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Dankwoord
Misschien wel het eerste dat mij opviel toen ik als student het robotlab van
onze onderzoeksgroep betrad, was CASPAR, het Computer Assisted Surgical
Planning And Robotics systeem. Zoals vaak het geval bij acroniemen, vond ik
de combinatie van letters en woorden een beetje vergezocht, maar er was toch
iets met dit specifieke acroniem dat bij mij een speciale appreciatie opwekte.
Het was pas later dat ik begon te zien dat het hier ging om een bijzonder
toeval, of misschien wel een voorbestemdheid. Mijn wetenschappelijke interesse
heeft zich namelijk altijd bevonden op de snijlijn tussen computertechnologie
en chirurgie. Dit is heel treffend het terrein van de Computer-Assisted Surgery,
ofwel CAS. Hoe meer ik me in dit gebied begon te verdiepen, hoe meer het me
begon aan te spreken. Ik was dan ook erg vereerd toen prof. Vander Poorten en
prof. Reynaerts mij na mijn masterthesis de kans boden om in dit domein een
doctoraatsonderzoek te starten. En nu, nu ik aan het einde van dat avontuur
gekomen ben, wil ik hen daarvoor oprecht bedanken, samen met alle anderen
die er deel van zijn geweest.
Prof. Vander Poorten, Manu, het is ongelooflijk hoeveel energie jij in mijn
doctoraat geïnvesteerd hebt. Zonder jou had ik nooit tot dit resultaat kunnen
komen. Jij hebt me zoveel geleerd, op zovele vlakken. Wat me misschien wel het
meest zal bijblijven, is hoe je me steeds weer aanspoorde om meer Nederlander
te zijn, iets dat velen zal verbazen. Ik beloof hier blijvend mijn uiterste best voor
te doen. Naast alles dat je me geleerd hebt, heb je mij ook zoveel mogelijkheden
geboden: de mogelijkheid om dit doctoraat te starten, om te reizen naar de
andere kant van de wereld, om op uitwisseling te gaan in andere vooraanstaande
universiteiten, om door te groeien naar nieuwe academische posities... Jij hebt
een onderzoeksgroep uitgebouwd waarin ik me helemaal thuisvoelde. Dit kwam,
om maar iets te noemen, door de luchtige en grappige manier waarop wij
konden discussiëren en vergaderen, totdat jij je weer tranen in je ogen lachte.
Ik heb ook altijd de uitvoerigheid bewonderd waarmee jij ons steeds bedankte
of bemoedigde wanneer er iets goed of minder goed gegaan was. Deze zaken
maakten je een hele bijzondere promotor. Bedankt voor alles wat je gedaan
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hebt en het voorbeeld dat je bent geweest!
Prof. Reynaerts, Dominiek, het is dankzij jou dat ik na lang twijfelen helemaal
overtuigd ben geraakt om aan dit doctoraat te beginnen, in plaats van verder
te studeren. Jij vertelde me dat het GIFT-Surg project dat voor me lag een
unieke opportuniteit was, zoals je nog niet vaak had gezien. Ik besef intussen
heel goed wat dit betekende, nu ik toch wel de nodige jaren zonder zorgen heb
kunnen werken aan mijn enorm veelzijdige doctoraat. Het was een kans die ik
nooit had willen laten liggen. Ik wil je bedanken omdat je mij in deze richting
geloodst hebt en omdat je mij vervolgens zo doelgericht richting bent blijven
geven.
A very special thanks also goes to the other members of my jury. Your insightful
remarks, suggestions and corrections allowed me to critically reflect and improve
the quality of this PhD. But your contributions go far beyond that and have
been so much more personal as well. Prof. Vander Sloten, Jos, thank you for
fueling my interest in medical technology and robotics. Prof. Deprest, Jan,
thank you for so passionately investing your very precious time in supporting
and even selling the concepts and contributions of this work. You never hesitated
to use your name and fame to defend and expand the premises and promises of
the research of our group. Prof. Morel, Guillaume, thank you for so hospitably
hosting my research stay in Paris. I learned so much in those three months
and will continue to pursue your ideas about simplicity in surgical robotics.
Dr. Perret, Jerome, thank you for being so approachable and helpful. I have
often been able to profit from these qualities when working with your excellent
Virtuose robots.
During my PhD, I had the pleasure to work with a large group of competent and
fantastic colleagues. We shared many moments that I will never forget. Allan,
my co-record holder for the longest working day and for the largest amount
of Christmas meals in a day. Awais, my favourite coffee (mug) breaker. Tom,
my (coco)nuts partner in many crimes. Sergio, my Virtuose ROS co-coder who
also happens to be a virtuose DDR dancer and FDD musician. Gianni, my
Jacobian. Mouloud, my very-small-question challenger. Jonas, my neighbouring
one-stop-shop for answers and discussion content. Jef, my sublime Atom
competitor. Alain, my robot ammunition provider. Tjorven, my explosive
conspirator. Laurent, my every-trip companion. Toan, my only colleague who
fully understands why a minimum-energy method costs a vast amount of energy.
