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Sommari o

La presenza di calcoli nel sistema urinario umano é diventato un problema di
notevole entita con alti livelli di diffusione in gran parte del mondo occidentale e
in Italia. Diversesoluzioni tecnologicheono state sviluppate nel corso degli anni
per la cwa e il trattamento di questa patolagMegli ultimi anni la tecnica
maggiormente diffusa e consigliata dagli urologi € la uretroscopia flessibile.
Questa @ina tecnicamininvasiva che consistee | | 6 i n di eno $tromeemtd o
chirurgico (uretroscopio) attraverso or.i
raggiungere le parti piprofonde del sistema urinario (ureteri e reni) dove si
localizzano i calcoli. Problemi ergonomici e posturali sono stati risepntei
chirurghi che attuano questo tipo di tecniea quotidiang creando disturbi e
lesioni permanenti nel personale sanitaftwazie allo sviluppo della robotica
chirurgica si sono sviluppate percio soluzioni che prevedono il controllo
del | 0 upioattravarsse encistema robotico.

Il progetto LITHOS, nel quale si colloca questo lavoro di tesi, prevede lo sviluppo
di un sistema di controllo robotico per un uretroscopio commeraale,la
finalita di risolvere i problemi ergonomici riscontrati evéaire la diffusione di
questa promettente tecnica.

Lo scopo principale di questo lavoeayuello di progettare e creare un prototipo

di sistema robotico per il controllo di un uretroscombe consenta ai chirurghi

di operare a distanza e in una posieimomoda, annullando il rischio di lesioni
muscolari o esposizioni alle radiazioni.

Durante questa tesi di l aur a, | 6aut ore F
meccani che che si coll egano alll@uretros
gestione demotori che muovono le diverse parti meccaniche, implementato il

firmware che controll a i m Questa sistenea | | sof

ha tre gradi di liberta, e ogni singolo grado necessita la progettazione di soluzioni
meccaniche per il contdol di quel preciso movimentolnoltre, si € reso

necessario progettare un sistema di controllo per lo strumento che possa
consentire all ddutente di realizzare [
ergonomicamente vantaggiosa. Il prototipo e stato progettaitgni sua parte

meccanica e hardware e si sono sviluppati firmware per la comunicazione tra i

vari elementi del dispositivo e la raccolta di dati.

Viene inoltre progettata una prima interfaccia grafica che rende possibile

all 6ut ent e i kprestazioni tebrobatggi o del |

Undanal i si statistica sul pstudidrele i po f i n
prestazioni e riscontrare problemi sulle soluzioni tecnologiche implemehtate

prototipo deve infatti rispettare alcune specifiche base, circa il @ugerdi

movimento e la sua precisiong8ono statipercio calcolati o stimati range di

movimento che ciascuno grado di liberta puo eseguire e la precisione con il quale

guesti movimenti avvengono. Sirichiede h e i | cavo dell 6uretr
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percor er e | 6intero sistema urinari o, circa
ottenuto. Inoltre, lo strumento dovepaterruotare di 360° intorno al proprio asse

e la leva che controlla il movimento della punta deve potere traslare di 90°. Valori

oltre i360°eviciniai90A vengono ottenut i per quest.
inoltre viene valutata per oggrado di libertaottenendo valori di 0,51 cm per il

movimento di inserimento del cavo endoscopié@8° per la rotazione dello

strumento intorno al pro asse, 4,67° per il movimento della leva di controllo

della punta. Valori che possono ritenersi migliorati o vicini rispetto alla precisione

ottenibile con il controllo manuale dello strumento L6 anal i si  stati sti
inoltre alla scoperta e allstudio di alcune problematiche, dovute alla tecnologia
meccanica progettata.

Parole chiave:uretroscopia flessibile, robotica chirurgica, disegno meccanico,

periferica di controllocomunicazione seriale, interfaccia grafica uterdage di

movimento, precisione di movimento.
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Abstract

Kidney stonesn the human urinary system has become a notable problem with
high levels of diffusion in most of the western world and in Italy. Several
technological solutions have been developed over the years foedteentof

this pathology. In recent years the most widespread technique recommended by
urologists is flexible urethroscopit is a minimally invasive technique which
consists innsertinga surgical instrumentifeteroscopethrough natural orifices,

in this cag the urethra, to reach the deepest parts of the urinary system (ureters
and kidneys) where thkidney stonesare located. Ergonomics and postural
problems have been found in surgeons wRploit this technique in everyday
work, creating ailments and perment injuries in cliniciansThanks to the
development of surgical robotics, solutions haeendeveloped that involve the
control of theureteroscopéhrough a robotic system.

The LITHOS projectwher e t hi s ma st e rinvadves tthe e s |
development of a robotic control system for a commeruara&teroscopewith the

aim of solving the ergonomic problems encounteredfanauringthe diffusion

of this promising technique.

The main purpose of this work is to design amg@lementa prototype robotic
system for the control ofnaureteroscopewhich allows the surgeons to remotely
operate in a comfortable position without the risk of muscle injuries and exposures
to radiation.

During this MSc Thesis, the author has designed, developathptemented the
mechanical design to attach to the ureteroscope, corfigineehardware to be
connected to the motors that attached to the mechanical parts, im@dmhent
firmware controlling the motors and the softwarghe computer for the surgeons
testing. This system has three degrees of freedom, and every single degree of
freedom requires the design of mechanical solutions to control that movement.
Furthermore, it was necessary to design a control system for the instrument that
could allow the uggo performthemovements in an ergonomically advantageous
position. The prototype has been designed in all its mechanical and hardware parts
and firmware has been developedtf@communication between tiedements of

the device anthedata collection.

A first graphical interfacdasalsobeendesigned that makes it possible for the
user to monitor the performance of the robot.

A statistical analysis on the finished prototype was necessary to study the
performance and find problems on the implementetrielogical solutionsin

fact, the prototype must comply with some basic specifications, about its range of
motion and its precisiormrhe ranges of movement that each degree of freedom
can perform, and the precisiomf these movementsave beerevaluated. The
ureteroscope cable was required to travel the entire urinary system, about 50/55
cm. A range of 5b cmwasobtained. Furthermore, the instrument had to rotate

XVvii
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360° around itdongitudinalaxis and the lever that controls the movemenhef

tip must be able to travel 90 °. Valumrger360 ° andabout90° have beewbtained

for these movements. The accuracy is also evaluated for each movement,
obtaining value®f 0,51 cm for the insertion movement of the endoscopic cable,
0,38 ° for the rotation of the instrument around its own axi§74° for the
movement of the lever of tip control. Valudmat can be considered improved or
close to th@nesachievable with manual control of the instrumditie statistical
analysis has also led tbe discovery and study of some problems due to the
designed mechanical technology.

Keywords: flexible urethroscopy, surgical robotics, mechanical design, control
peripheral, serial communication, graphic user inteffab@vement range,
movement precision.
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Chapter 1: | nt roduct

1.1 Clinical Scenario

1.1.1Urinary Lithiasis

Urinary Lithiasis is a radical condition defined as the formation of calculi in the
urinary tract. This pathology has a high incidence nowadays in the world:
accordingto the last studies, in the U.S.A the 10.6% of the man and the 7.1% of
the woman are affected by the presencgtaies before the age (@cales, Smith,
Hanley, Saigal, & Project Urologic Diseases in America, 20hZjaly, it affects

the 4.53% of the male population and the 3.78% of the fe(Raézioso, et al
2014) The diffusion of this pathology in other countries basnreported in the

last year, as a proof of its inciden@d¢eers & Turney, (2016))Hesse, Brandle,
Wilbert, Kéhrmann, &Alken, 2003)(Yasui, lguchi, Suzuki, & Kohri, 2008)
Moreover, the paediatric incidence of this pathologydwassiderably increasl

in the last yearéRouth, Graham, & Nelson, 201(Bas, Hulsey, Shatat, & Orak,
2010) (Dwyer, et al., 2012JEdvardsson, Ingvarsdottir, Palsson, & Indridason,
2018)

Even though the number of patients that dies for reason relatiedurinary
lithiasis is very small, this disease is cause of problem in everyday life:

1 Nephritic colic: intense lumbar paicaused by the blockage of the exit of
urine from the kidneywhich can spread to the anterior abdomen and
genitals. It is usuall intermittent and associated with nausea, vomiting,
sweating and a feeling of abdominal swelling.

