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By leveraging ultrashort pulse laser and micro-electromechanical systems
(MEMS) technologies, we are developing a miniaturized intraoral dental
robotic device that clamps onto teeth, is remotely controlled, and is
equipped with a focusing and scanning system to perform efficient, fast,
and ultraprecise laser treatments of teeth and dental restorative materials.
The device will be supported by a real-time monitoring system for
visualization and diagnostic analysis with appropriate digital controls. It will
liberate dentists from repetitive manual operations, physical strain and
proximity to the patient's oropharyngeal area that potentially contains
infectious agents. The technology will provide patients with high-accuracy,
minimally invasive and pain-free treatment. Unlike conventional lasers,
femtosecond lasers can ablate all materials without generating heat, thus
negating the need for water irrigation, allowing for a clear field of view, and
lowering cross-infection hazards. Additionally, dentists can check, analyze,
and perform precise cutting of tooth structure with automatic correction,
reducing human error. Performing early-stage diagnosis and intervention
remotely will be possible through units installed at schools, rural health
centers and aged care facilities. Not only can the combination of
femtosecond lasers, robotics and MEMS provide practical solutions to
dentistry’s enduring issues by allowing more precise, efficient, and
predictable treatment, but it will also lead to improving the overall access
to oral healthcare for communities at large.
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ultrashort (femtosecond) laser pulses, dentistry, intraoral, micro-electromechanical
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Introduction

Dentistry today is subject to an accelerating demand driven
by people’s health, oral diseases, aesthetics, and increased life
expectancy. Untreated dental caries, severe periodontitis and
tooth loss are among the ten most prevalent conditions,
affecting more than 3.5 billion people worldwide in 2017.
Globally, dental diseases accounted for US$356.80 billion in
direct costs and US$187.61 billion in indirect costs in 2015
(1). While automation and robotic assistance are widely
adopted in medicine, their application in dentistry remains
limited. Hence, dentists still rely on their eyesight and
dexterity to perform complex restorative and surgical
procedures that require submillimeter precision.

In this paper, we discuss the development of an intraoral
robotic device, which will liberate dentists from repetitive
manual operations, the need for proximity to the microbe-
laden oropharyngeal area and provide patients with minimally
invasive pain-free treatment. The essential step forward is to
introduce ultrafast, non-thermal regime of ablation to
dentistry, which is offered by powerful ultrashort femtosecond
Ultrafast (1£fs=10""%)

micromachining is a versatile tool successfully applied in

lasers. femtosecond laser

precise industrial micromachining of metals, ceramics,
polymers, and glass, as well as in biological material for
medical use in eye surgery (2, 3). The major difference offered
by short pulse duration when compared to the conventional
laser ablation with longer, nanosecond and microsecond laser
pulses, is that optical energy is delivered on a timescale
than the the

surrounding area of the laser beam focus. As a result,

shorter rate of thermal diffusion into
ultrashort fs-lasers provide a unique technological opportunity
to precisely and efficiently micromachine materials with
minimal thermal collateral damage due to the significantly
reduced heat transfer into the bulk and surrounding area. The
results of our research demonstrate how femtosecond laser
enabled robotics can revolutionize dentistry in a comparable
way to the da Vinci surgical robot (4, 5). Thus, solving long-
standing challenges in effectively treating patients with dental

phobia and or residents in remote settings.

Challenges in dentistry
Patients

Anxiety and fear

For millions of people dental anxiety is a health-altering
problem as delayed checkups and treatment change the
trajectory of diseased teeth (6). The high-speed dental
handpiece (“drill”) is often used with a diamond-coated bur
(“bit”), which rotates at up to 400,000 revolutions per minute
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near the patient’s lips, tongue, and throat (7). This creates a
distinct noise that often triggers anxiety and a source of
potential harm to the patient (8). Anxiety is a significant
barrier to seeking necessary restorative dental treatment for
conditions such as decayed, chipped, or broken teeth.
Typically, up to 30% of adults actively avoid dental treatment
because of anxiety (8).

