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Summary

Robotics has a significant potential to enhance the overall
capacity and efficiency of healthcare systems. Robots can
help surgeons perform better quality operations, leading to
reductions in the hospitalisation time of patients and in the
impact of surgery on their postoperative quality of life. In
particular, robotics can have a significant impact on mi-
crosurgery, which presents stringent requirements for su-
perhuman precision and control of the surgical tools. Mi-
crosurgery is, in fact, expected to gain importance in a
growing range of surgical specialties as novel technologies
progressively enable the detection, diagnosis and treatment
of diseases at earlier stages. Within such scenarios, robot-
ic microsurgery emerges as one of the key components
of future surgical interventions, and will be a vital tech-
nology for addressing major surgical challenges. Nonethe-
less, several issues have yet to be overcome in terms of
mechatronics, perception and surgeon-robot interfaces be-
fore microsurgical robots can achieve their full potential in
operating rooms. Research in this direction is progressing
quickly and microsurgery robot prototypes are gradually
demonstrating significant clinical benefits in challenging
applications such as reconstructive plastic surgery, ophthal-
mology, otology and laryngology. These are reassuring res-
ults offering confidence in a brighter future for high-preci-
sion surgical interventions.
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The increasing demand for healthcare

The provision of appropriate healthcare to the population is
unquestionably a major worldwide societal challenge. This
is a critical issue even for the richest and most developed
countries, which are facing a daunting forecast for the fu-
ture.

A main driver behind the global healthcare crisis is popu-
lation ageing, a demographic phenomenon that is quickly
progressing across the globe. According to the Organiz-
ation for Economic Co-operation and Development
(OECD), the percentage of the worldwide population over

80 years old is currently around 2%, but this number is
expected to reach 4% by 2050 [1]. The situation is more
severe in developed countries, where life expectancy is
longer. For example, the population over 80 years old in
Europe is currently around 5% and is expected to reach
11% by 2050 (fig. 1).

Population ageing is significantly impacting healthcare
systems in at least two ways: (1) the number of patients
that need to be cared for is steadily increasing; (2) the per-
centage of healthcare workers relative to the percentage of
elderly is decreasing. The increasing number of patients
comes from the well-known correlation between age and
the need for healthcare, i.e., the older a person gets, the
more she/he needs care. This is clearly demonstrated, for
example, by the public healthcare spending data from
Canada presented in figure 2, which shows a sharp rise in
healthcare costs in the senior years [3].

On the other hand, the relative decrease in the proportion of
healthcare workers is increasing the demands on the active
workforce, which is itself ageing in many countries. Data
from the World Health Organization (WHO) indicates that
the average age of nurses employed today is between 41
and 45 years old in several European countries, including
Denmark, France, Iceland, Norway and Sweden [4]. Fur-
thermore, the WHO states that the global health worker
shortfall is already over 4.2 million.

This unnerving situation is further complicated by ever in-
creasing healthcare costs, mainly driven by increasing hos-

——EU28 --- Japan - - -USA

World

18%
16%
14%
12% -
10%
8%
6%
4%
2%
0% —t t v t
1970 1980 1990 2000 2010 2020 2030 2040 2050

Figure 1

Percentage of the population over 80 years old (based on data from

(1.

Swiss Medical Weekly - PDF of the online version - www.smw.ch

Page 1 of 14



Review article: Biomedical intelligence

Swiss Med WKkly. 2016;146:w14375

pital charges, the increasing cost of professional services,
and the increasing price of drugs and medical devices [5].
It is estimated that the per capita health spending across
the OECD countries has grown, in real terms, by an aver-
age of 4.1% annually over the 10-year period between 1997
and 2007. “By comparison, average economic growth over
this period was 2.6%, resulting in an increasing share of the
economy devoted to health in most countries” [6].

Robotics towards sustainable healthcare

With the growing demands on health systems, it is inevit-
able that the future of healthcare will be linked to robotics.
Although robots represent a significant cost, manufactur-
ing has demonstrated that the use of robots can also offer
significant savings and hence can contribute towards the
establishment of high quality, sustainable, and affordable
healthcare systems [7]. Important application domains that
could benefit include medical training, rehabilitation, pros-
thetics, surgery, diagnosis, and physical and social assist-
ance to disabled and elderly people [8, 9].