1 Haematuria: appearance of blood in the urine, caused by the lesions of the
calculus in the urinary tract

i Urinary infections: that can be caused by the aye® of the stone or
canbe the cause of it.

Moreover, the probability of recurrence of the disease a second time after the first
stone is quite high (40% by 5 years, 75% by 20 ydsveycester & Coe, 2010)

The causes dhe increasing diffusion of this pathology are not yet fully clear and
still under discussion. The morbidity is certainly influenced by age, by gender, by
regional position, by lifestyle and eating habits of people. In Italy, for example,
the highest prevance rate of urolithiasis was reported in Campania and Sicily
(Tab. 1.1) with a geographic distribution showing highprevalenceand
incidences in Southern regions. This can be eastglained, by the well
documented knowledge that timeidence of uriary stones is higher icountries

with warm or hot climates, probably due to low urinary outgod scant fluid
intake It is also possible note how the prevalegamvs with increasing agand

it reaches the highest valiregroup age 654 agg(Tab. 1.2).
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Moreover, ahigher incidence on the male populatiomiast ofthe casebhas been
found (Prezioso, et al., 2014)

Region Total Male Female
N *1000 N *1000 N *1000
Piemonte/Aosta 2237  3.63 1241  4.17 996 3.12

Liguria 1104 3.71 634 4.50 470 2.99
Lombardia 4412 3.13 2547 3.68 1866 2.60
Trentino/FVG 1216  2.62 699 3.15 517 2.13
Veneto 2119 2.92 1222  3.48 897 2.40
Emilia Romagna 2486  4.57 1436  5.65 1050 3.62
Toscana 1576  3.75 1063 4.71 693 2.86
Umbria 960 3.82 592 4,94 368 2.80
Marche 1334 5.53 770 6.29 564 4.45
Lazio 3160 3.95 1635 4.33 1525 3.62
Abruzzo/Molise 136 4.39 659 4.70 647 4,12
Campania 4718 6.08 2105 5.67 2613 6.46
Puglia 3072 4.69 1461 4.61 1611 4.76
Basilicata/Calabria 2107 5.11 977 4.87 1130 5.34
Sicilia 4355 5.34 2135 5.50 2220 5.19
Sardegna 966 4.26 446 4.14 520 4.37
Total 37316 4.14 19626 4.53 17690 3.78

Table 1.1 Prevalenceof urolithiasis in Italian living population by region and gender
(Prezioso, et al., 2014)

Age Total Male Female
N *1000 N *1000 N *1000
1524 601 0.65 236 0.49 365 0.83
2534 2303 1.89 928 1.52 1375  2.27
3544 4903 3.05 2384  2.99 2519  3.10
45-54 7381 451 3941 491 3440 4.12
5564 8012 5.92 4562  6.90 3450 4.99
6574 7646 6.71 4355 8.02 3291 5.51
7584 5142 6.35 2633 791 2509 5.27
>85 1328 4.12 587 5.74 741 3.37

Table 1.2Prevalenceof urolithiasis in Italian living population by age and gender
(Prezioso, et al., 2014)

Genetic factors, global warming, climate factors are also associated with the risk
of suffering the insurgence of stones and liyigothesized that the environmental
factors have a main role in the recent diffusion of the patho(&gyia & Walter,
2016)(Sorokin, et al., 2017)



1.2 Current clinical Solution

Usually the95% of the stones located in the ureters are expelled spontaneously

between 3 and 4 weeks after their appearddderwise, different techniques can

be exploited to treat and eliminate the calculi or to promote their elimination

throughthe urire.

The more commontechniqus for the treatment of kidney stones dnere

reported

1 Extracorporeal shoewave lithotripsy (SWL)is a minimally invasive

techniquehat exploit a machine that produce focused shock waves (short
pulses of high energsound waves). These waves gansmittedo the
stone through the skin. When the wawapactthe calculi, the energy of
the shock fragmeathem into smaller pieces, that can easily exit with the
urine (Fig. 1.1). The advantages of this technique are lthe risk of
complications and the no need foramaesthesiarhe disadvantages are
that it justbreaksthe calculi into smaller pieces, without removing them
Some days or weeks are necessary to complete removetiomghthe
urine, with the risk of neal colic. In some case more than a session of
shock waes is requested to break the largest stor{@&uropean
Association of Urology, 2019b)

stone

focused
shock waves

Figure 1.1 SWL application with fragmentation of kidney stones(European Association of
Urology, 2019b)

1 Percutaneous nephrolithotomy (PNE)a minimally invasive technique,
in which the calculi are removed directly from the kidney, thanks to a
tubular medical instrument bad nephoscopyT his techniqués normally
used when the kidneys stones are too |@gger than 2 cm) to be break
by a shock wavestoo numerous or too difficult to be reachoy
ureteroscofe. The nephroscope is inserted through the skin, genaral
anaesthesia is requirgdompared with thethertechniques$WL, URS
is more invasive and it presents a higher risk of complicatisifiever and



bleeding. It is usednly in extreme case when other techniquesannot
perform the tasklEuropean Association of Urology, 2019a)
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Figure 1.3 Stone fragments removec
with a nephroscope(European
Association of Urology, 2019a)

kidney
stones

Figure 1.2 A Nephroscope used to
remove stones directly from the
kidney (European Association of

Urology, 2019a)

1 Open surgerys an invasive pcedure used just in critical cases. The
urinary tract is accessed through an incision in the patient skin. It requires
a general anaesthasThe kidney stones are directlgdted and removed
by surgeons. This procedusbould be avoided in most cases. It can be
consideredjust in exceptional occasiofor those patients in whom a
reasonable number of less invasive procedures would nusebel.Other
case in which it can be taken in account include complex stone situation
and anatomical abnormaliti¢alivizatos & Skolarikos, 2006)

1 Ureteroscopy WRS) is a minimally invasive techniquéor the
fragmentation anthe elimination of kidney stones, located in the ureters
or kidneys that is performed with a flexible tubular instrumentation
(ureteroscope It is introduced thought the urinary systemmwethra
bladder,urete) until the area of interest is reached. sTimstrumentation
has different channel that can be exploited to perform the operation.
Usually afibre optic is inserted to allow the surgeon to drive the
ureteroscop@ the urinary system and localize the targltspecialstone
baskets used to pulld out directlythe kidney stonedn casehey are too
large, a laser fibre is used to break the stone into smaller pieces. The
smallest fragments are eliminated with the urBweth lasefibre and stone
basket arensertedthanks to theureteroscopegEuropean Association of
Urology, 2019c¢)



URS is a safe and effective treatment option for kidney and ureteral stones
and is particularly indicated faenal stonesmaller than 2 centimetres
and For larger calculations, it offers an alternative of similar efficacy to
percutaneous approache@boumarzouk, Monga, Kata, Traxer, &
Somani, 2012)Although it requires anaesthesia ants more invasive

than SWL, it offers considerable advantages, since it can eliminate almost
all the pieces of the calculations without theed for the patient to
eliminate them latend considerably reduces the risk of appearance of
second calculations.

uuuuuu

ureter
bladder

flexible
ureteroscope

Figure 1.4 An ureteroscope allow  Figure 1.5 An ureteroscope cross the urinary systel

the surgeon to reach every area ¢ to reach the working zone. In the circle it is put in

the kidney (European Association  evidence the basket stone used to extract the calci
of Urology, 2019c) (Toowoombaurology, 2019)