Benoît, my late-night, backfiring chili-challenge victim. Julie, Omar, Qiao,
Kenan, Laure, Vlad, Beatriz, Thao, Di, Andy, Benjamin, Gabrijel, Vule, my
wonderful fellow RAS members. Diego, Tommy, Marie-Mo, Zhaoyin, my firstclass Alma-lunch buddies. Bertram, Javier, Fernando, Ishaan, Laurens, Sepide,
Taranjit, Vyacheslav, my worthy squash-break opponents. Mattia, Joachim,
Christof, my entrepreneurial TechStart associates. Raya, Laurens, Hervé, Karin,
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my helpful ombuds colleagues. Thank you all for the great time together!
I’m grateful that I had the chance to closely collaborate with a number of very
capable researchers from London and Paris. Dan Stoyanov, Tom Vercauteren,
Seb Ourselin, thank you for sharing your expertise and equipment with me. Luis,
Efthymios, George thank you for showing me how leisure and work are optimally
combined in London. Ninon, Lucas J., Lin, thank you for the memorable time in
Montpellier, which we could surprisingly resume two years later in Paris. Mario,
thank you for housing me when I needed it, despite the high risks. Lucas R.,
thank you for showing me the lowest highlights in Paris.
The people of the Gynaecology and Obstetrics Department of the University
Hospitals Leuven also deserve a special thanks. You allowed me to be involved
in the fetal interventions and shared with me your time, skills, insights and
equipment. I want to mention in particular prof. Lewi, prof. De Catte, prof.
Devlieger, dr. Van Mieghem, Alex, Luc, Francesca, Hannes, Lennert, David,
Ignacio for their valuable contributions to this PhD.
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ondersteund hebben. Bedankt Eddy, Gunther, Bertram, Tom, Jean-Pierre,
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voor de administratieve ondersteuning; en het FWO, de Europese Commissie,
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Een onbeschrijfelijke hoeveelheid mooie, gekke, beschamende, verrassende of
kortom heugelijke momenten met mijn vrienden heeft mij als een gelukkig
persoon doorheen dit doctoraat geleid. Ik ben jullie hier allemaal erg dankbaar
voor. Om te beginnen, al mijn vrienden van KV32, dankzij jullie heb ik nog
een hele tijd zorgeloos studentikoos kunnen zijn. Dat heeft een blijvende indruk
gemaakt op mijn collega’s en mijn hand. Het was uniek om met jullie het
dubbele leven als werkende doctoraatsstudent met een gat in mijn hand te
benaderen. Sander, Jeff, Robbe, Rick, een band gaat nooit stuk. Dankjulliewel
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tijd en afstand met ons doen. Skivrienden, bedankt dat jullie zo expliciet zijn
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bijdrage aan mijn doctoraat is de schitterende en duurzame placenta die wij
samen gecreëerd hebben. Jasmina, jij hebt mij een andere kijk geboden waar
het uitzichtloos was. Taco, Luca, jullie hebben mijn energiebalans mooi op
peil gehouden. Tessa, Bart, Chris, Viola, Diana, en vele anderen, de gezellige
terrasjes, drankjes, feestjes met jullie hebben steeds welkome en revitaliserende
afwisseling gebracht. Tot slot, Nathalie, wat ben jij een drijvende kracht voor
mij geweest tijdens dit hele avontuur. De interesse waarmee jij steeds naar elk
detail van al mijn verhalen en uiteenzettingen hebt geluisterd is onnavolgbaar,
zonder overdrijven. Daarenboven heb je, ondanks al je bedrijvigheid, ook nog
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Abstract
During the last 150 years, surgery has evolved from a last resort solution to the
highly specialized discipline that it is today. Technological advancement has
substantially contributed to this evolution. Thanks to the combined efforts of
doctors and engineers, minimally invasive surgery has become a reality, where
trauma to the patient is kept so small that recovery is much faster. Yet, this is
not the end. The continuing technological progress provides the surgeon with
more and more options to improve the quality of treatment.
Today, robotic surgery is a prominent representative of this technological
innovation. Robots offer the possibility to operate with higher accuracy, speed
up the learning process, enhance surgeon comfort and control the motion of
complex tools. However, the clinical deployment of these advantages is not
straightforward and also substantially differs between surgical disciplines.
The focus of this dissertation lies on robotic laparoscopy. Within this field,
telemanipulation systems are presently the standard. With this type of system,
the robot copies the movements that the remotely located surgeon executes
with a sophisticated joystick. So far, it has however proven difficult to justify
the hefty price tag of these robots. The existing systems only employ a fraction
of the full potential of robotics. Especially the opportunity to embed intelligent
behaviour in these robots is hardly exploited. At the same time, the surgeon
needs to make compromises to integrate the system by completely revisiting
his/her normal approach and workflow. This can for instance be witnessed by
the long set-up time of the devices and the distance they create between the
surgeon, the team and the patient.