Stressors

Dentists are seeing an increase in stress-related conditions
among patients. These include teeth grinding, cracked and
chipped teeth, and symptoms of temporomandibular joint
dysfunction such as jaw and muscle pain (9, 10). A major
challenge that has come to prominence from the COVID-19
pandemic is that routine restorative dental procedures
generate aerosols, increasing the risk of viral transmission
(I1). As precautions, many clinics have limited the nature or
procedures they offer, or have added space and time between

appointments, reducing the number of patients they can see.

Barriers to care

Where dentistry is funded privately as an out-of-pocket
personal expense, affordability is an issue. For example, in
Australia, around 35 percent of the population delays or misses
out on dental care each year because of cost (12, 13).
Individual

approximately 58 percent of all spending on dental care in

Australians  were  directly  responsible  for
Australia in 2016-2017, dwarfing government and private
health insurance contributions. Many people without insurance
avoided attending the dentist altogether. Approximately 27
percent of the population, who are most disadvantaged, delayed

or did not see a dentist when they should have due to the cost.

Accessibility

Across the world, poorer oral health has been observed in
people living in regional and remote areas compared to those
in cities, and oral health status generally declines as
remoteness increases (13). Rural populations have access to
fewer dental practitioners than their city counterparts, which,
when coupled with longer travel times and limited transport
options to services, affects the range of oral health care that
they can receive (14).

Dentists

Fatigue and ergonomics

Many oral health professionals, including dentists, dental
hygienists, dental therapists, perform repetitive movements
with their hands and wrists, grasping the same instruments,
in a predominately static and awkward posture for most of
their work time often resulting in musculoskeletal disorders.
According to a systematic review by Hayes et al. (15), this
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results in a very high prevalence of occupational

musculoskeletal disorders and pain.

Human error

Dentists aspire to provide high-quality and safe oral health
care to their patients. Each year in the US alone, over 195,000
active dental practitioners provide care to more than 127
million patients, expending more than $117 billion annually
(16, 17). While doing so, they routinely perform highly
exacting and delicate procedures using many devices and tools
in complex environments. To add to the complexity, they often
perform these procedures using indirect mirror vision, in areas
of the mouth where direct lighting is not possible. In response
to these challenges, intense concentration is needed for
sustained periods, with high burden on visual acuity and
sensory processing. Despite best efforts, treatment can fall short
of the goal of delivering precise procedures without error.
Research has shown that adverse events (AE) and patient harm
are commonplace in dentistry (18-20). Researchers have
developed a data repository to organize dental AEs into a
searchable database systematically together with novel dental
AE type and severity classification systems (21).

Lack of tactile feedback

In comparison to the conventional drill where there is tactile
feedback of applied forces through the handpiece, dentists using
a laser handpiece in a non-contact procedure on teeth lack
similar feedback. Consequently, they do not feel sufficiently in
control when they are handling a laser beam for cutting teeth
(ablation) (7).

Treatments

Limited precision

The hands of a dentist cannot hold any instrument,
including a laser handpiece, perfectly still, due to normal
microtremors (7). Further, the problem of movement is
compounded as patients move as they breathe. Their jaw
position can also change slowly or quickly, as they try to
maintain a constant open jaw position. Other factors that
affect precision include visual fatigue of the dentist due to
intense and sustained concentration, and limited eye lens
accommodation to near vision with advancing age (22).

Based on a limited understanding of the complexity of
dental diseases, oral and dental care has been managing
conditions like dental caries or periodontitis similarly for all
patients and disease stages for centuries in a similar manner
(23, 24). Building on a deeper understanding of oral
conditions, their pathogenesis and trajectories, and, most
importantly, the acknowledgment of the broader social,
behavioral, and systemic determinants of oral health and their
link with general health (25).
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Limited access

Reduced mouth opening is a common clinical problem that
poses an ergonomic challenge to instrumenting inside the
mouth. This condition worsens when temporomandibular joint
(TMJ) problems develop. Many individuals experience it at
least once in their life. Limited mouth opening makes reaching
posterior regions difficult or impossible. Restricted mouth
opening can occur due to a variety of underlying conditions
which may involve complex medical and psychological factors
(26). Trismus is defined as an inability to open the mouth due
to masticator muscle spasm or fibrosis (27).