Treatment decisions are made individually according to stone size, location, and
(if known) composition, as well as patigareference and local expertise

According to the latesecommendationsf European Association of Urology

the guidelines for the treatment of kidney stones are moving toemaddsirologic
procedures, such as URS and PNL, versus $Wikk, et al., 2016)

In the same way the urolithiasis treatment is evolving all over the world.
(Geraghty, Jones, & Somani, 201onsidering thefour main techniques
described abovet has beeseen how the open surgery technignd SWL have

a negative trend in terms of share of total treatmantéshow thePNL remains
stable Above all,it revealedan exponential spread of thdRS,



1.2.1 Flexible Ureteroscopy (fURS)

The ureteroscope was usfed the first time for a surgical operation in 1912 by
Young. Since that moment, this instrument has undergone many changes and
improvements The endoscopes evolved from rigid, to seid, to flexible
instrument.The first use of flexiblaireteroscop€¢fURS) was done by Marshall

in 1964.The first intraoperative view solution was based on thin lenses (Nitze
design), then substituted by glass rods (Hopkins design). Nowadays optical fibre
technology is exploited. Thanks to this technology waeetmsdesgn new semi

rigid and flexible solution. Progress of flexible ureteroscopy was closely related
to the development of flexibli#re optic.

~ :
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Figure 1.6 A rigid (left) (Nickbrookurology, 2019), asemirigid(centre), a
flexible(right) ureteroscope(Basillote, Lee, Eichel, & Clayman, 2005)

Recently some kind of digital flexible and rigid ureteroscopes have been
developed and released. They integrate a digital camgaC&D or CMOS
technology, mounted on the tjpvhich improved the image quality and resulted
in lighterweight equipment due to the integration of the lighible and camera
within the endoscope. Unfortunately, digital flexible ureteroscopes déarge
diameter than the conventiorfddre optic flexible counterparts and their use was
associated with increased need for placement ofeteral access sheatkhich

is associated with a higher risk of ureteral injuries.

Another important step in the evolution of the instrument was the introduction of
an active mobile tighat can be controlled by the surgesith a mechanism on

the handle of the ureteroscoftentroducesthe possibility of deflecting the distal
part of the instrumentacilitating the movement inside the urinary system.
Technological advances have ledtie implementatiorof miniaturized flexible
ureteroscope with a diameter that can re&éhFr and working channels of 3.6
Fr. This improvement still increased the endoscope manoeuvrability and clinical
applicability. Moreover, the ureteroscope miniaturization hiagproved the
effectiveness of the instrumetdading to an increase in the aage durhility of

it. Due to its natural fragility and high repair and replacement abstslurability

has become a main aspect to be considered

The inclusion of holmium laser was ala@reat enhancement of this technology
in order to allow intracorpeal lithotripsy so the fragmentation of the largest



stonesFragmentation of calculi is produced by a photothermal reaction with the
crystalline matrix of calculi. By natlying upon shockvave generation for stone
fragmentation, the photothermal reacti produces stone dust rather than
fragments, effectively removing a moderate volume of the stohis kind of
lithotripsy was associated with shorter operation tiared postoperative
hospitalization period

Another important characteristic of the ureteroscope is the possibly to use surgical
working instrument through its channelBhese include a variety of stone
graspers and baske#dectrodes, cup biopsy forceps, and intraluminal lithotripsy
devicesven houghthreepronged stongrasping forceps atbe safesand more
usedinstruments for removing calculi with the flexible ureteroscope

The channels are also used to permit an adeguadézirrigation of the operating
area that can improve visibilityrad may facilitate treatment of the stones.

FURS is usually combinate with fluoroscopy, a radiology technique to obtain real
time images of the anatomy of the patients, based-oayXrinciples. It allows

to better follow the position of theaieroscoperiside the human urinary system.
(Basillote, Lee, Eichel, & Clayman, 200@8uscarini & Conlin, 2008fAlenezi

& Denstedt, 2015)

It is easy to understand howetroleof fURS in the management of urolithiasis
hasexpanded greatly during the last decades thanks tadifencing equipment
technology and surgical techniques.

Increased ureteroscopic skills and experience togethermitfaturization of
flexible ureteroscogs haeledto anassociated high safety margin for f{URSr
these reasons nowadd#RS plays a keyole in the management of urolithiasis
(Alenezi & Denstedt, 2015Breda, Ogunyemi, Leppert, Lam, &l8ulam, 2008)
Despite its wide diffusion and theenefit for the patientsompared to the other
existing techniquedt(is minimally invasive, it does not need further openings

the skin better recovery times, better efficiency ...) sgoneblems have been
found, especially regarding the surgeon and the medical staff

Firstly, it is important to point out as this technique is not easy to be performed
and it requireshighly specialized surgeorand medical equipdrained in the
handling @ the ureteroscope.

As said, theendourologistneeds a madal team specialized to perform this
operation They help the surgeon some important procedures,iaserton and
advanceof thelaser fibres or basketsmdperform thdrrigation while holdinghe
endoscope and focusing on the tarde Table 1.3 are summarizedl éhe
different operative actiaand by who they are performeitl.is possible to see
how the surgeomustperforms many nogomfortable actions as tleetivaion

of severaldevices by foot pedal, such as those for digital fluorosctasgr
lithotripsy, or irrigation (Saglam, et al., 2014)



Moreover the surgeonmustkeep a standing position for the time needed for the
intervention holding the weteroscope up and turning the headok at the
endoscopy and radiography screffig. 1.7).

For the same reason can occur the surgeonateelg to sustain thereteroscope

in the final part of the procedure.

Many studies were conduct about thegyamomic problems recorded in the
surgeonsduring endourological procedures andeteroscopy They reported
many physical complaints about endourological practice and, above all, the
diffusion of hand wrist and neckproblems which in some cases can let
tendnitis In the most of the case these problems are more conammmg
endourologistghat works with the UR$EIkoushy & Andonian, 2011(Healy,
Pak, Cleary, ColoiHerdman, & Bagley, 2011)

Although URS procedures significantly benefit patients in termsde€reased
recovery times and improved outcomes, they contribute to miigiie and
musculoskeletal problems among surgegkiller, Benden, Pickens, Shipp, &
Zheng, 2012)

Operative Action Extremity Performed by
required

Insertion of ureteroscope Fingers of both hands (at glar Surgeon
andinstrument)

Deflection of ureteroscope Hand holding hand piece an Surgeon

thumb; fingers of the othe
hand at meatus

Rotation of ureteroscope Hand holding hand piece Surgeon

fingers of the other hand &

meatus
Activation of fluoroscopy Foot Surgeon oradio technician
Movement of table or Garm Foot or hand Radio techniciarfsurgeon)
Control of irrigation Nurse or assistant
Syringe Hand
Mechanical device Foot
Pump device Finger activation
Insertion and activation of the Dormia basket and = Finger and hand Nurse or assistant
grasper
Insertion of laser fibre Finger Nurse or assistant
Setting of laser Finger Nurse or technician
Activation of laser Foot Surgeon

Table 1.3 Ergonomic requirements for classic flexible ureteroscopfsaglam, et al., 2014)
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Figure 1.7 Urologist surgeon must keep a
standing unnatural posture during traditional
URS intervention (Boston Scientific Urology,

2019)

Therefore, thdURS forces surgeons to work near theay machines used to
acquire the intraperative images, with the consequent exposure to ionizing
radiation, whiclcould bea risk factor for the development of canfmerthe entire
medical equipment

FURS is assoctad with a radiation exposure of the operator of the range of 1.7
56uSv(Saglam, et al., 2014)his amount is less than 2% of permissible annual
limits of equivalent dose to the extremities. Nevertheleslical personnel
shoud be aware of scatter radiation risks and minimize radiation exposure when
involved in fluoroscopic screening procedyrespecially in cases where many
procedures arperformedevery year (Hellawell, Mutch, Thevendran, Wells, &
Morgan, 2005)In addition, the possibility of damaging the instruments is very
high, which requires frequent replenishments of material that can be expensive
for the hospital

In this promising but problematic context, robotics has been proposed as a
possible solution to the problems encountered, leading to further development and
diffusion of thefURS.

