to dehydration in 
deeper layers. Where gross caries is present 
it is advisable to use an excavator to remove 
bulk volume, both to prevent heat damage and 
to expedite cavity preparation. Both erbium 
lasers will leave a cut surface without a smear 
layer and it is advisable to use a dentine pro-
tector on open tubules exposed by the abla-
tion process (Figs 29-31).

ERBIUM LASERS AND BONE ABLATION
Early study into the effect of the Er:YAG laser 
on bone showed that, as with enamel and 
dentine ablation, tissue cutting is a thermally 
induced explosive process.69,70 As with other 
hard tissue interaction, it is essential to main-
tain a co-axial water spray to prevent heat 
damage which would delay healing. Stud-
ies into the rate of thermal denaturation of 
collagen, a major component of bone tissue, 
show that above a critical temperature (74°C), 
the rate of collagen denaturation rapidly 
increases causing coagulation of tissue. Other 
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Fig. 19 (right)  Er:YAG laser ablation 
of composite material

Fig. 21 (right) SEM of ablation cav-
ity in enamel, Er:YAG laser

Fig. 20 (left)  Completed new 
restorations

Fig. 22  High power SEM of laser-
etched surface of enamel (Er:YAG 
2,940 nm). Such margins should be 
further acid-etched to stabilise any 
weakened enamel fragments

Fig. 18 (left)  Multiple failing com-
posite restorations



forms of thermal damage and tissue necrosis 
follow similar kinetics.71,72 At temperatures 
above 100-300°C there is an ascending dehy-
dration, followed by carbonisation of proteins 
and lipids. The poor haemostatic effect of 
current mid-infrared lasers with adjunctive 
water spray, can be used to advantage in the 
ablation of bone, in ensuring blood perfusion 
of the surgical site (Figs 32 and 33).

However, the ablation process results in a 
considerable splatter of blood, and precautions 
(eye protection and mask) are recommended. 
An additional risk may be the creation of 
an air embolism in the tissue due to the 
air-induced water spray, although a review 
of the literature has not revealed any asso-
ciation. The acoustic level of bone ablation 
(100-120 dB) is much higher than with tooth 
tissue ablation.73

The use of erbium lasers in dento-alveolar 
surgery represents a less traumatic experience 
for the patient, when compared to the intense 
vibration of the slow-speed surgical bur. Abla-
tion threshold measurements of 10-30 J cm-2 
have been recorded for bone of varying den-
sity74 and clinically, with maxillary alveolar 
bone, the speed of laser cutting is comparable 

with that of a bur and is slightly slower in 
the mandible, refl ecting the greater cortical 
bone composition. It is considered important 
that excessive power parameters are avoided, 
to reduce the ‘stall-out’ effect of debris and 
minimise blood spatter. Laser power values of 
350-500 mJ/10-20 pps (average power range 
3.5-7.0 W) with maximal water spray appear 
to effect good ablation rates.

The micro-analysis of the cut surface (Figs 
34-36) reveals little evidence of thermal 
damage and any char layer appears to be 
restricted to a minimal zone of 20-30 µm in 
depth.74,75 Studies into the healing of lased 
bone would support the contention that the 
reduced physical trauma, reduced heating 
effects and reduced bacterial contamination, 
together with some claims to an osteogenic 
potential, lead to uncomplicated healing proc-
esses when compared to conventional use of a 
surgical bur.76-80

CONCLUSION
It is unquestioned that the patient avoid-
ance of restorative dentistry is based upon 
the perceived association of such proce-
dures with pain. Local anaesthetic drugs and 
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Fig. 23 (left)  A decision was made 
to restore this tooth with a direct, 
acid-etch composite resin veneer

Fig. 24 (righth)  Er:YAG 2,940 nm 
laser used to remove existing com-
posite fi lling and to laser etch the 
labial surface

Fig. 25 (left)  Finished restoration

Fig. 26 (right)  For interstitial 
access, a dulled metal matrix can be 
used to prevent laser damage to the 
adjacent tooth surface

Fig. 27  Er:YAG laser ablation of 
occlusal enamel and cross-section 
to show depth of penetration
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techniques can address the demands on deliv-
ery of care, but the emergence of many inno-
vative mechanical and chemical modalities 
for tooth cavity preparation and caries control 
during the last 15 years bears testimony to a 
desire to fi nd a clinically acceptable replace-
ment to the dental turbine. This is not just a 
cosmetic exercise, as the risks of pulpal tem-
perature rise and iatrogenic healthy tooth tis-
sue damage, together with the sensory effects 
of sound and vibration associated with the 
dental turbine, have been investigated and 
acknowledged for many years. With this in 
mind, it is of little comfort that the rates of 
tissue ablation with rotary instrumentation 
remain faster than the alternatives. The wide 
application of current commercially-avail-
able laser wavelengths that have been shown 
to be safe within correct power parameters, 
endorses their incorporation into the arma-
mentarium of the restorative and surgical 
dentist. With the rapidly-growing concept of 
early intervention of caries, together with the 
general move away from direct metal restora-
tive material and an embracing of ‘non-clas-
sical’ micro-retentive tooth cavities, there is 
a strong argument that laser-assisted cavity 

preparation, caries control and bonding tech-
niques will fi nd growing acceptance.

The assistance provided by Professor J. Featherstone, 
UCSF, California, USA in the design of Figure 13 
(absorption curve of CHA) is acknowledged.
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caries and create a ‘laser etch’ on 
enamel margins

Fig. 32 (left)  An Er:YAG 2,940 nm 
laser has been used to cut through 
the buccal plate of bone

Fig. 31 (right)  Finished restoration

Fig. 33 (right)  Following removal of 
the root, note the accuracy of the 
cut and the free fl ow of blood

Fig. 28 (left)  Vertical section of 
tooth showing laser use on dentine. 
Upper left area achieved with Er:
YAG laser and water, upper right 
and lower left areas show Er:YAG 
and CO2 laser wavelengths 
without water

Fig. 29 (right)  Mesial carious cav-
ity, UL 1
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