Surface consistency

The undulating and complex morphology of teeth adds a
further level of challenge. When treating caries or fractured
dental fillings, the dentist must aim to achieve preparations of
the teeth that are smooth and regular at the macroscopic scale,
so that the margin of the filling material visually blends in with
adjacent natural tooth structure. At the same time, it is
necessary to achieve a surface that has particular microscopic
features that enhance the bonding and adhesion with dental
filling materials. When a drill is used, organic material from
the tooth is smeared microscopically over the prepared tooth
surface. This smear layer is poorly attached and is structurally
weak, and hence a range of protocols must be followed to alter
or remove it entirely. As well as forming smear layer, regular
drills cause microscopic cracking of the tooth structure, as well
as heat-induced stresses to the dental pulp.

Limited visibility

Adding to the above-mentioned factors that hinder
precision is the limited visibility created by the splatter of
coolant water sprays onto face shields, visors, and protective
glasses. Conventional dental drills and hard tissue lasers all
use a coolant water spray, to prevent excessive heating of the
dental pulp when a tooth is being prepared. These devices
generate a large amount of splashed particles that may
contain water, saliva, blood and other patient materials (28).
As these fluid particles splash across the working area, they
build up on the protective eyewear worn by the dentist, and
progressively reduce the quality of what they can see. Face
shields are now used commonly to protect the face and eyes
of dental staff from these splashed fluids (29).

The next technological step for
dentistry
Ultrashort vs. conventional laser dentistry

In the dental clinic, hard tissue removal involves two typical
methods: grinding using air turbine or electric micromotor-
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driven drills, and ablation by microsecond pulsed erbium lasers.
These two methods generate mechanical and thermal stresses,
and can create micro-cracks extending several tens of microns
into the enamel. These are potential initiation sites for new
carious attacks which must be avoided.

While erbium lasers reduce thermal effects, they cannot cut
metals and ceramic fillings, and are lower in speed and cutting
quality than mechanical drills (7, 30, 31). Microsecond pulsed
erbium lasers have been used for the preparation of teeth for
restorative procedures since the 1990s. They rely on a
photomechanical process, whereby the absorption of laser
energy in water and hydroxyl groups in the material creates
explosions of steam which then detach particles from the
tooth (30). The explosion is accompanied by shock waves that
can create microscopic cracks while propagating through the
tooth structure at the edges of individual craters. All erbium
lasers require a water mist spray to operate effectively, and to
prevent burning, carbonization, and thermal stress to the
dental pulp (30, 31). On one hand, excessively high rates of
water flow interfere with the laser ablation action by
attenuating the beam, while on the other hand, an insufficient
film of water will lead to burning, carbonization, cracking,
and building in the tooth structure.

Recently, femtosecond (107'%s) lasers have been used
widely in medical areas such as vision correction surgery
(LASIK), cataract surgery, ear surgery, and tattoo removal.
with
materials, breaking molecular bonds with minimal heat load

Femtosecond pulses cause non-linear interactions
in a process called “cold ablation”. For restorative dentistry
they can overcome the drawbacks of traditional treatment
methods (32, 33), and provide a solution to the challenge of
attaining an “universal laser cutter” by allowing high precision
cutting of metal, ceramic, and polymer dental materials as
well as natural tooth structure. Femtosecond laser dentistry
was demonstrated 20 years ago (34, 35) with prepared crack-
free cavities in teeth and processing precision better than
10 um, which is ideal for fillings, and far more precise than
ablation by erbium or other lasers. Despite the clear
advantages of femtosecond laser pulses for ablating teeth, at
that time, the low speed together with the limited capability
and prohibitively high cost of available lasers made it
challenging to compete with mechanical drills.