In this application context the ideatbfs thesisvasborn, in which, starting from

the approach developed the LITHOS project, a robotic prototygeas been
developed for the control of a flexiblereteroscope The LITHOS project
proposes the design and development of a newctelrolled robotic systenof

the URS In this way the benefits introduced by this technique can be exploited
and the main problems of ergonomic posture and proximityr&y xnachine can

be solved. The final system is based on a multifunctional collaborative robot
located in the gtient site for the neteroscope manipulation and a control panel
where the surgeon can tedentrol the systemThis panel showthe stereoscopic
vision of the endoscope attte images obtained from the fluoroscopy

11
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Chapt®é8rate of Art and
t he work

2.1 Robotized Flexible Ureteroscopy

2.1.1 Introduction to Minimally Invasive and Robot Assisted
Surgery

In the last decadeshe roboticassisted surgery (RAS) has substituted the
traditional techniques in many medl areas.

Some year before, Mouret 1987, performed the first laparoscopic
cholecystectomystarting one the most significant change in surgical pradhee
minimally invasivesurgery MIS). The minimally invasive surgelig performed
through small incisions or trocargading to manyadvantages over traditional
open surgery: shorter recovering periods, minor postoperative complications, less
scarring, shorter hospital stays, reduced paii@mner morbidity rateAlso, some
drawback are relevant: complicatioduring the operatiogan occur, requiring
passingo a traditional technique, the longer learning curve of the new techniques
for the surgeons, the longer operating tithe higher cst of the equipmenthe
smaller field of viewandthe loss of tactile perception asdrgeon dexterity.
(Jaffray, 2005)(Fuchs, 2002)Thanks to the cited advantages, MIS and-non
invasive surgery, rapidly expanded in many medical areas, providing a valid
alternative to the traditional open surgd§mithers, Gotley, Martin, & Thomas,
2007)(Guillotreau, et al., 2009)

As explicated in the first chapter for the UR&o0 formostof the MIS techniques

one of the main disadvantages is the occurrence of ergonomic problems on
surgeons(Miller, Benden, PickensShipp, & Zheng, 2012)Sari, Nieboer,
Vierhout, Stegeman, & Kluivers, 2010)

The robotic assisted surgery development, accomplished by a continuous
improvement of vide@ndoscopy technology and of medical images
dramatically influenced MISintroducingconsolebased manipulatorthat can
perform MIS procedures with higher precision, improving the surgeon dexterity
(Fuchs, 2002)YMack, 2001) Moreover,a conputer interface in command of a
mechanical robot allosvthe surgeon to obtain a better visual and a better and
more stable control of the instrument manipulation, to modulate amplitude of
surgical motions by downscaling and stabilization, to work at argistfrom the
patient. (Cadiere, et al., 2001)Above all, surgeons' working conditions are
greatly improved from mergonomicpoint of view, compared to the traditional
MIS internventionsEven thoughtin some cases the time to complete the task is
longer using telerobotic technique, this solution prowide much more
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confortable enviroment, reducing the mental stress. An improvement of the
postural condtion during surgery can also help to aapidlos of quality of the
interventiondue to tiredness or stress caused on the surgeon by the lack of
working comfort (Saglam, et al., 2014{eavlete B. , et al., 2016€f)ee, Rafiq,
Merrell, Ackerman, & Dennerlein, 2005 he feasibility of robot assisted
minimally invasive surgerppas been proof in many medical aredemnostrating

that phisical and cognitive ergonomics with robotic procedures is significantly
less challanging comparedth the traditioml tecniques. It has been seen how
robotics is a safe alternativeffering improved perioperative outcomes and
similar cost even if a wellstructured training in always necessary to maximize
the benefits.

(Cadiere, et al., 2001(Coronado, Herraiz, Magrina, Fasero, & Vidart, 2012)
(Pigazzi,Ellenhorn, Ballantyne, & Paz, 200@)ee, et al., 2014)

2.12 Surgical robots

Different types of robots foMIS are available on the markeir under

developmentwith different specifications andharacteristics that make them

specific for laparoscopyatheterizatioror endoscopy.

Some exampkeare here reportedorrelated with application under analydike

main features and concepts exploited by the robots developetJRS ére

highlightedyet

1 The DaVinci Surgical Systen{Intuitive Surgical Inc, CA, USA)It is

composed by four computenanipulated arms, located in the operative
site that replicate identically the movement performed by the surgeon in
the control console. Eh arms support wristed instrumentation
(EndoWrist; Intuitive Surgical, Inc.)which allow seven degrees of
freedom, tremor filtration and high resolution. The console is the site
where the specialist remainsafmrtable seat during the intervention. It is
provided by stereoscopic view, hand and pedals for the control of the
slave.lt is has been demestratedthat DaVinci offers many advaages;
among them thapeople without any surgical experience can learn to
perform standardized tasks more easily and more accurately with the aid
of the da Vinci robotic system, as compared witditional manually
assisted laparoscopic techniqu@$ubens, Coveliers, Balliu, Ruppert, &
Vaneerdeweg, 2003Maeso, et al., 2010)
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Figure 2.1 The comporents of DaVinci Surgical Systen(Intuitive Surgical Inc, CA, USA)
(Simorov, Otte, Kopietz, & Oleynikov, 2012)

1 The TELELAP ALFX surgical systeniSOFAR S.p.A., ALFX Surgical
RoboticsDepartment, Milan, Italy)lt offers a different appiaeh respect
the DaVinci System for MIS. It is composed by a a control wiiih easy
to-use intefaceand 3 or 4 manipulators arpthat can not support wristed
instrumentationNevertheless, introduces the haptic feedback sensation
that couldimprove surgical experience, making it more reliable, an-eye
tracking camera and a high degree of configuration versafigaro,
Buscarini, Ruiz, Stark, & Labruzzo, 2012)

Its applicability in different areas has been reporoéiéring benefit over
other minimally invasive surgical tecgnique@lletti, et al., 2015)
(Fanfani, et al., 201§Fanfani, et al., 2015)

Figure 2.2 The TELELAP ALF -X surgical system
(SOFAR S.p.A., ALFX Surgical Robotics
Department, Milan, Italy) (Fanfani, et al., 2015)

1 The RAVENSurgical SystenfUniversity of Washington, WA, USA)it
is a minimally invasive robot system that introduce the pogsilbd work
in harshenvironmentsit is equipped with articulated arms that can control
different surgical tool as salples, graspers, scissors, gtifeep with 6
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DOF. The brushless motor that run the arms, are mounted outside the arms
themselvesit bringsto a smaller and lighter design and a reduced weight,
that allow to use the robot in hard condition. The surgamtantrol the

robot via wireéss connection at a distance of 100 (Simorov, Otte,
Kopietz, & Oleynikov, 2012)In a deserenvironmentfor three days of
intense trials the robot perfoed prece surgically skil, operating
remogly. (Harnett, Doarn, Rosen, Hannaford, & Broderick, 20Q8)m,

et al., 2009)

Figure 2.3 RAVEN Surgical Robot (University of Washington, WA, USA), Operating
arms(left), Controllers (right) (Lum, et al., 2009)

