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ABSTRACT

The technical revolution of Minimally Invasive Surgical (MIS) procedures had
a significant influence on the manual practice, opening the way to laparoscopic surgery,
then evolving into robotics surgery. Along with the benefits for patients, such as less
trauma, lower risk of complications, or faster recovery, this “keyhole” technique also
presents significant new challenges to the surgeons. The interventions often require
weary body posture, the range of motion is limited for the tools and the surgical in-
struments are cumbersome to manage. Teleoperated master—slave robots, such as the
da Vinci Surgical System, offer a general solution to these, enabling the surgeons to
operate in a more ergonomic, seated position at a master console, while their hand
motions are copied onto a robotic instrument inside the patient. Due to its positive
aspects, Robot-Assisted Minimally Invasive Surgery (RAMIS) has become a stan-
dard of care in the past few decades, having performed over 2.5 million procedures
per year worldwide. The next major step in the evolution of surgery could be the
introduction of automation. Partial and sequential introduction and increase of au-
tonomous capabilities could provide a safe way towards the concept of Surgery 4.0,
which integrates advanced robotics, digital technologies, and surgical data science to
improve precision, efficiency, and patient outcomes. The workflow of RAMIS pro-
cedures frequently contains monotonous and time-consuming elements; automation
of such subtasks would ease the cognitive load on the surgeons, allowing them to
pay more attention on the critical parts of the intervention. Unfortunately, autonomy
in the given environment, consisting mostly of soft organs, suffers from grave diffi-
culties. Unlike working on hard tissues, where exact registration of imaging data to
the instrument and the robot is possible, soft tissues are are highly deformable, per-
manently in motion, thus no pre-computed tool trajectories can be used efficiently.
Another challenge of surgical automation is undoubtedly the implementation of per-
ception algorithms usable in the complex human environment. Computer vision suf-
fers from reflections and features of different organs being highly similar, yet it is
still the gold standard. Due to the complexity of the environment, the equipment,
and the workflow, the field of surgical subtask automation is found to be quite chal-
lenging. Although serious research efforts have been invested to this area across
the globe, the objective definition and assessment of autonomous functions, standard
evaluation metrics, or benchmarking techniques have still not been formed. Another
important question is to what extent the surgeons are able to work together with those
autonomous functions, whether they are able to concentrate long enough while the
subtask is performed autonomously in order to supervise the execution. In this thesis,
the above-mentioned aspects of subtask automation in surgery are to be presented,
introducing the recent advances in surgical robot motion planning, perception, and
human-machine interaction, along with the limitations of task-level autonomy. A
characterization model for surgical automation, and a method for performance eval-
uation and comparison of automated surgical subtasks will be also shown. Finally,
the effect of automation of the surgeons’ performance is studied, providing insights
into the safe integration of autonomous functions into surgical practice.