Development of ultrashort pulse laser
dentistry

While there has been a growing number of studies
investigating the effects of femtosecond ablation on dental hard
tissue, these studies were largely limited by the availability and
parameters (such as power) of the then existing femtosecond
laser devices which could not have been easily sourced,
modified, or optimized for dental application. A very recent
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systemic review (36) that extensively assessed literature
published in English during the last 25 years on the
effectiveness and impact of in vitro femtosecond laser
irradiation on enamel and dentine was only able to identify 11
studies that met criteria. Interestingly, only 3 out of the 11
studies were considered of “high quality” by the authors who
accordingly concluded that “The limited number of high-
quality studies and the heterogeneity between the protocols
used and the variations in the formatting of the reported data
prevented a meta-analysis”. Limitations aside, previous studies
indicated, overall, that femtosecond laser ablation could be a
viable alternative to both high-speed rotary drills and
with  the added of

unprecedented precision, lack of collateral thermal damage and

conventional  lasers advantages
no requirement for water irrigation and cooling (33-35, 37-39)

With the recent emergence of powerful femtosecond lasers
generating high peak energy and high repetition rate, the new
(USP)

outperform conventional dental high-speed drills. Such an

generation of ultrashort pulse lasers can now
approach can be a major paradigm shift, as it opens up new
perspectives for precise and conservative dental treatment,
instead of focusing on merely increasing the speed of rotating
drills as has been the case during the last decades.

While USP lasers are used in some medical procedures [such
as in vision correction surgery to cut and flop lamellae from the
cornea surface and re-shaping cornea (40)] and may be used in
dental implant manufacturing stages (41), USP lasers are not
used currently in the clinical setting in dentistry for tooth
cutting procedures. The current state-of-the-art for tooth cutting
is to employ middle infrared lasers such as the Er:-YAG and Er,
Cr:YSGG lasers operating at wavelengths of 2940 nm and
2780 nm respectively (7, 8). These lasers are used with pulse
durations from 50-400 usec, in combination with a water mist
spray for cooling. Such pulse durations are between one million
and one billion times longer than those in the picosecond and
femtosecond range used by USP lasers (40). Their effect on
dental hard tissues is thermo-mechanical in nature, and they
have limited ability to ablate metals and ceramics (42).

Using USP mitigates problems caused by thermo-
mechanical actions. The instantaneous peak power of the
pulses is very high, which means that it is not necessary to
use a laser wavelength strongly absorbed in either water or
the mineral component of tooth structure, i.e., hydroxyapatite.
Femtosecond lasers have demonstrated their capabilities to cut
through any type of material, for example, all types of dental
The ability to control the

ablation process much more precisely by altering the pulse

restorations and ceramics (7).

energy and the scanning pattern allows the tooth to be
machined to give a smooth surface without the accumulation
of heat within the tooth itself. The prepared surfaces are very
smooth because only a very thin layer of material is removed
with each pulse, but up to a million pulses per second can be
delivered, without requiring use of any irrigation or cooling
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system. Accurate control of the extent to which pulses overlap
requires going beyond hand-held handpieces. A growing
number of studies have demonstrated that femtosecond laser
ablation represents the first viable alternative to high-speed
dental drills operated by air
micromotors (37). Finally, the femtosecond laser “drill” is

turbines or by electric
much quieter and causes little to no direct pain during its
operation (30).

The authors have undergone a series of experiments using a
state-of-the-art femtosecond laser machine capable of delivering
a range of parameters suitable for dental ablation. The device is
a Carbide 40 W femtosecond laser (CB3-40 W from Light
Conversion, Lithuania). The laser wavelength was 1029 nm
(fundamental), and the pulse duration was set to 275 fs. The
repetition rate was 100 kHz and the pulse energy 400 yJ. Our
results demonstrated the benefits
dentistry with high ablation rate and efficiency for drilling

of femtosecond laser

enamel and dentin without requiring any cooling system (43).
Our observations of the laser processed areas by optical
microscopy, scanning electron microscopy and Raman
spectroscopy confirmed crack-free cavities in teeth, no change
of the chemical composition and a processing precision better
than 10 pm. This radically exceeds the precision that
handheld high-speed drills can achieve and is significantly
more precise than ablation by erbium or other middle / far
infrared lasers. This ultra-precision provides a high degree of
control of the materials and the quantity removed allowing to
preserve as much precious tooth structure as possible

following principles of Minimal Intervention Dentistry.