1 The PAKY (Percutaneous Access to Kidney) devitkhg JohndHopkins
Medical Institutions, MD, USA). It is a robotic solution designed
specifically to replicate PNkechnique. The PAKY consists of a passive
mechanical arm mounted on the operating table and a radiglucent
sterilizedneedlewhich movement is performdxy a DC motor, controlled
with a joystick The system utilizes reéime fluoroscopic images
provided by a €arm to align and monitor active needle placement. It has
been proved to benaeffective and safe system in clinical interventions
and in vitro experiment® obtain renal access for nephrolithotgralso
in comparison to standard manual accEds, et al., 2002JCadeddu,
Stoianovici, Chen, Moore, &avoussi, 1998)
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Figure 2.4 Schematization of the PAKY
system(Su, et al., 2002)

1 The Stereotaxis NIOBE magnetic navigation system (MNS; Stereotaxis,

St. Louis, MO). It is a example of robotized system designed for catheter
intervention (e.gPercutaneous coronary intervention (PCI)). It allows an
easy and precise navigation of the guidewires by using two permanent
magnets located on opposite sides of the patient table thugeoa
controllable magnetic field that control a small magnet in the distal tip of
the catheter.In addition, a computecontrolled system is used to allow
truly remote catheter navigation without the need for manual
manipulation Its feasibility and effectiveness in different clinical
procedures have been report@tnst, et al., 2004Kiemeneij, Patterson,
Amoroso, Laarman, & Slagboom, 2008)

Figure 25 The Stereotaxis NIOBE magnetic navigation system (MNS; Stereotaxis, St.
Louis, MO) (Atrial Fibrillation Center At Hackensack University Medical Center, 2019).

17



1 The FlexSystem (Medrobotics Corp., MAJSA). It is an example of a
robotic technology to steer flexible surgical instrument like endoscope. It
is a device specifically developed for transoral robotic surgery (TORS)
and n comparisonwith other transoral approaches performed with rigid
endoscopes and instruments, the ARobotic system, using a flexible
robotic scope and flexible instruments, allows excellent access to the
pharynx, hypopharynx, and parts of the supraglottic larynx.

The system is composed by five main sections: The Flex Console from
where the surgeon carontrol the system, the Flex Base, an electro
mechanical assembly that translate signals from the console into motions,
the Flex Disposable, a sterile plastic housing to transfer the motion from
the base to the scope, the Table Mounted Stand(TMS), adtedulipus
support for the Base and the Disposable, The Flex Cart, used to transport
the TMS lIts safety and effectiveness have been demonst{&enhacle,

et al., 2015)Mattheis, et al., 2017)

Flex Base (Reusable)
Flex Transoral

e
«ﬂ‘ 8

Table Mounted
Stand

Flex Cart
(for transport)

FlexConsole

Figure 2.6 The Flex System (Medrobotics Corp., MA, USAYRemacle, et al., 2015)
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1 The MASTER. It is a robotimasterslaveendosurgicasystem designed
for naturalorifice transluminal endoscopsurgery.The control platform
allows the bimanual control of two arnmgpvided with an electrocautery
hook and a graspewith 9 DOF and haptic feedbackwo operators are
required for the surgery. The surgeon that costifté master interface
and executes the treatmeatd the endoscopist that directly meviee
endoscope in th@rget location, favouring an optimal vision of the area.
It has been tested endoscopic suimucosal dissections in animal model,
giving promisng results (Peters, Armijo, Krause, Choudhury, &
Oleynikov, 2018)Lomanto, Wijerathne, Ho, & Phee, 2015)

Sheaths \

Ll @}“
v, ! N

lave Manipulator:
Slave pul Oj Attachment to

endoscope

Figure 2.8 The robotic slave and
effectorsof the MASTER with the
endoscopeénserted (Peters,
Armijo, Krause, Choudhury, &
Oleynikov, 2018)

Figure 2.7 The manipulator of the
MASTER system(Simorov, Otte,
Kopietz, & Oleynikov, 2012)

In addition to the exampletescribedsome specifi¢or that can be uses also for
it) robotic solutions have been developfnt fURS In fact, as explained
previously, fURS perfectly aligns with this context of minimally invasive
endoscopic surgery in whicproblemshave been foundespecially on the
surg® n side postural problems, proximity to-says),andwhere the robotics
has beerstudiedand appreciated as a possialelattainable solution, as well as
bringing general improvements to the outcome of the surgical intervehtitre
following sectims the maircommercial solutions and those in development are
explained in detail

19



2.1.3 Avicenna Roboflex (ELMED, Ankara, Turkey)

Since 2010, ELMEAnkara, Turkey) has been studying and working on a new
robot, specifically designed for fURSaglam, Kabakci, Koruk, & Tokatli, 2012)

The basic idea of the device did not change from the first prototype to the final
version. There are two main elements: A manipulabat holdsand moves the
flexible ureteroscopeand a console, from which the surgeon can control the
robot, using two joysticks and an integrated screlenthe development phase
several improvements have been made to the first prototype: the quality of the
screenwasimproved,and its size reduced, tiwystickswereredesigned to better
control the rotation and deflection of the instrument, the range and acairacy
movementwere improved, a central wheelwas addedto control the fine
adjustment of deflectioandthen integrated with the right joystick.

In its final version the height of the robot can be adjusted according to the size of
the patient. The manipulat fixed directlyto a commerciatligital endoscope

(Karl Storz Flex X2; Olympus URFV2; Wolf Cobra digital) whose
characteristics are then exploitddhe roba allows 3DOF: the bilateral rotation
andthe advancemefnetractionof the ureteroscopé¢hat are controlled b left
horizontaljoystick, and the deflection of the tip, controlled the right joystick

that integrate a wheel for the fine contfbhe rangs of movement aré50 mm

for insertion/retraction, 220°to each side for the bilateral rotation, 262° to each
side for the deflection of the tihe console is equipped with an adjustable seat
and two armrests for the comfort of the operator, as well as two pedals for the
activation of thefluoroscopyand the laselithotripter. On the screen are shown

the endoscopic imagandinformationabout the position of the instrument and

its velocity, which can be controlled directly from this panéloreover, it is
possible to chdcthe mechanical insertion of the lagdare andthe irrigation.
(Rassweiler, et al., 2018paglam, et al., 2014)

Figure 29 Last version of Avicenna Roboflex
(Elmed) system, with the left horizontal joystick fol
insertion and rotation, and right joystick for
deflection control (Roboflexusa, 2019)
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Figure 2.10 System for fixing the Figure 2.11The touch screen

ureteroscopeto the mechanical arm(Elmed, monitor with various control
2019) functions (Elmed, 2019)

As regards the operatirtgchnique of the system, an access $hisatised to
facilitate the manual insertion of the ureteroscope into the urinary syafem

its insertion|jt is fixed withtwo stabilizers to the mechanical ar@nce thestone

is localized it is necessary teetract the system for the safe insertion of the laser
fibre. A memory function is then used to return to the working position. In
addition to the laser it is possible éaploit a stonebasket for the extraction of
some fragments thaannotbe eliminatedvith urine

In these years, it has been continuously developed to implement all the functions
necessary to replicate the manual control of the surgeon on the ureteroscope,
following the IDEAL protocol for surgical innovation. The IDEAL is framework
specialy introduced for evaluation of surgical innovations, that divide the
development pathway in five steps, Innovatiaigvelopment, evaluation
assessmentind longterm study (McCulloch, Cook, Altman, Heneghan, &
Diener, 2013)Ergina, Barkun, McCulloch, Cook, & Altman, 201&ook, et al.,
2013) Its application to robotic urologic surgery has been repolf@dhm,
Sedrakyan, &McCulloch, 2014)Until now, Avicenna has been tested in the
laboratory (IDEAL 1) and clinical trials has been carrieaut (IDEAL 2).

