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New frontiers for laser-based  
methods for hard tissue preparation
By Emeritus Professor Laurence J. Walsh AO

A
ll modern laser applica-
tions are based on a detailed 
understanding of the way 
that the energy interacts 
with the target.1,2 As our 
understanding of laser-
to-target interactions has 
grown over the years, the 

concepts of laser-based methods for hard tissue 
preparation have evolved considerably. Today we 
now think of mechanisms that are photothermal, 
photomechanical and photoacoustic in nature. 
This article reviews the changes in thinking in 
relation to dental hard tissue lasers which have 
occurred over the past 35 years, seen from the dual 
perspectives of both clinical use with patients, as 
well as enhancements in performance which have 
come from laboratory studies. It summarises what 
is known for the hard tissue lasers that are well-

established (Figure 1) and goes beyond tooth 
structure ablation and laser materials processing 
applications (Figure 2) to discuss the latest ultra-
fast laser technologies and robotic control systems  
(Figure 3).

The carbon dioxide laser

In the late 1980s, I became interested in how lasers 
could be used to assist in the care of patients with 

special needs, particularly those with bleeding 
issues or who were immunocompromised (such 
as solid organ transplant recipients) who needed 
periodontal surgery. This was the beginning of 
my clinical journey using lasers.3-5 It soon became 
clear that using an infrared laser was an extremely 
effective way of performing periodontal surgery, 
providing a smoother patient journey during the 
procedure, as well as post-operatively.5
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We quickly realised that the technology 
had other surgical uses beyond gingivec-
tomies and soft tissue crown lengthening 
procedures. Managing external root resorp-
tion and peri-implant disease became 
clinical topics of interest.6,7 Both required 
understanding how the laser energy would 
interact with either a tooth or a dental 
implant to ensure that adverse surface 
changes did not occur.7-9 The same thinking 
was applied when considering how laser 
energy introduced into a perio pocket would  
interact with the adjacent structures.10-12

The early laser systems that we used 
to prepare cavities and etch enamel were 
large and bulky and relatively few wave-
lengths were available at that time to test 
on samples of teeth under controlled labo-
ratory conditions. One of the most widely 
used surgical lasers in major hospitals at 
the time, the Scalibre 60, became the ini-
tial testbed for our research. This carbon 
dioxide laser (10600 nm wavelength) 
could operate in continuous wave at 60 W,  
or in super pulsed mode to reach peak 
power of around 400 W. We soon found 
that preparing cavities in teeth required a 
careful approach. When used towards the 
upper limits of its power range, this laser 
could drill holes 4 mm deep through tooth 
structure in 0.1 seconds. It became clear 
that using low powers was going to be 
essential and that could be advantageous 
not only to better control the ablation 
effects on the enamel and dentine, but also 
to reduce peripheral heating effects.13,14

In tests of the effectiveness of the carbon 
dioxide laser for cavity preparation, we 
noted that the shape of the cavity was the 
same as the imprint of the laser beam, with 
rounded edges (Figure 1). At these edges, 
the enamel had undergone fusion. In later 
tests, it became clear that this same laser 
could be used to deliberately fuse enamel, 
to close over the openings of very small fis-
sures and thus serve as a method of fissure 
sealing. Ultrafine hydroxyapatite powder 
could be sintered onto the surface of the 
tooth (Figure 2) and this provided a novel 
approach to sealing fissures in teeth.15,16 
Raman spectroscopic studies of the fused 
enamel showed that it was not chemically 
the same as normal enamel, but had instead 
been converted by heat into beta tricalcium 
phosphate (TCP) and calcium hydroxide. 
Both materials are intensely white in 
colour. Beta TCP was found to be diffi-
cult to etch and bond to and its intensely 
white appearance would be a problem for  
restorations built upon it.17,18

Figure 1. A: A collection of dental hard tissue lasers - Er:YAG (1 = KaVo KEY3+, 2 
= Fotona Lightwalker), Er,Cr:YSGG (3 = Biolase Waterlase, 4 = Biolase); Carbon 
dioxide (5 = Deka Smart US-20); Nd:YAG (6 = Sunrise dLase 300). B: Using a carbon 
dioxide laser (Luxar LX-20D) for a procedure in 1992. C: SEM image from an early 
study of low power CO2 laser enamel ablation using a single laser pulse, showing a 
smooth shallow crater in the enamel, with spalling (ejection) of material beyond the 
crater edge and a central crack from thermal changes. The bar shows 100 µm. D: SEM 
image of the same laser parameters used on unfilled resin sealant, showing a smooth 
deep crater with minimal spalling at the edges. The bar shows 100 µm.