Miniaturization: a device fit for the mouth

Intraoral miniature robotic device

Developing a miniature robotic device for dentistry enables
hands-free manipulation of a femtosecond laser beam inside the
mouth to painlessly modify and remove tooth structure,
decayed carious material and dental filling materials, and to
shape and prepare a tooth for subsequent restoration. The
intraoral device, by this aspect, will have specific space
constraints to fit inside the mouth of most patients without
inducing any discomfort. It is required to be as small as
possible, without exceeding 25x 25 mm® in extent laterally
and 15mm in height, based on studies and the size of
existing dental handpieces. Figure 1 presents a conceptual
representation of the intraoral robotic device with a width of
22 mm, a depth of 20 mm and a maximum height of 15 mm.

Next generation scanning system

Due to its compact size, the intraoral robotic device needs to
take advantage of a miniaturized beam deflection device. A Micro
Electro-Mechanical Systems (MEMS) mirror is a tiny integrated
system that combines mechanical and electrical components.
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FIGURE 1

(A) Conceptual representation of the intraoral device on teeth
including a MEMS mirror, a fiber optic connector for laser delivery,
camera, diagnostics system, and external packaging, and (B) a
schematic view with dimensions.

MEMS has been identified as one of the most promising
technologies for the 21st Century, and it has the potential to
revolutionize both industrial and consumer products by
combining silicon-based microelectronics with micromachining
technology. While commercial MEMS mirrors are available,
their compatibility with high instantaneous peak and average
power lasers are uncertain. Specialized MEMS mirrors with
large deflection angles and highly reflective dielectric coatings
suitable for high-power laser are required for these types of
applications. MEMS mirrors used in laser-surgical instrument
for neurosurgery have been successfully tested with a high-
power picosecond-laser at 532 nm up to 20 W average laser
power, to cut skull tissues (44), and several demonstrations of
deflection angles beyond ~20° have been reported (45).
However, none of the existing MEMS mirrors meet all the
requirements for the intraoral high-power laser manipulation,
including a low driving voltage of less than 10 volts, a high
mechanical reflection angle of over +£10° a high reflectivity of
over 99.99%, a high resonant frequency over 1 kHz, a and small
size. Therefore, robust MEMS mirrors need to be developed
specifically for this device (46, 47). We fabricated successfully
micromirrors that satisfied some key parameters, such as small
size, and a large deflection angle at low driving voltage (less
than 10 volts), as seen in Figure 2. Optimization of these
MEMS mirrors will be necessary to meet the remaining
technical requirements mentioned above. Another key aspect is
the mirror coating. A delicate balance between high reflection,
low stress/stress compensation, and very high reflectivity must
be achieved. This requires special developments for both the
coating technique and the subsequent post processing. For this,
we demonstrated coatings with 99.9997% peak reflectivity with
high-end Ion Beam Sputtering (IBS) coating equipment, making
this well positioned for the required coatings on the miniature
MEMS mirrors.

Beam delivery and focusing

A key consideration is transmission of ultrashort pulses
from the laser system to the tooth without degradation in
pulse shape, energy, or beam quality. Articulated arms are a
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=500 Hum

MEMS mirror position indication.

(A) Scanning electron microscopy image of a 2DOF MEMS mirror with (B) its schematic representation, and (C) the intraoral head of the device with

mature technology and are used widely in medical applications.
With the recent demonstrations of efficient femtosecond pulse
fibers
specifically designed for fs-pulses [e.g., 48], their low weight

transmission through hollow-core/photonic crystal

and excellent flexibility is immensely advantageous compared
to articulated arms.

The ideal approach to scanning is to use a so-called
telecentric f-theta lens after the beam scanner that provides
linear displacement of the focus spot with scan angle.
Telecentricity provides low distortion scanning, and normal
beam incidence providing magnification/scan scale invariance.
Such lenses provide the highest performance laser scanning
systems, which cannot be achieved with a spherical lens
which can only image along a circular plane, having spot
distortion and scan scale variation with processing plane
position. These lenses can realize tighter spot sizes, which
translate into higher resolution, as well as higher intensity.