In thesestudiesthis robot was used on awerincreasinghumber of patients, up

to 266 (177 males), in the most recenairk (Klein, Fiedler, Kabakci, Saglam, &
Rassweiler, 2016)n eachanalysis it has bedound a high feasibility and safety

in the use of this device in which d@he most modern technologies for the
treatment offURS are available Moreover, arare case of complicationthat
force passingto the traditional techniquédiave been recordd® cases out of a
total of 414 patients operated in 3 studies)

Geavlete P. et alevaluatedthe performance of theoboticassistedfURS
comparedvith the manual oné heyrecorded treatment time (5din vs 50min)
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and fragmentatiotime (37min vs 39nin) similar, but a stonéree ratefavouring

the robotic approach (92.4 % vs 89.4%eavlete P. , et al., 2016b)

Saglam et al. comparethe conventional and robassistedfURS using a
validated questionnaire concerning ergonomics, and they verified the positive
impact of the robot about this main problemTable 2.1is reported a comparison

of ergonomics in the two casds shows the potentiality of the robotics at the
postural leve(Saglam, et al., 2014)

Feature Classic FURS RobotAssisted FURS
Position of surgeon Standing at patient Sitting with armrest at console
Insertion of instrument Manually via access sheath Manually viaaccess sheath
Handling of instrument With both hands using the har Using two joysticks
piece
Fine regulation of deflection Not available Using central wheel at joystick
Insertion of laser fibre Manually via working channel = Manually via workingchannel
Fine movement of laser fibore =~ Manually via working channel = By pressing on touch screen at
console
Activation of laser Foot pedal (standing) at bedsid Foot pedal (sitting) at console
Adjustment of laser energy Manually at device Manually atdevice
Control of irrigation By pump at bedside (by nurse) By pressing on touch screen at
console
Movement of table or Garm Manually Manually
Insertion and activation of Manually at patient Manually at patient

Dormia basket and grasper
Table 2.1 Comparison of ergonomics of classic and robassisted fURSSaglam, et al.,
2014)

Avicenna Roboflex ithemost advanced and complete device footmbassisted
fURS. It allowsworking with the most important commerciareteroscopes
integraing all the most modern and necessary functions for the fURS. It also
allows a range of movement arah accuracyimproved compared to the
traditional case, as welas a stability that the surgeon will never have.
Furthermore,it optimally responds to the postural/ergonomic problem. This
results in ashorterlearning curve and an improvement in the overall quality of
the intervention. In addition, the surgeorideated farfrom the Xray machine,
also solving the second problem posed for the traditional fURS.

Some features of the device such as the limitation of movements, insertion of the
laserfibre in a straight lineand the memory function should contribute to a
prolongation of the endoscope's life and a lowering of the costs.

Neverthelessit only provides3 degrees of freedom and a control console with
limited inputtools which reducehecontrol flexibility and make difficult to track
complex trajectories. In addition, the size of the manipulator unériglarge for
standard operatingpom.It does not provide haptic feedback and its functionality
in image is limited to the visualizat of the endoscopic video, without offering
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advanced functionality such as visualization of radiographs anddpé&ative
navigation. Furthermore the Avicenna is sold at a very high prida b o u t a
600,000) which is excessive for most hospitals. Iltghhprice does noalways

justify its added value as it is an ad hoc robot that can only be used for this
application

2.1.3 Sensei (Hansen Medical Inc, Montain View, USA)

This system was the first to be used for rebsdisted fURS applicationi 2008
theypresented a first application &nswine(Desai, et al., 2008 5ensei system

is not specifically designed for fURS, but it is a system that weslalgedfor
cardiology and angiography and then was converted amdeatiforthis use

It introduces an important idealso taken in account in the LITHOS project: the
development of robot that could be used in different applications, and not
designed ad hoc for a specific cas@isTreduces the economic impact of the
purchase of the equipment, as it careliploited in more working areas.

Sensei cather system(Fig. 2.11) is composed by four main compongna
surgeon console, a steerable catheter system, a remote catheter manipulator and
an electronic rack containing computer hardware, power supplies and video
distribution unit.

The surgeon consolenainly comprises the master input device, a three
dimensional joystick used to remotely control the catheter tip, and displays
monitors, that allow the simultang® visualization of endoscopic and
fluoroscopic imagesMoreover, it includes a touchscreen monitdedicated to

user interface with various functionand an electronic module for the
communication with the electronic rack.

The steerable catheter system (Fig. 2.12) includes an outer catheter (14/12 F)
sheath and ra inner catheterguide @2/10 F), through which a flexible
ureteroscope (7.5 F) has beersented Remote manipulation of the catheter
system manoeuvres the ureteroscopéeltig. working channels of the endoscope,

the space between the ureteroscope and the catheter guide and a specific injection
channel on the catheter guide are used for tkeetion and the egress of irrigay

fluid or agents otontrast.

The remote catheter manipulator (RCh) a mechanical arnfixed to the
operating table, hiat holds the steerable catheter system. Some detaiks
modified to enable attachment of the ureseope. A setip joint is exploited for

the optimal positioningRassweiler, et al., 2018pesai, et al., 2008)
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Figure 2.12 Representation of all the components of Sensei system
(Hansen Medical Inc, Mountain View, USA)(Desai, et al., 2008)
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Figure 2.13 Integrated sheath and
guide assemblyDesai, et al., 2008)

An external guidewire is necessary to insert manually the steerable catheter in the
urinary system. When the catheter is located, the ureteroscope is introutee
catheter guide and then all the system is mounted on the. REMis point is
possible to move the ureteroscope in the urinary system and localize the kidney
stones that are then treated with holmium laser.

Two studies were conducted by Desai et al. using this systbm.specific
parameters used to evaluate the feasibility @@rdormance othe system were

need for ureteral dilation tansert the robot in the urinary tractechnical
capability and time tadn to accesseach minor calixof the kidneys
reproducibility of access into each minability to fragment intrarenadtones
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stabilityofthes y st em eval uated by ability to rob
reproducibilityof the auteretract mechasim evaluated by being able retract

the ureteroscope tip to the original position, evidence of ureteral and pelvicalyceal
injury.

Both studies reported quite satisfactory results with a roparation time 081

min (60130 min) higher respecthe case of Avicenna Roboflelzut still
acceptable, a comparable complete disintegration rate and the absence of
intraoperative complications that forcea pass tahe traditional techniqudn
addition, Senseialso solves the main problems of the tradidl fURS,
positioning the surgeon comfortably seated on a console, awayrédiation

field. Itsfeasibility and &ectivenestave been demonstratéDesai, et al., 2008)
(Desali, et al., 2011)

Some features like lasand irrigationmanagement from the console, a memory
function and the possibility to work with commercial endoscopes are absent.
Furthermore, theneteroscopes only passively controlledhis has been assessed

as a possible limgttion of this technology solutio(Rassweiler, et al., 2018)
Nevertheless, he degrees of freedom of movement comparedAtizenna
Roboflexaregreater (6 vs 4¥urther advantage is the simultaneous visualization

of endoscopic and fluoroscopimagesEvenin this system haptic feedbacknist
completelyimplemented

2.14 Robot assistance for manipulating a flexible endoscope
developed by Sheikh Zayed Institute for Pediatric Surgery

l nnovation e Childrends National
DC, USA)

Compared to the two previously treated ca#igs, devicehas reached only the
phase of the creation of a first prototype, with which phantom tests have been
performed.

The idea idike theAvicennaRoboflexong in which an a¢hoc system is designed

to attach a commerciat@eroscopgo a mechanical arm andivk it.

The device has BOF: insertion(translation) rotation and flexion. Each of these
threemoveaments is controlled by a different motor with encoder. Lsaittches

have been installed for safety reasonstarqevent excessivedisplacementhat

could cause damage to thexible cable of the ureteroscape

A system of guide rails is used fibanslatormovement. A system of two pulley

to activate thecontrol dialsthat allows the tip deflection. The rotation is
performed by rotating the mechanical arm. The translation has a range of 170 mm,
the rotation has a range 1150 ° and theleflection of about 45 °if is the whole

range of thecontrol lever thatis mappedto the tip flexionof 270°). They are
reduced compared to the casédwicennaRoboflex for what concern the rotation,

but still comparableA SnapOnmechanisnis used to be able to easihgtalland
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uninstallthe endoscope to the mechanical arm. A ramdulartube with higher
stiffnessis used to support the flexible endoscope cable ShagOn system and
theannulartube are sterilized as they are the partcontact with the endoscope.
Most of the pieces are 3Pprinted favouring the creation of a cheap and light
device At first, a 3D mouse and successively a ganogstick has beemised for
system control. A special software has been developed toatwahe efficiency

and accuracy of system movements.