In addition to the benefits it can bring to patients, health
workers and the overall healthcare system, the develop-
ment of healthcare robotics has the potential to have a sig-
nificant impact on industrial and commercial activity. The
reason, according to a report from the Economist Intelli-
gence Unit [10], is quite simple: the huge healthcare so-
cietal need is also a huge business opportunity. The glob-
al medical robotics market is expected to reach USD 11.4
billion by 2020 from USD 4.2 billion in 2015, registering
a compound annual growth rate (CAGR) of 22.2% during
this period [11].

Within the overarching healthcare sector, surgery is a major
area for robotics. Surgical robotics is of growing economic
importance as new systems demonstrate they can revolu-
tionise surgical operations, raising precision, safety and ef-
ficiency to previously unimaginable levels. Globally, sur-
gical robotics is expected to grow from a USD 3.3 billion
market in 2014 to USD 6.4 billion by 2020, registering a
CAGR of 10.2% over the period [12].

Robotic microsurgery - the new
frontier in surgical interventions
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Figure 2

Canada’s public healthcare expenditure per capita per age group in
2013 (based on data from [2]).

Microsurgery can be truly described as a highly skilled
“art”, integrating years of medical knowledge and exper-
ience with complex, highly precise and dexterous manual
operations. The term “microsurgery” was traditionally used
to classify delicate surgical procedures requiring the use
of an operating microscope. However, the recent advent
of high resolution imaging sensors now allows microsur-
gery to be performed also in a minimally invasive fashion
through the use of endoscopes. In any case, irrespective of
the viewing technique, the vast majority of microsurgeric-
al procedures are still performed directly by “the dexterous
hands of highly capable clinicians, who go through extens-
ive training periods to acquire the specialized skills neces-
sary for realizing successful micro-operations” [13].

Given the minuscule dimensions of the surgical site and the
stringent precision requirements, microsurgery is a prime
area for the application of robots. Even more than for regu-
lar, larger scale operations, robot-assisted systems can have
a deep impact in microsurgery, providing significantly in-
creased dexterity, controllability and precision to surgeons,
allowing the execution of more precise and safer opera-
tions, or even the pioneering of previously impossible pro-
cedures. All of these benefits can directly impact the work
and productivity of microsurgeons in several ways, includ-
ing: (1) reduced physically induced stress, allowing sur-
geons to perform more operations per day without fatigue
or decrease in performance; and (2) extended professional
career, allowing surgeons to reach expert levels earlier in
their careers and to maintain high levels of precision and
dexterity for longer.

Applications of precision medicine based on microsurgery
techniques already include a large range of surgical spe-
cialties, but this number is expected to increase as techno-
logies allowing the early detection of diseases continue to
improve. Currently, the anastomosis of small blood vessels
and nerves is one of the most common microsurgery pro-
cedures, used chiefly in plastic and reconstructive opera-
tions. However, other treatments are starting to make grow-
ing use of precise excision of tissue from delicate organs,
typically to treat benign or malignant lesions. For example,
microsurgery techniques are regularly used in paediatric
and fetal surgery, ophthalmology, otolaryngology, and uro-
logy. Table 1 presents examples of such applications with
their respective estimated accuracy requirements and cur-
rently used imaging and tissue manipulation methods.

Precision medicine in oncology treatment

Another important and growing application area for mi-
crosurgery (and thus for microsurgery robots) is oncology.
On one hand, the annual incidence of cancer worldwide is
expected to quickly increase in the near future, largely as
a result of global ageing, reaching 17 million by 2020 and
27 million by 2030 [27]. This projection is corroborated by
other studies, including that of Yancik [28], which high-
lights the disproportionality with which cancer affects seni-
or citizens (people over 65 years old) and how this is ex-
pected to impact cancer incidence in the aging society. On
the other hand, the establishment of new routine examin-
ations based on better imaging technologies and diagnosis
systems, such as immunosignaturing [29], are continuously
enhancing the detection of cancers at early stages. This

Swiss Medical Weekly - PDF of the online version - www.smw.ch

Page 2 of 14



Review article: Biomedical intelligence

Swiss Med WKkly. 2016;146:w14375

is not only an important factor for increasing the chances
of survival (fig. 3) but also allows less extensive surgery
[31], potentially limiting interventions to the microsurgery
of small tissue volumes.