Dental applications require ~8 mm processing depth of
focus and a laser spot likely <50 um diameter due to pulse
energy limits and the required fluence. Achieving this depth
of focus requires a variable optical focusing system, ideally
with a real-time response that can adapt during the tooth
ablation. There are three different ways of accomplishing this:
moving the scan lens, a variable focus lens (zoom/liquid
adaptive lens) before the scanner, or moveable optics before
the scan lens. With a variable focus system, focus detection is
required to ensure the focus is on the processing plane. We
should note here that this problem is made much more
difficult by the topology
appearance of the teeth. There are many possible approaches,

complex and homogenous
such as confocal, critical angle prism sensing, and camera-
based approaches, to name a few.

Heat considerations

Thermal load into the tooth body during ablation is one of
the major concerns of any ablation or cutting process, first,
because it is one of the causes of pain of the patient during
dental treatment, and second, as an excessive temperature rise
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can lead to permanent injuries to the dental pulp at the
histological level (49). The generally accepted painless limit due
to heating human nerves is the increase by 5 °C relative to the
temperature of the environment. A temperature rise above 5.5 °
C that is sustained for more than 10 s has been considered one
such threshold. Above this temperature, soft tissue irritation
and inflammation (pulpitis) occur. In approximately 15% of
cases this has led to dental pulp necrosis (50). A human in
vivo study showed that transient temperature increases of as
much as 89-147°C could be tolerated without adverse
outcomes since they did not cause permanent damage (51, 52).
We demonstrated that femtosecond laser ablation of a tooth
only led to an increase of 1.3 °C in dental pulp for a thermally
isolated tooth (and likely much lower for one in vivo) for a
processing time shorter than 1 min (53). The laser treatment
was undertaken without using water spray for cooling the
tooth. Using compressed air during laser processing will
mitigate any thermal changes at the power levels used.

A tooth cutting technology with low thermal load and no
significant vibration should have a low “annoyance factor” and
be tolerated well by patients. Formal studies of the level of
anxiety and pain experienced by patients with this new
approach need to be undertaken. One can expect that feelings
of pain and discomfort will have an adverse psychological
impact on patients and will also impact negatively on their oral
health related quality of life (54). On the other hand, it could
predict that a procedure which is quiet, comfortable, and free
of thermal stress should have a high level of acceptability.

Clamping system - strength, robustness, and
durability

The clamping system needs to be attached to teeth of various
shapes and sizes, ranging from molar teeth (which are wide in
their horizontal buccolingual dimensions) to incisor teeth
(much narrower). The clamping system is required to stabilize
the device in relation to the biting (occlusal) surfaces of the
tooth in question, using an arrangement similar to a dental
dam clamp that attaches onto the area below the natural
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horizontal bulge in the tooth. The outer casing of the intraoral
device needs to resist the regular compressive forces applied
during jaw closing. An attachment, used as a bite block, needs
to stabilize the jaw position, and thus protect the device and
the patient attempts to close their jaws during the procedure.

Real-time visualization and diagnostic
imaging system

Feedback during the femtosecond laser ablation is essential,
and several possibilities exist. A high-resolution color
microcamera is needed for precise remote robotic control to
give an accurate visualization and targeting of the areas to be
processed with the laser. Dentists will have a clear view in
real-time of the area to process and constant visual control of
the machining of the tooth. It is also vital for the diagnostic
system to direct the laser to be carious (decayed) and selected
regions accurately. The simplest is a fluorescent diagnostic
approach using a 405nm light. The fluorescence-assisted
caries excavation (FACE) method highlights infected decayed
tooth structure (in red), allowing for its precise removal, and
has been proven with conventional rotary dental drills (53-
56). This diagnostic minimizes the problem of overtreatment
when decay extends deeply into a tooth, since only the highly
fluorescent red-emitting areas will be removed. It also allows
clear identification of tooth-colored filling materials, that are
otherwise difficult to identify, so these can be removed
without the risk of removing healthy tooth structure (56).
could be

conventional white light imaging of the target area on the

Fluorescence information viewed alongside
tooth or could be superimposed digitally on the white light
image to provide a type of augmented reality for the clinician.
Based on what is known regarding augmented reality in
complex dental procedures (57), the enhanced information
should increase confidence for the clinician that the work they
are doing is technically correct.