Some experiments have been made with this sydtemddition to feasibility
usability and ergonomic performanceome other requirements have been
evaluated.velocity to mount the endoscope on thbot the desigrshouldallow

the use of a sterile interfate prevent contaminatigthe designshould increase

the stiffness of the flexible portion of thereteroscope for improved
manoeuvrability; robotic motaables should be routed properly toiavangling

with thelight and video cables, and prevent cable breaks due tonudimn; the
robotic systenshouldwork with existing commercial ureteroscopes.

A comparative analysis with a bladder phantom in which manual and robotic
assistedsolutionsare comparedyas conducted

In this experimental test the operatoustlocalize some target pygositioned in

the phantomMuch smoother trajectoriegere recorded faherobotic case, even
thoughthe realization time was more than double (862ondvs 145secondl. It

has also been tested in a phantom kidney in which the operator is able to reach the
various targets with dexteritgZhang L. , et al., 2013,Jun@hang L. A., et al.,
2014, May)

The proposed design suffers from the same limitations of RoboFlex Avicenna, in
terms of a limitednobility freedom and too large size. Its design is ad hoc and
does not offer versatility fortber types of surgical disciplines, which could cause
the need to market it at a very high price to pay for the engineering effort
necessary in its design and manufactlite integration with the images had not
yet been treated his devicéhas not ledo more recent developments and results

[ Auaular rube |-+ ~{ Ureteroscope |
[ Sterile interface |———————— A Rotation

Flexion X_J = V30
A
)

Translation %
Sterile Interface

I's e g
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Figure 2.14 Prototype of ureteroscopic  Figure 2.15 Robotic system applied in phantor

robot with all its mechanical parts kidney with the joystick used(Zhang L. A., et
(Zhang L. A, et al., 2014, May) al., 2014, May)
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2.1LITHOS Project

LITHOS projectarisesn this application contexThe LITHOS project proposes

a solution to a real wessityfor the surgeon improving the postural ergonomic
condition and radiological safety. i& based orthe creation of a remoteele
controlled system composted by a multifunction mechanical arm already gxistin
on the market (KUKA LBRIIWA), combined with a specific actuatomhe
actuator must béesignedspecifically in the development of the project and it
should supporthe endoscope and mamagome degrees of freedom of its
movement. The combination of degs of freedom by the mufiinction arm and

by the specific actuator should increase the flexibility of movement and the
possibility to perform more complex trajectories with dexterity and in a stable
way. In addition, the specific devi¢heureteroscog) may besubstituted in order

to apply the robot not only in tha&reteroscopicfield but also in other surgical
areasThis would favour a lowering of costs for the health facility, since the same
systemcan beused in different applications. The specdituator must integrate
with endoscopesireadyavailableon the market. The mechanical system should
be compact, versatile araheap.A consolefor the control of the mechanical
system must be designdtallows the surgeon to work comfortably and reahpt
from the radioactive area.

This system also proposes to include some functions such as:

1 The integration with xay machines, which must be controllable from the
console on whichthe radiological imageare continuously displayed
jointly to the endoscopic ose

1 Laser stabilizatiomndthe creation of a laser safety function thikw the
laser to shooonly in the rightlocation.

1 The possibility to automatically follow th&idney stonesand their
fragments thanks to theprocessingof medical images acquired by the
endoscope

1 The realtime display of the endoscope in the radiographic image, through
a virtual model avoiding the continuous acquisition of radiographic
images To perform this task SLAM (Simultaous Localization and
Mapping) technique can be exploited. Iprecess by which a robot moves
in an unknown environment, builds the map of that environmentamnd
locate itself within that map.

1 Controlof the laserirrigation and contrast agefitbom the console.

It should improve the overall efficacy ehdourologicainterventionandincrease

the quality of patient outcomes and the working conditions of the medical team,
thusfavouringthe spread of this promising technique for the treatment of kidney
stones
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The main advances compared to the state cdrthi@ LITHOS project are:

1 Control: pecise control of the ureteroscope with multiple degrees of
freedom for tracking curved trajectories within the urinary system,
complemented by haptic entry systems that allow a wider range of motion
than what is available in the market.

1 Versatility: systemdesignedbased ona multipurpose surgical robot,
which makes possible its reconfiguratiammangng of the actuaterto be
used in different surgical applications.

1 Price: target price of the product less than half of the direct competing
producs (0 600.000) facilitating its acquisition by a wide range of
hospitals.

1 Intelligence: image processing and navigation modules that provide the
system with advancedaser shootcontrol, fragment tracking and
navigation capabilities.

1 Portability: compact desigand easily transferable between different
operatinggooms
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Figure 2.16 Schematic representation of the device that would be developed in LITHOS
project.
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This project is part of the Spanish state program | + D + | (Investigacion,
Desarrollo einnovacion Orientada a los Retos de la Sociedad)nced by the
Ministry of Economy and Competitiveness.

It is based on a&ollaboration between a company, ROBOTICSSA (Llanera,
Spain), a researderter, VICOMTECH-IK4 (San Sebastian, Spain) and a public
university, UPM (Universidad Politécnica de Madrid, GBT, Grupo de
Bioingegnieria y Telemedicinajhe project has beeafiscontiniedand nowadays
currentlyinterrupted
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Despite of that the ROBOLABO laboratory (UPM)has continued the
investigation in this interesting field of researbithis context this master thesis
work has beemleveloped

The main purpose was to cteaa firstrobot prototype that couldcontrol a
commercialureteroscopelhe mechanical parts were designed and implemented
to support the instrument and control its basimvement of the instrumenA
control system that allowed the user to performdifferentmovements was then
designed The prototype had to respect somevementrangeand precision
specifications

2.2 Aims and objectives of this work

The main purpose of thisork is todesign and implemerat robotic device able
to hold a flexible ureteroscope foflexible ureteroscopyfURS) and control its
movement respecting some limitation of displacementrange andmotion
accuracy

For this purposethe project has beedivided intothreemain phasesrThe first
two phases of design and developmamd aand a final phase of evaluation and
analysis

1. Phase 1Mechanical designn this step it is requiretb design a specific
actuatorto sipportand moe a commercial teteroscope (Cobra Vision,
Flexible Dual Channel Sensor Ureterorenoscope, Richard Wolf), with
threedegrees of freedom.

- InsertioriRetraction movement

- Rotation movement around isngitudinal axis.

- Tip deflectionmovement.
Therefore, a hypothetical approatththe specificactuator is studied. It
must be specifically designeéad LITHOS project It should be associated
with a commercial multifunction ar, in a future development.

2. Phase2: Control system design: in this phase a firmware must be
developed for the integration of a control instrument, which must allow
the user tperformthethreemovements designed in the mechanical phase
only usingthis controller.

Furthermore, it is plannea timplement a first graphical interface that
allows the user to monitor data on the position and speed of the different
movements.
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The cooperation of these two phases must lead to the realization of some technical
objectives of thelevice.lt allows to exploit the potentialities of theeteroscope
and to have the sanoe betterperformances as in case inmnuallycontrolled

1 Movement range: for each of the three movements a predetermined range
of movement must be performed

o Insertion / Retraction movement: considering an overall length of
the urinary system of aboud®m (abouturethra 20 cm irmen,
shorter in womanabout5 cmof bladder,about25 cm ofurete)
(Wikipedia, 2019)the ureteroscope shoulealize the objective of
reaching the final part of the system aheé kidney areaFor this
purpose, lte cable of theireteroscopeahould travela stretch of
about 50/56m.