Robotic microsurgery of early tumours offers the promise
of treatment with minimal collateral damage, both in terms
of the functionality of organs operated upon, and of the pa-
tient’s postoperative quality of life. It also has the poten-
tial to allow faster and safer surgical procedures, leading to
faster patient recovery and reduced burden on the health-
care system. Nonetheless, to deliver these benefits on a
large scale, robotic microsurgery systems still have to over-
come some key challenges, as described in the next section.

Current challenges in robotic
microsurgery

Mechatronics

Mechatronics forms the first major challenge for the devel-
opment of microsurgical robots for a number of reasons, in-
cluding the need for dexterous miniaturised tools and end-
effectors that are compatible with the surgical applications.
The need for miniaturisation is, and will continue to be, im-
portant in all areas of surgery, but especially in minimally
invasive surgical procedures, which have already lead to
reduced lengths of hospitalisation, surgical complications
and postoperative pain compared with traditional open pro-
cedures. This is particularly significant for older patients,
who tend to be less tolerant of major surgery [32].
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Figure 3

Five-year survival rate for common cancer types by stage at
diagnosis (based on data from [30]).

Microelectromechanical systems (MEMS) technology has
the potential to play a significant role in reducing the size
and increasing the functionality of microsurgical devices
[33], although limitations related to actuation power, dex-
terity and robustness of the MEMS devices continue to be
open issues for practical surgical applications [34].
Microsurgery also presents stringent demands for the pre-
cision and speed of surgical tools. Tooling and interfaces
should be fast enough to follow surgeon commands in real
time and also provide microscopic precision to allow prop-
er control during delicate procedures. Therefore, another
significant challenge for microsurgical robots will be over-
coming hardware, actuation and control problems to recon-
cile these competing objectives.

Finally, flexibility is an important requirement and a signi-
ficant challenge for microsurgical robots designed to oper-
ate inside the human body. Flexibility increases the capa-
city of the system to reach difficult parts of the anatomy
with minimal or no collateral damage to other organs, tis-
sue or structures. However, achieving dexterity and precise
manipulation with a flexible system is a nontrivial and
currently unresolved problem. Possible solutions under re-
search include miniature continuum robots [35, 36] and se-
lectively compliant/stiffening mechanisms [37, 38].

Perception

Perception challenges for microsurgery robots are mainly
related to the need for magnified stereoscopic visualisation
of the surgical site, and the capacity to sense the small
interaction forces between surgical tools and tissue in in-
tracorporeal minimally invasive applications. Continued
progress on the miniaturisation and quality of imaging
sensors, largely driven by the cell-phone industry, is
quickly reaching a point where small, high-resolution,
chip-on-the-tip stereoscopic imaging sensors will allow
flexible 3D microendoscopy [39]. On the other hand, sens-
ing the interactions forces to allow safer tissue manipu-
lation and palpation during microsurgery remains an act-
ive research topic, within which opto-electronic sensors are
becoming the preferred solution due to their sensitivity,
safety and potential to be integrated into small flexible
tools [40—42].

Another perception challenge for future microsurgery sys-
tems relates to the capability to detect cancer tissue intra-
operatively with high sensitivity and specificity. The cre-
ation of systems providing such capability will lead to more
effective and higher quality microsurgery, allowing sur-

Table 1: Examples of clinical specialties based on microsurgery

Clinical specialty Estimated accuracy Imaging method Tissue manipulation method | References
(example) requirement

Fetal surgery 250 ym Endoscope Hand-held laparoscopy [14, 15]
(twin-twin transfusion syndrome) instruments

Ophthalmology 100 pm Microscope Hand-held instruments [16, 17]
(retinal vein cannulation)

Otology 400 pm Microscope Hand-held instruments [18, 19]
(hearing aid implantation)

Laryngology 50 ym Microscope Hand-held instruments; laser [20-22]
(vocal cord cordectomy) micromanipulator