KIVONAT

A Minimélisan Invaziv Sebészet (MIS) elterjedése jelentds hatdssal volt a se-
bészeti gyakorlatra, és lehet6vé tette a laparoszkopos, majd a robotsebészeti tech-
nikdk alkalmazdsanak elterjedését. A betegek szdmadra biztositott elényok, mint
példaul a kisebb szoveti trauma, vagy a gyorsabb felépiilés ellenére a MIS jelentSs
kihiv4st is jelent a sebészek szdmdra. A humdn operatdr a beavatkozdsokat gyak-
ran faraszto testhelyzetben kényszeriil végezni; a MIS eszkozok kezelése nehézkes.
A teleoperaciés mester—szolga tipust robotok, mint a da Vinci Sebészeti Rendszer,
megoldast kindlnak ezekre a problémdkra, lehet6vé téve a sebész szamara, hogy
ergonomikusabb testhelyzetben, egy teleoperdciés konzolndl dolgozzon, mikdzben
kézmozdulatait a paciensen beliil elhelyezkedd eszkozok lekovetik. Eldnyds tulaj-
donsédgainak koszonhet6en a robottal tAmogatott minimél invaziv sebészet (Robot-
Assisted Minimally Invasive Surgery, RAMIS) az elmilt néhdny évtizedben stan-
dardda valt a sebészeti gyakorlatban, évente tobb mint két és fél milli6 RAMIS be-
avatkozdst hajtanak végre vildgszerte. A sebészet fejlédésében a kovetkezd nagy
1épés az automatizdlds bevezetése lehet. Az Onvezetd autdzdssal analég médon az
autonom készségek részleges és fokozatos bevezetése a sebészetben biztonsagos utat
jelenthet a Sebészet 4.0 koncepci6 felé, amely fejlett robotikai és digitalis techno-
l6gidkat, valamint sebészeti adattudomanyt és adatalapi dontéstdmogatast integral a
pontossag, hatékonysdg novelésének érdekében. A RAMIS eljardsok munkafolya-
mata gyakran tartalmaz monoton és iddigényes elemeket; az ilyen részfeladatok au-
tomatizaldsa csokkentené a sebész kognitiv terhelését, lehetévé téve, hogy nagyobb
figyelmet fordithasson a beavatkozas kritikus részeire. A tobbnyire lagyszdvetekbol
all6 miitéti kornyezetben az autoném rendszerek fejlesztése komoly kihivast jelent.
Ellentétben példdul a csontszdveteken végzett beavatkozdsokkal, ahol lehetséges a
pontos regisztracié az eszk6zok, a robot és az anatomia kozott, a ldgyrészek folyama-
tosan mozgasban vannak, ergsen deformalédnak, igy nem igazan hasznalhat6ak elére
generdlt robot trajektéridk. A komplex kornyezet, a hasznélt eszk6zok és a mun-
kafolyamat Osszetettsége miatt a sebészeti részfeladat-automatizalas teriilete megle-
het&sen nagy kihivast jelent. Bér vildgszerte komoly kutatasi projektek folynak ezen
a teriileten, az autondm funkcidk objektiv karakterizaldsa és validacidja, standard va-
lidaciés metrikdk vagy benchmarking technikak még nem alakultak ki. Tovabbi fon-
tos kérdés, hogy a sebészek hogyan tudnak egyiitt dolgozni ezekkel az autoném rend-
szerekkel, példaul képesek-e a koncentraciot kell ideig fenntartani a részfeladatok
robot altali végrehajtdsa kozben az autondm rendszer feliigyeletéhez. A disszertd-
ciéban a sebészeti részfeladat-automatizalds fent emlitett szempontjait vizsgaltam.
Sebészeti részfeladatok automatizaldsara kidolgozott, emberi mozgasmintdkon ala-
pulé médszertant, illetve azt timogaté szoftver keretrendszert hoztam 1étre. Szintén
megalkottam egy, az autondm sebészeti rendszereket karakterizalé modellt, valamint
az automatizélt sebészeti részfeladatok teljesitményértékelésének, dsszehasonlitdsi-
nak és validicidjdnak mddszertandt. Végiil vizsgdltam az automatizédlds sebészekre
gyakorolt hatdsét, és ramutattam az autoném funkcidk sebészeti gyakorlatba torténd
biztonsagos integraldsdnak lehetségeire.
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Chapter 1
INTRODUCTION

1.1 Robot-Assisted Minimally Invasive Surgery

Minimally Invasive Surgery (MIS) induced a revolution in the surgical practice over the
last three decades. Contrary to the traditional manual technique operating through large in-
cisions, MIS is performed through few-centimeter-wide ports—incisions like keyholes—
using laparoscopic instruments, the area of operation is observed via an endoscopic cam-
era. Smaller incisions offer bene ts both for the patient and the hospital, such as lower
risk of complications, faster recovery, and thus shorter hospital stay. On the other hand,
MIS presents new challenges to the surgeons, such as the limited range of motion with
less Degrees of Freedom (DoF) and also fatigue from weary body postures.

Robot-Assisted Minimally Invasive Surgery (RAMIS) was introduced to ease these
dif culties. The idea of teleoperated master—slave RAMIS systems originates from space
research: the intervention was to be performed on the patient—in this case an astronaut—
by a teleoperated device, controlled by a human surgeon through a master device on
Earth [1, 2]. The slave-side robot arms are equipped with laparoscopic instruments and an
endoscopic camera, and copy the movement of the surgeon at the remote site, while at the
master console, the surgeon observes the operation via the endoscopic camera stream.

However, real remote teleoperation has not become a daily practice, and stalled at the
state of research, mainly due to the issues caused by time delay. It has been demonstrated
that teleoperation itself can present a number of bene ts. The communication latency can
be reduced to a level that is insigni cant for the surgeon by placing the master and the
slave devices close to each other; in the case of commercial RAMIS systems, the master-
and the slave-side devices are in the same room. This technology can still reduce the
fatigue of the surgeon, being able to operate in a more ergonomic, seated position. Fur-
thermore, the movement of the surgeon can be scaled on the slave side—the most delicate
movements can be controlled by relatively large hand movements, and hand tremors can
also be Itered. Moreover, the advanced endoscopic system and robotic surgical instru-
ments of RAMIS enable the execution of more advanced work ows, potentially improving
the outcome of the interventions. One, and the best-known of those is the nerve-sparing
technique in radical prostatectomy, increasing the rate of preserving the patient's erectile
function [3, 4].

Undoubtedly, the most successful RAMIS device is the da Vinci Surgical System (In-
tuitive Surgical Inc., Sunnyvale, CA), with over 9200 da Vinci units installed worldwide,
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