Figure 2. Carbon dioxide laser materials processing effects relevant to dental hard tis-
sue applications. A: A light microscopic view (black and white image) showing surface 
roughening (laser etching) of enamel using multiple laser pulses. The bar shows 1 mm.  
The scale is similar to panel C immediately below it. B: SEM view of laser etched 
enamel showing the characteristic microscale roughness that is created. The bar  
represents 10 µm. C: Light microscopic view of fusion of enamel using multiple laser 
pulses. Note the change in colour to dense white due to chemical conversions. The bar 
shows 1 mm. D: Laser sintering of nanoparticles of hydroxyapatite using laser pulses 
to fuse the particles into a solid mass. The bar shows 1 µm.
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Along the way, we discovered that both 
surfaces treated with the carbon dioxide 
laser during cavity preparation and those 
that had been exposed to fluoride gel prior 
to exposure to the laser had an unusually 
high resistance to acid challenges. Enamel 
exposed to the laser in combination with 
a fluoride gel also showed a much greater 
uptake of fluoride than normal enamel. 
This effect of laser activated fluoride 
became incorporated into the ADA item 
code 121. In later studies, we found that 
many visible light wavelengths were also 
able to enhance the interaction of fluoride 
with enamel and that the action spectrum 
of the effect also extended into the near 
and middle infrared range.19,20 It turned 
out that the process of enhancing the 
resistance of the tooth structure to acid 
involved multiple mechanisms, with the 
main one being enhanced conversion of 
the surface to fluorapatite.21

Solid state lasers

One of the early solid state lasers we 
explored for hard tissue preparation 

was the Nd:YAG laser. The emissions 
from this laser did not absorb strongly 
into dentine or enamel, requiring the use 
of an initiating agent (such as India ink) 
to enhance its uptake into tooth structure. 
Careful use of this laser could however 
achieve some interesting and useful effects 
on the tooth surface, such as closing over 
the openings of patent dental tubules to 
treat hypersensitive cervical dentine.22 We 
found the same beneficial effect on open 
dentine tubules with the Er:YAG laser.23

As it turned out, the Nd:YAG laser 
(1064 nm), the Er:YAG laser (2940 nm) 
and the Er,Cr:YSGG laser (2780 nm) 
were excellent for inducing analgesia at 
the level of the dental pulp, providing 
patient comfort during hard tissue prepa-
ration.24,25 Both of the erbium family 
lasers were highly effective at ablating 
tooth structure using a photomechanical 
process involving explosions of the water 
trapped within the tooth structure. They 
could also selectively remove many types 
of tooth-coloured restorative materials.26 
The generation of an analgesic effect from 
the laser during cavity preparation made 
these lasers especially useful in children 
and in patients with significant dental fear. 
Undertaking laser hard tissue preparation 
was now a completely different patient 
experience for them, with little or no dis-

comfort during the procedure and limited 
or no use of injections of local anaesthetic. 
The combination of laser induced anal-
gesia with a different sensory experience 
gave superior patient outcomes and drove 
the uptake of this technology in private 
practice settings.27,28

Etching and bonding

In the 1990s, we were interested in the 
process of physical conditioning of 

the surface to enhance the adhesion of 
materials. We worked with some early 
generation dual wavelength lasers from 
Fotona such as the Twinlight that com-
bined both an Nd:YAG laser and the 
Er:YAG laser in the one unit. As we did 
not have access to one of these systems 
in Brisbane on a regular basis, but did 

have access to our own CO2 lasers, those 
became the workhorse for studies of laser 
etching of enamel and dentine.

We found that when using the bonding 
agents available at the time, the bond 
strength to enamel could be consider-
ably enhanced by using laser protocols 
that selectively roughened the surface 
of the tooth.29-31 Later, we found that 
the same laser could also be used to 
selectively remove composite resin, 
unfilled resin, sealants and residues of  
bonding agents.32,33

Toward more  
selective cavity preparations

Given the better control of tooth struc-
ture ablation with the erbium family 

lasers compared to the carbon dioxide 
laser, we then changed track and focused 
our efforts on optimising the process of 
ablation for the erbium lasers. We found 
there was a very straightforward relation-

ship between the pulse energy delivered 
from the laser handpiece and the extent of 
ablation. Using a low pulse energy could 
selectively remove carious tooth structure 
but not sound tooth structure and also 
allow the selective removal of composite 
resin restorations.26,34,35

By the turn of the 21st century, erbium 
family lasers had become recognised 
for their usefulness as part of general 
dental practice, as an alternative to tra-
ditional rotary instruments.26,36,37 It was 
also clear that cavities prepared using 
these lasers had reduced microleakage at  
their margins.38

Over time, several methods were devel-
oped to help guide laser removal of dental 
caries from both enamel and dentine. 
Specific methods were needed because 
conventional approaches, including the 
use of caries detector dye, lacked sensi-
tivity and specificity and were notorious 
for giving false positive results that could 
then lead to over-preparation.36 One of 
these new methods involved analysis 
of the type of sound produced by pulses 
which caused ablation of tooth structure.39 
The science underlying this related to the 
tissue density difference between sound 
and carious tooth structure because of the 
presence of more water in carious tooth 
structure and the corresponding effects on 
the propagation of sound.