Reconstructive plastic surgery 50 ym Microscope Hand-held instruments [23, 24]
(microvascular anastomosis)

Urology 50 ym Microscope; endoscope Hand-held instruments; surgical |[25, 26]
(vasectomy reversal) robot
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geons to define precise surgical margins that ensure total
tumour eradication with minimal damage to healthy tis-
sue. Progress in this direction uses a range of technologies,
including narrow-band imaging (NBI) [43], fluorescence
[44], autofluorescence [45], optical coherence tomography
(OCT) [46] and mass spectroscopy [47]. The next chal-
lenge arising in this domain will be to miniaturise and in-
tegrate the most effective technologies into microsurgical
robotic systems to fully exploit the benefits of real-time
cancer detection.

Surgeon-robot interface

Microsurgery robots allow surgeons to operate beyond the
typical direct perceptual and manual dexterity limits of hu-
mans, but this in itself creates challenges related to the
design and use of technologies to mediate actions such
as surgical site visualisation, control of surgical tools and
management of multisensory feedback derived from robot-
patient interactions [13]. Consequently, the surgeon-robot
interface must match the skills, limits and needs of the sur-
geon to increase surgical performance and safety.

The main issue to be solved here is the creation of a visu-
alisation and control interface to maximise the ergonomics,
intuitiveness of robot control and overall usability of the
system. Current commercially available visualisation tech-
nologies are certainly sufficient to provide the surgeon with
a high quality real-time stereoscopic view of the surgical
area, so the challenge lies in the overall interface design
and selection of the most appropriate visualisation techno-
logy for the application. Customised solutions include dir-
ect visualisation with traditional stereo-optical microscopes
[48-50] and indirect methods based on stereoscopic and
head-mounted displays [51, 52].

In future applications, indirect visualisation will probably
be preferred both because it is required for non-line-of-
sight surgery, and because it facilitates the use of augmen-
ted reality (AR) techniques to enhance the surgeon’s visual
perception and awareness. AR allows relevant information
to be added directly to the surgeon’s field of view. It can
be used, for example, to highlight cancerous tissue [53,
541, provide intuitive feedback on intraoperative measure-
ments [55], or to define and visualise surgical plans [56].
However, AR is yet another significant challenge in this
area and a number of issues still have to be solved before it
can be reliably used in surgical applications. These include
the development of robust real-time algorithms to perceive
the three-dimensional structure of the surgical scene and to
estimate tissue motion and deformation through vision.
Finally, additional challenges in surgeon-robot interfaces
are related to the intuitiveness and the capabilities of con-
trol devices and associated robot control software. Mi-
crosurgical robots can be, in fact, hand-held, co-manipu-
lated or teleoperated, but the goal of the control interface is
always to enable intuitive interaction to facilitate improve-
ments to surgical precision, accuracy and safety. In this re-
spect, haptic feedback is seen as a major feature to improve
microsurgical performance, enabling the surgeon to touch
and feel the surgical site and to control interaction forces
to avoid damage to delicate anatomical structures. Haptic
feedback can also enhance surgical precision and safety
through guidance features [57] and active constraints [58].

In addition, haptics is an effective channel for sensory sub-
stitution, which can be used to provide critical intraoperat-
ive information to the surgeon without disrupting or over-
loading his/her visual channel [59, 60].

Current microsurgery robots

Microsurgery robotics is an active and growing research
area, which is progressively overcoming critical challenges
to deliver clinically applicable systems. As discussed by
Marcus et al., these included economic-, clinical-, and
research-related factors that act as barriers to the translation
of laboratory prototypes into commercial systems [23].
Most of the microsurgery robot prototypes created to date
focus on ophthalmology and ear, nose and throat (ENT) ap-
plications. In addition, as with almost all robotic systems,
they are almost exclusively designed to be teleoperated or
co-manipulated, which helps to avoid operational, ethical
and legal barriers related to the automation of surgical tasks
[61]. Still, at the present time there is no commercial mi-
crosurgical robot available in the market.