0 Rotation range: the entire rotation range of 3@0ound its
longitudinal axis must biavelled.

o Deflection rangeit is necessary to exploit the whole range of
possible movement of trentrolleverthat is used tperformthe
deflection of the tipThe controlevershould travel 90°.

1 Precision of meement:it shouldbe comparable or improved compared
to the case that the movement is performmedh manual way by the
surgeon

1 Stability of the position reacheit:is evaluatedhe abilityof the deviceo
maintain a position onaeached.

1 Total movement: Being able to move with dexterity in an environment
that represents human urinary apparatus, reaching certain targets in a time
comparable to the case that the endoscope is controlled manually

3. Phase: Experimental evaluatiorData are collected about thvement
rangeand the precisions to verify the realization of the previously set
technical objectivesMoreover, some limits of the mechaniqakces
designechre discovered and studied

In the fdlowing chapters the mechanical systems and technologies necessary for
the development of each movemait be first discusedand analysed

After that the control partwill be presentedin which the firmware forthe
communication between thmechanical system and the controlles been
designecand thegraphic interfacelevelod

The last part describes the analysis of the,datd the changes at the structural
and software level that this caused
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Chaptk®ecBani cal De s i

3.1lIntroduction to mechanical design

In this section the mechanical parts designed for the realization of the required
objectives will be described. For each specific movement a different technological
solution has been designed, kegpimmind the final goal that mubeachievel.

An endoscopicabledrag system will be describelt allows the insertion of this

into the human urinary systerA worm gear system to allow the rotation of the
instrumentandan anchoring system to the tpntrol lever to allow the deflection

of the tip. Every part of the system must be fixed to the ureteroscope, used for this
work. Therefore, firstly it is important describe the instrunaailablein detail.
COBRA Vision is a flexible ureterorenoscopegwvkloped by the company
Richard Wolf Knittlingen, Germany) (Fig3.1). Itis equipped with a working
channel, which can be used for irrigation or to insert instruments sustbrees
basket a laser channel, 4ED for illumination, and a sensor for capturing
endoscopiagmages.An ergonomichandleis presengs it is a tool desiged for
manual control. The tip can be flexactively usinga control lever placed on the
handle Fig. 32). The control lever haa range of displacement of 90mapped

in an upward and downward deflection of 270 ° oftipgFig. 3.3) The length

of the cable andothe working range in insertigretractionis 680mm.(Richard

Wolf, 2019)

Figure 3.1 COBRA Vision ureterorenoscopt Figure 3.2 Control lever for the
(Richard Wolf, Germany) (Richard Wolf tip deflection of the COBRA
USA, 2019) Vision (Richard Wolf, Germany)

(Richard Wolf, 2019).
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Figure 3.3 Tip deflection upward/downwardof COBRA Vision
(Richard Wolf, Germany) (Richard Wolf USA, 2019)

Eachmechanicapart designed in this phase wiast projectedusing Autodesk
Inventor, a threedimensional drawingsoftware.Thanks to lis softwareit is
possible to firstdesign every single paglone and th@ to combire them. It
facilitates the work by allowindhe visualization oftheoverall mechanical system
necessary for theealization of anechanical task.

Every single part designed then wai3 printed in plastic material. The prert

used was the Prusa BephestogFig. 3.4). The use of the 3D printer alleto
evaluate different ideas, to try them, to make mistakes at a low productipn cos
thanks to the low cost of the material. Furthermitraccelerates the production
and modification of the prototype. At the same tinteallows to print with
precision even the most technologically complex parts, such as screw and gear
systems. The esof 3D printing is fundamental in this first phase of prototyping
where it is common to make mistakes and try different ideas. Some limitations of
this technology such as limited use of materials and not enouglsipretave

been found in some applicati® (Berman, 2012) but they are not relevant
problems inthis first prototyping phaseOnce themechanical partbave been
designed thanks tAutoCAD Inventor, they are saved in. stl format andved

to the management softwaoé the printer, Ultimaker Cura, which allows the
setting and preparation of the print.
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Figure 3.4Prusa i3
Hephestos

A further important steghat mustbe introducedeforedescribingthe detailsof
the designof the structuresis how tosteerthe movementsor rather which
motorsare used. In this first prototyping phasagtorsalready available in the
laboratoryhave been used hanks to the final phase of experimental tasis,
possible teevaluataf the motorsusedweresufficiently powerful and precise to
performthe requiredtasks. When thstructuredesigred for the realization of a
movementis working properly andunctionally, the change of the motor and the
adaptation of the structure to thisasmall problem. Introducing the motors used
in this phase is important because the designed structuresoldjsh addition

to the ureteroscope, also the motors

Threeequalmotors have beeunsed, eacloneto controla different movement
The way in which thehave beefiixed to the structure will be described in detail
in the next sections.

Motor used are99:1 Metal Gearmotor 25Dx54L mm HP 12 V wét@ countger
revolution CPR) encodeyproduced by Pololu (Las Vag, USA).(Fig. 3.6)

This gearmotoconsists of a higipower, 12 V brushed DC motor combined with
a 98.78:1 metal spur gearb@he gearboxXFig. 3.5) is a mechanical devi¢cgart

of the power transmission, which is used to reduce the speed of the datfput s
compared to the input shafh the same time, it causes an increase of the output
force, with respect to the input one. This motor perfoanc®mplete rotation of
the outputshaft (the one then connected to the mechanical partsyéoy98.78
compkte rotations of the put shaft. A high value of this reduction coefficient
increases the precision with which the movement of the mopoosded.
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Figure 3.5 Schematic of the motor gearbox. One outpu
rotateg oncg¢dresponds tio
r=98.78.

It integratesa 48 countper revolutiorguadraturd CPR encodelFig. 3.7), based

on the hall effectto measure the number of revolutions of agnedic disk
mounted on the output shaffthe encoder provides a count of 48 for each
revolution of the master shaft fiat) and then a count of 4&unts provided by

the encoder for each internal revolutionltiplied by98.78gearbox ratio¥or

each rottaon of theoutputshaft So,4741.44 counts per revolution of the output
shaft.It is very important to introduce and describertireaningof motor counts
measuredoy these encoders, as it will be the basic measure on which many
parameters of the experimental phase will be evaluated.

The gearmotor is cylindrical, with a diameter just under 25 mhength of 54

mm, and the Bshaped output shaft is 4 mm in diameted &xtends 12.5 mm
from the face plate of the gearb@®he DshapedFig. 3.8) is a structure used to
connect the motor and the mechanical part that must be moved by the motor. For
this reason, every connection between the motor and the mechanical part, ha
been design taking in account the geometrical characteristic of -#teajizd
structure. It is then important to know the shape and the dimensions of the
gearmotor to better design the motor support structgaolu, 2019)
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Figure 3.6 99:1 M etal gearmotor Figure 3.7 Magnetic disk and
25Dx54L mm HP 12 V with a 48 CPR encoder integrated in the

encoder, Pololu (Las Vegas, USA) gearmotor (Pololu, 2019)
(Pololu, 2019)

Figure 3.8 D-Shape connector ¢
the gearmotor (Pololu, 2019)

3.2 Movementdmplementation

In the following sections will be described the structure designed for the
realization of each motion goals.

For each structure some functional and technical characteri@igs the
dimensionshave been changed during the development of the déliseever,
thebasicconceps used for each movemedmivenot changedror thisreasonjust

the finak structures describedciting the changes made only whegnificant

It is also highlighted thdifferent approach usedompared to the devices present
in the state of the art that ar®re similarto thisone Avicenna Roboflex &heikh
ZayedInstitutg. Some ideas of possible further development are also described
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