Another method that was developed 
was the use of real-time fluorescence diag-
nostics. This same method has been found 
to be useful for other dental procedures, 
including the debridement of teeth and 
dental implants and the preparation of the 
root canal system. As with cavity prepara-
tion, in all these situations it can provide 
advice around an endpoint for treat-
ment.9,40-46 In fact, changes in fluorescence 
readings over time could even predict 
when cavitation of white spot lesions was 
likely to occur.47,48 More recent work has 
identified factors that could interfere with 
fluorescence measurements, especially 
those that cause false negative readings 
and has documented several solutions to 
overcoming such issues.49-51

As well, various wavelengths of light 
have been used to assess their value 
for fluorescence diagnosis. While early 
work used visible red light (655 nm) for 
real time feedback,52 later work used 
visible violet light (405 nm). This was 
found to be highly effective for fluo-
rescence recognition of both carious 
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is that the former can be 

delivered using a flexible 
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erbium lasers require 
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delivery systems...”
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tooth structure and also of restorative 
materials.53-58 Using fluorescence-based 
approaches greatly reduces the risk of 
over preparation of teeth when removing  
existing restorations.59

Using new wavelengths  
for hard tissue preparation

While the erbium laser wavelengths 
of 2940 and 2780 nm have been 

popular for some time, there are other 
useful wavelengths, such as the 9300 
nm carbon dioxide laser (as used in the 
Solea® laser) and the Holmium:YAG, at 
2100 nm. In 2007, we tested the Ho:YAG 
laser with a water mist spray and found 
that this could give excellent ablation 
of both enamel and dentine, providing 
results very similar to that seen for the 

erbium laser wavelengths.60 An important 
advantage of the Ho:YAG laser over the 
erbium laser wavelength is that the former 
can be delivered using a flexible glass 
fibre, while the erbium lasers require more  
complex delivery systems.

Looking to the future, a major area 
of interest will be laser systems that can 
deliver minimal intervention approaches, 
encompassing the treatment of patients 
across a wide range of ages.61-64 Such sys-
tems should be able to ablate all manner of 
materials that may be present on teeth and 
within teeth. This aspect is a major limita-
tion of existing commercial laser systems 
for dental hard tissues.65 To achieve this 
objective means thinking outside the box 
and looking towards ultrashort pulse laser 
systems, especially those that operate in 
the near infrared range (e.g. 700-1300 nm). 
In this wavelength range, the ablation of 
all manner of materials can be achieved. 
At the same time, laser analgesia can be 
generated by photobiomodulation.65

Lasers with ultrashort pulses achieve 
the highest peak powers when the pulse 
duration is in the femtosecond (10-15 of 
a second) range. By using an extremely 
short pulse duration, these lasers can 
create massive energy density values 
within targets of all types, regardless of 
whether or not they are opaque or trans-
parent to the laser wavelength being used. 
Femtosecond lasers can alter the surface 
of the material, as well as work inside the 
material, through the creation of nano-
plasma. The effects of nanoplasma on 
materials include ionisation and disrup-
tion of chemical bonds, achieving ablation 
with minimal heat associated changes or 
defects occurring beyond the target.66-69

By using an ultrashort laser with high 
pulse frequencies, a machining action 
can be achieved on a structure to achieve 
unrivalled precision in terms of prepara-
tion geometry. Current femtosecond laser 
systems can generate ablation rates up 
to a quarter of that of a high-speed edge 
turbine drill in sound enamel. Around the 
world, work in multiple laboratories has 
explored the performance of femtosecond 
laser systems for dental hard tissue abla-
tion, with the goal of making these laser 
systems not only more precise, but equal 
to traditional rotary dental instruments in 
terms of their overall speed. Thus far, very 
promising results have been obtained from 
over 10 studies undertaken by different 