The only robot currently in clinical use for microsurgery is
the Intuitive Surgical’s da Vinci robot [52]. Although this
system was not created for such applications, and does not
offer proper microsurgical tools, it is widely available in
hospitals around the globe. This has prompted clinical re-
search into its possible use for microsurgery, and the ap-
plication is steadily growing [62]. The results of such ef-
forts are not only contributing to establishing clinical evid-
ence of the benefits of robotics in microsurgery, but also
increasing the interest of microsurgeons in robotic tools.
This in turn is generating a positive feedback for the expan-
sion of research into a wider range of microsurgical applic-
ations. Table 2 provides an overview of recent microsur-
gery robots found in the literature.

Case study: robot-assisted laser
phonomicrosurgery (RALP)

Laser phonomicrosurgery is a challenging medical proced-
ure used to treat abnormalities on the vocal cords through
a minimally invasive transoral approach. The current state-
of-the-art surgical setup is illustrated in figure 4. This type

Microscope

Figure 4

Current laser phonomicrosurgery setup imposes severe challenges
on the surgeon in terms of surgical precision, laser controllability
and ergonomics.
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of operation typically involves the precise excision of tis-
sue mass associated with benign or malignant lesions. The
surgery is performed under a microscope using a surgical
laser beam and other specialised surgical instruments such
as long microsurgical forceps. The procedure is extremely
delicate, not simply because of the small dimensions of the

I Surgical microscope
=
>

Figure 5

The IIT laser micromanipulator for robot-assisted laser
microsurgery. The device can accurately follow surgeon commands
in real-time, including the generation of customised laser scan
patterns that significantly enhance the quality of laser ablations and
allow preview of surgical actions.

Figure 6

Robot-assisted laser control interfaces. The Virtual Scalpel system
enables intuitive and accurate control of the surgical laser using a
stylus pen and a touchscreen interface (a) or a graphics tablet (b).

surgical site (often in the order of few millimetres), but also
because a major clinical goal involves minimising trauma
to surrounding healthy tissue, which directly impacts the
organ functionality and the patient’s postoperative voice
and quality of life.

Robotic laser control device

Given the challenges and limitations associated with this
surgical procedure, laser phonomicrosurgery is a prime ap-
plication area for robotics [68]. This is an area where new
technologies can significantly impact surgical capabilities
and outcomes. For this reason, multidisciplinary collabor-
ative research between the Istituto Italiano di Tecnologia
(IIT, Genoa, Italy) and the San Martino Hospital (UNIGE,
Genoa, Italy) has focused on the development of innovative
robot-assisted systems for this specific application. The re-
search has resulted in the creation of a motorised and fully
programmable laser micromanipulator device (fig. 5) that
eliminates a major limitation of current laser microsurgery
systems: the unassisted manual control (using a mechanic-
al joystick) of the laser beam. The IIT laser micromanipu-
lator is based on a fast steering mirror, offering rapid and
highly accurate robotic control of the laser beam motions
with precision and repeatability of 4 um at the typical op-
erating distance of 400 mm [70]. These specifications al-
low the system to accurately scan the laser over trajector-
ies defined in real time by the surgeon, greatly enhancing
the quality of laser-tissue interactions and the precision and
safety of the surgical operations [56].

Surgeon-robot interface

In addition to the mechatronics advancements of the ro-
botic laser micromanipulator, the research produced results
in surgeon-robot interface design for laser control, using a
system called Virtual Scalpel [71]. This control interface is
based on a tablet computer that controls the surgical laser