A different approach to achieving the selective removal of
fillings and their various liners and bases that sit beneath the
restoration surface is to wuse laser-induced breakdown
spectroscopy (LIBS) or in-situ Raman spectroscopy. This
approach leverages the diagnostic value of light given off in
bursts when very short-duration laser pulses are applied to
the surface and a plasma is generated. The light emissions
from that plasma give information regarding the composition
of the surface. By sampling the surface using a lower pulse
energy, the system can build up a representation of which
materials are present, to guide the dentist for their selective
removal. These benefits are essential to the overall philosophy
of precision dentistry and Minimal Intervention Dentistry
principles. Other optical imaging modalities such as optical
coherence tomography, and transillumination could also be
worth considering as adjuncts to diagnosis, since they will
allow identification of tooth-colored restorations and aspects

of the internal structure of teeth (56, 58).
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Remotely controlled hands-free robotic
device

As the robotic device will be inserted inside the mouth of
the patient, dentists will be able to control it with a
specialized computer and perform treatments from an
ergonomically designed desk or workstation. A dental
assistant and dentists can install the device will be able to
work remotely, from the desk at the side of the patient, from
a room next door, or even from another clinic or a remote
site. This brings the expertise of dentists to remote locations.

While this paper has emphasized applications for hard
tissue restorative procedures, this type of device may also have
applications for hard tissue surgery (e.g., preparing bone for
the placement of dental implants) or for soft tissue surgery
these
procedures will be distinguishing between the various hard

such as gingivoplasty. A key consideration for
and soft tissue components that could be encountered, so that

surgery is safe and effective.

Conclusion

This paper presents how to deliver the first intraoral robotic
device based on a femtosecond laser and the foundational
knowledge for future robotic dentistry. The benefits of
femtosecond laser dentistry are heat-free, shock-free material
removal with sub-micron precision, combined with the absence
of collateral damage to underlying structures, the absence of a
smear layer of particle debris, the elimination of water irrigation
during the process, the ability to cut through all types of dental
restorations and ceramics, and elimination of the need for
injections of local anesthetics in 80%-90% of procedures.

Harnessing the synergy of the newly available affordable
femtosecond laser systems, the complementary advanced
technologies in MEMS, femtosecond pulse compatible optical
fibers, and the support from real-time monitoring systems for
visualization and diagnostic analysis, intraoral robotic
dentistry will liberate dental surgeons from repetitive manual
operations. It will allow checking, analyzing, and performing
skilled procedures with high precision and automatic
correction, lowering human error. The final restoration steps
can be built by pairing the device with any commercially
available dental milling machine or 3D printer.

Automation lessens workplace physical and mental stresses
and thus the physical and mental burnout of dentists and
increases their productivity. The treatment can be done in a
smaller number of visits, reducing the costs of dental
At the better

standardization will lower human errors and consequently

treatments. same time, precision and

medico-legal  complications.  Early-stage  diagnosis and

intervention will be performed through units installed at
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schools, rural health centers and aged care facilities, saving critical
time by avoiding waiting lists, and thus facilitating access to care
for most of the population. Following the Learning Health System
principles, all data gathered will be used for continuous system
improvement, to increase our understanding of disease
pathogenesis, and improve risk-assessment strategies, diagnostic
accuracy, and disease prediction.

Robotic dentistry is crucial for rural and remote
that

healthcare. Moreover, intraoral robotic dentistry will offer a

communities suffer from reduced access to oral
platform for mobile and remotely controlled dentistry and has
the potential to address the extreme challenge of dental care
during space missions.

Intraoral robotic dentistry based on ultrashort pulse lasers
will allow the development of the world’s first dental device
that can automate the workflow of teeth treatments, from
diagnosis and planning through performing procedures and
building restorations, both locally and as a remote service,
that can increase our understanding of disease pathogenesis,
diagnosis accuracy and prediction, and that provide patients

with minimally invasive pain-free treatment.
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