Figure 3. Hard tissue procedures conducted on the bench using the Dentroid® pro-
totype device. A and B: Views of the operator’s control station for the laser, showing 
micromanipulator controls for variable speed X-Y translation of laser cutting and laser 
power monitoring. The screen displays images of the treated tooth, using different 
fluorescence imaging modes. C: The working view of the same tooth seen under white 
light illumination. Images A-C are courtesy of Emudent Technologies. D: An example 
of precision laser cutting of dentine using the Dentroid® prototype device, show-
ing a vertical channel 430 microns wide and a horizontal channel 482 microns wide. 
These were prepared using a robotically controlled pulsed Ho:YAG 2100 nm laser 
using water mist spray. Note the smooth and regular margins and the lack of thermal 
changes (melting, carbonisation and spalling) of the target. The scale bar in the lower 
right corner is 50 microns. Image D is courtesy of Ludovic Rapp, Steve Madden and 
Andrei Rode of the Laser Physics Centre, Research School of Physics, Australian  
National University, Canberra.
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groups around the world, including in Aus-
tralia.70-80 In fact, Australian researchers 
have been at the forefront of the field of 
ultrashort laser pulse shaping of dense and 
rigid materials for the past 15 years.66,67,71

Including a feedback system with an 
ultrashort pulse laser system will max-
imise the benefits of the high precision of 
the femtosecond laser approach, allowing 
the stepwise removal of restorations of 
all types as well as selective removal of 
carious tooth structure. In addition to this, 
an ultrashort laser system could be com-
bined with a robotic system so that the 
laser beam could be controlled remotely 
by the dentist - sitting in the same room 
or at a distant location - rather than being 
hand held, as is the case with current 
dental hard tissue lasers. This hands-
off approach would reduce the physical 
demands of performing restorative dental 
procedures, including intense visual con-
centration during cavity preparation and 
could also assist in reducing health issues 
relating to musculoskeletal disorders and 
posture. A device which operates at a dis-
tance from the dentist would also reduce 
exposure of the dentist to aerosols gener-
ated by the procedure.

As well as being able to complete 
cavity preparations, femtosecond laser 
systems can also perform subtle forms 
of etching known as nanoripples, which 
can enhance the adhesion of materials for 
bonding to the tooth structure and they 
can also be used to undertake photo-pol-
ymerisation, using two photon effects that 
accompany ultrashort laser pulses. This 
would allow the deposition and selective 
curing of materials in thin layers, which 
would be advantageous in reducing or 
eliminating effects caused by shrinkage  
during polymerisation.

Robotically controlled  
femtosecond lasers

It has been argued that, despite their 
many advantages, one of the barriers 

to the wider adoption of lasers for hard 
tissue procedures by mainstream dentistry 
is that hard tissue lasers are used to pre-
pare teeth without tactile feedback. They 
do not have the same feel as using tradi-
tional rotary instruments. As well, pulsed 
lasers cut in increments. Using large pulse 
energies creates irregular craters and as a 
result, early lasers were not very effective 
for tasks like minimal preparations. Fine 

control of the laser handpiece and over-
lapping of pulses is necessary to achieve 
regular flowing cavity outlines. This level 
of control is generally not possible unless 
magnification is being used.

Recently, an Australian company 
(Emudent Technologies, trading as 
Dentroid) developed and patented the 
“Dentroid®” concept for hands-free, low-
contact laser dentistry. Their concept 
involves a miniaturised robotic assembly 
placed in the mouth and attached directly 
onto target teeth. The laser beam is 
delivered onto the tooth surface through 
miniaturised optics that are controlled by 
the dentist using a panel located in the 
operatory a few feet away or remotely. 
This concept can herald a new age of laser 
dentistry using the power of advanced 

imaging and real-time feedback to guide 
operative procedures, from minimally 
invasive preparations through to crown 
and bridge preparations, at unprecedented 
levels of precision that are not achiev-
able using hand-held laser handpieces. 
Real time imaging using multiple imaging 
modes brings in superior visualisation of 
what is happening on the tooth as the laser 
energy interacts with it, but also opens 
the door for advanced control systems 
that guide the placement of laser pulses 
using autopilot algorithms and artificial 
intelligence, informing the clinician of 
what parts of the tooth are carious or not, 
which parts are restored versus sound and 
whether geometry of the preparation needs 
modification, for example. The company 
expects their product to be available in the 
market by 2024 (Figure 3).

Conclusions

The horizons for dental hard tissue 
lasers see the emergence of new wave-

lengths and new delivery modalities, 
offering enhanced control for the dentist 
as well as enhanced visualisation of the 
structure and composition of the tooth 
which is being treated. Together, these all 
allow more selective dentistry with less 
biological cost for the patient. From the 
1980s to the present, the technology has 
improved dramatically and the changes 
which have occurred have represented 
revolutions rather than small stepwise 
changes. The deployment of femtosecond 
laser systems into dental practice would 
be a game changer, in the same way that 
the use of ultrashort pulse laser systems 
completely changed the specialty of oph-
thalmic surgery and brought in completely 
new methods for vision correction that are 
less invasive. The lasers that we currently 
have available for dental hard tissue pro-
cedures could not have been imagined 
when this field was in its infancy in the 
1980s. Likewise, one can only dare to 
imagine what the next decades will bring 
in this area of technology.
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