Table 2: Examples of microsurgery robots currently under development.
Robot name Main clinical Characteristics Institution Ref.
application
Micron Ophthalmology Hand-held actively stabilised tool that actively reduces unintentional Carnegie Mellon University, |[63]
motions to increase microsurgery precision USA
EyeRobot2.1 Ophthalmology Co-manipulation robot based on a symmetric mechanical RCM mechanism | Johns Hopkins University, [49]
and capable of 3 DOF force sensing at the tool tip for vitreoretinal eye USA
surgery
Eye-RHAS Ophthalmology Teleoperated robot based on a mechanical remote RCM mechanism for Eindhoven University of [64]
vitreoretinal eye surgery Technology, The Netherlands
Robotic Retinal Surgery | Ophthalmology Teleoperated or co-manipulated RCM robot for retinal surgery with force University of Leuven, [40]
sensing capabilities Belgium
Smart Surgical Drill Otology Hand-held autonomous smart drill for cochleostomy capable of controlling Brunel University, UK [65]
drill bit protrusion beyond the medial surface to within 0.02 mm of the ideal
position
Miniature Robot Otology Image-guided 5 DOF parallel robot for precise bone drillings for hearing aid | University of Bern, [66]
implantation Switzerland
Bone-Attached Robot Otology Image-guided 4 DOF milling robot that is fixed to the patient’s skull using a | Vanderbilt University, USA [67]
rigid positioning frame screwed into the surface of the skull
RALP Laryngology Teleoperated 2 DOF laser micromanipulator robot for vocal cord laser Istituto Italiano di Tecnologia, |[68]
microsurgery controlled through a tablet interface Italy
URALP Laryngology Teleoperated flexible robotic endoscope for transoral laser microsurgery MRALP research consortium, |[69]
featuring stereo vision and micromechatronic laser manipulator controlled Europe
through a tablet interface
MicroSure Reconstructive surgery | Teleoperated 7 DOF robot with force sensing and haptic feedback for Eindhoven University of [50]
reconstructive microsurgery Technology, The Netherlands
DOF = degrees of freedom; RCM = remote centre-of-motion
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directly from a live video of the surgical area via a stylus
pen (fig. 6a). By touching the tablet, the surgeon com-
mands the robotic system to automatically aim the laser
at that exact point and start the ablation process. This al-
lows the stylus to work as a “conventional” scalpel with
real effect on the surgical target. Comparative experiments
performed with surgeons and medical students showed that
this system is highly precise and intuitive to use, resulting
in a twofold improvement in surgical accuracy [68]. These
results are illustrated in figure 7 and demonstrate another
important assistive benefit of microsurgical robotic sys-
tems: the capability to facilitate operations and enhance
surgical performance through the design of innovative con-
trol interfaces.

Preclinical trials with the Virtual Scalpel also led to the
creation of an alternative interface concept that promises
to bring the system to real clinical application in a shorter
period of time. This alternative interface is shown in figure
6b. It imposes minimal modifications to the current surgic-
al setup by decoupling the surgical site visualisation from
the tablet-based laser control. This allows the surgeon to
continue to use the traditional stereo surgical microscope
while benefiting from the tablet interface and the advances
brought by the new robotic technologies [48].

Additional benefits of the IIT RALP system include assist-
ive/augmentation functions created to further enhance sur-
gical precision, efficiency and safety. For example, cog-
nitive models of laser-tissue interactions have been deve-
loped to provide real-time feedback on the laser incision
depth [72], allowing significantly improved control over
this third dimension of the laser ablation process (fig. 7),
and the full automation of laser incisions with high accur-
acy [73]. Other examples include functions for the auto-
matic vaporisation of tissue within a surgeon-defined area
and to a specific depth, and the definition of virtual fixtures
(no-go areas), which offer the possibility to protect delicate
areas of the surgical field from accidental laser damage

[51].

Prospective: endoscopic robot-assisted laser
phonomicrosurgery (1nRALP)

The RALP system described above provides a significant
step change with respect to the current state of the art in
laser phonomicrosurgery equipment. Nevertheless, a num-
ber of limitations related to the surgical setup remain unad-
dressed, namely: (1) the need to use a microscope, which
requires a direct line of sight to the surgical field; (2) the
use of a free-beam surgical laser, which also requires unob-
structed direct line of sight to operate; and (3) the need to
use long microsurgical forceps to manipulate the delicate
laryngeal tissue, which requires high dexterity and surgical
skills only obtained through extensive practice.

To address the first two limitations, an international mul-
tidisciplinary research consortium funded by the European
Commission and led by IIT developed the endoscopic laser
phonomicrosurgery system ptRALP [69, 74]. The system,
presented in figure 8, miniaturises the traditional surgical
setup and places the imaging and laser actuation devices
on the tip of a flexible endoscope that can be inserted into
the throat of the patient, thus eliminating current require-
ments for a direct line of sight. Stereoscopic imaging is

provided by two miniature cameras that allow augmented-
reality visualization of the surgical field through a virtual
microscope interface [51, 55]. The surgical laser beam is
delivered through a flexible optical fibre to the tip of the
endoscope, where it is controlled by a micromechatronic
laser manipulator [75] using commands directed by the sur-
geon through the tablet interface.

The pRALP surgical system was evaluated through ex-
tensive experimentation involving expert ENT surgeons
from San Martino Hospital (Genoa, Italy) and from the
University Hospital of Besangon (France). Trials included
cadaveric studies and demonstrated that the system has
real potential to become the next standard in precision mi-
crosurgery both in the upper airways and other difficult-
to-reach parts of the human body. Nonetheless, to achieve
full clinical acceptance further research, development and
innovation actions are required to increase the robustness,
further miniaturise the system, and add tissue manipulation
capabilities. This will eliminate the last remaining limita-
tions.

Conclusion

Healthcare is a major societal challenge with daunting fore-
casts for the future, especially given the population ageing
trend observed around the globe. The increasing number of
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Figure 7

Experimental results demonstrating accuracy improvements in
laser control provided by the IIT’'s RALP system. (a) Root mean
square (RMS) error on trajectory following experiments [68]. (b)
RMS error on laser incision depth control [60].
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Figure 8

The uRALP surgical system for endoscopic laser
phonomicrosurgery during a cadaver trial.
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patients, decreasing proportion of healthcare workers, and
the increasing costs of care provide no lack of reasons to be
concerned about the future. On the other hand, technologic-
al progress and the rise of medical robotics offer hope for
the establishment of sustainable, affordable and high-qual-
ity healthcare systems.

Robotics can offer significant contributions to the training
of medical personnel, improving the skill levels of trainees
and lengthening the effective career of experienced sur-
geons while enhancing their capacity and efficiency in
providing care. This is especially significant in microsur-
gery, which requires a specialised set of skills and capab-
ilities only acquired through extensive training. Microsur-
gery is, in fact, expected to gain importance in a growing
range of surgical specialties as a result of progress in dis-
ease detection, diagnosis and treatment at early stages. In
this scenario, robotic microsurgery will be at the forefront
of surgical treatment.

Microsurgery robotics offers the promise of enhanced pre-
cision, safety, efficiency and quality to highly delicate and
demanding operations by augmenting the surgeon’s sens-
ing and actuation capabilities. However, several challenges
have yet to be overcome in terms of mechatronics, percep-
tion and surgeon-robot interfaces before microsurgical ro-
bots and surgeons can achieve their full potential in oper-
ating rooms. Nonetheless, research is quickly progressing
and a number of microsurgery robots are coming out of
laboratories and demonstrating significant clinical benefits
in challenging applications such as reconstructive plastic
surgery, ophthalmology, otology and laryngology. These
are reassuring results offering hope for a brighter health-
care future.
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Figure 1

Percentage of the population over 80 years old (based on data from [1]).
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Figure 2

Canada’s public healthcare expenditure per capita per age group in 2013 (based on data from [2]).
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Figure 3

Five-year survival rate for common cancer types by stage at diagnosis (based on data from [30]).
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Figure 4
Current laser phonomicrosurgery setup imposes severe challenges on the surgeon in terms of surgical precision, laser controllability and
ergonomics.

Surgical microscope

Figure 5

The IIT laser micromanipulator for robot-assisted laser microsurgery. The device can accurately follow surgeon commands in real-time,
including the generation of customised laser scan patterns that significantly enhance the quality of laser ablations and allow preview of surgical
actions.
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Figure 6

Robot-assisted laser control interfaces. The Virtual Scalpel system enables intuitive and accurate control of the surgical laser using a stylus pen
and a touchscreen interface (a) or a graphics tablet (b).
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Figure 7

Experimental results demonstrating accuracy improvements in laser control provided by the 1IT’s RALP system. (a) Root mean square (RMS)
error on trajectory following experiments [68]. (b) RMS error on laser incision depth control [60].
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Figure 8

The YRALP surgical system for endoscopic laser phonomicrosurgery during a cadaver trial.
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