This dissertation aims to reduce the distance, both physically and psychologically,
that exists between surgeon and robot. It proposes methods that optimize the
synergy between both. This allows the surgeon to operate more effectively and
safely, supported by a robot that provides assistance in a way that seamlessly fits
in with his/her expectations. Based on this starting point, a number of important
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design guidelines for synergistic robotic surgery are formulated. They promote
the comanipulation principle for robotic laparoscopy. In comanipulation, the
surgeon and the robot jointly hold and manipulate the surgical instruments, in
contrast to the remote control in telemanipulation. To further reduce the impact
of the comanipulation system on the surgical practices, it is of importance that
the robot can be moved without resistance and that it can automatically align
itself with the incision point in the patient. If synergy is to be guaranteed, a
careful approach is also required towards robot perception, which is necessary for
more advanced robot assistance. The surgeon cannot be burdened with extra
steps to collect or interpret data. While these design guidelines are valuable
for the surgeon, their practical implementation implies a number of technical
challenges, which are studied and tackled in the remainder of this dissertation.
The outcomes are every time applied to the particularly demanding discipline
of fetal surgery.
The first part of the challenges is related to the incision point in laparoscopy
and has an impact on the robot control strategy. To ensure that the robot
can automatically align itself with the incision point, a robust and responsive
method is developed to measure the position of the incision point. Knowledge of
this point is subsequently utilized to enhance the performance of the proposed
type of comanipulation robot. On the one hand, it is shown how this knowledge
of the incision point allows for improved accuracy, precision and bandwidth
of instrument tip position measurements. On the other hand, an algorithm
is designed that applies this knowledge to expand the stability margins of the
robot. The combination of the developed techniques results in safer, more
effective and more synergistic robot assistance.
The second part of the challenges is related to robot perception. Perceptionrelated problems are elaborated for two clinical use cases: contactless surgery
and endoscope guidance. For these use cases, sensors are selected that can be
integrated in laparoscopic instruments suitable for fetal surgery. Techniques to
process the sensor data into actionable computer models are then developed.
These techniques work entirely automatically, without requiring the attention
of the surgeon to collect, enrich or verify the data. Through a series of in-vitro
and in-vivo experiments, the feasibility of robot assistance for both clinical cases
is demonstrated. From this dissertation, it thus follows that intelligent and
effective robot assistance can be successfully realized while taking into account
all design guidelines for synergy, even for demanding fetal interventions.

Beknopte samenvatting
De voorbije 150 jaar is de chirurgie geëvolueerd van een allerlaatste toevlucht tot
de hoogspecialistische discipline die het vandaag is. Technologische vooruitgang
heeft een grote bijdrage gehad in deze evolutie. Door de gecombineerde
inspanningen van artsen en ingenieurs is minimaal invasieve chirurgie een
realiteit geworden, waarbij trauma voor de patiënt zodanig beperkt blijft dat het
herstel veel spoediger verloopt. Hierbij stopt het echter niet. De voortdurende
technologische vooruitgang geeft de chirurg al maar meer mogelijkheden om de
patiënt kwaliteitsvoller te behandelen.
Tegenwoordig is robotchirurgie een prominente vertegenwoordiger van deze
technologische innovatie. Dankzij robots wordt het mogelijk om nauwkeuriger
te opereren, om het leerproces te versnellen, om het comfort voor de chirurg
te vergroten en om complexe instrumenten te besturen. Echter, de klinische
ingebruikname van deze voordelen is niet altijd even voor de hand liggend en
verschilt ook sterk tussen chirurgische disciplines.
Centraal in dit proefschrift staat de robotische laparoscopie. Binnen deze
medische specialisatie worden voornamelijk telemanipulatiesystemen ingezet.
Dit zijn systemen waarbij de robot de bewegingen kopieert die de chirurg vanaf
een afstand uitvoert met een gesofisticeerde joystick. Het is tot nog toe echter
moeilijk gebleken om het forse prijskaartje van deze robots te verantwoorden.
De bestaande systemen benutten verre van het volledige potentieel van robotica.
Vooral de mogelijkheid om intelligent gedrag in deze robots in te bedden wordt
nog maar erg beperkt aangegrepen. Tegelijkertijd moet de chirurg toegevingen
doen om het systeem te integreren door zijn/haar normale werkwijze helemaal
te herzien. Dit is bijvoorbeeld te wijten aan de lange opsteltijd van de apparaten
en aan de afstand die zij creëren tussen de chirurg, het team en de patiënt.
Dit proefschrift stelt zich tot doel de afstand, zowel fysisch als psychologisch,
die er bestaat tussen de chirurg en robot te verkleinen. Het stelt methoden
voor die de synergie tussen beiden optimaliseren. De chirurg zal daardoor
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effectiever en veiliger kunnen werken, ondersteund door een robot die assistentie
verleent op een manier die naadloos aansluit bij zijn/haar verwachtingen.
Dit uitgangspunt leidt tot een aantal belangrijke ontwerprichtlijnen voor
synergetische robotchirurgie. Zo ijvert dit proefschrift voor het toepassen van
comanipulatie, waarbij de chirurg en de robot samen het instrument vasthouden
en hanteren, in tegenstelling tot bij telemanipulatie. Om de impact van het
comanipulatiesysteem op de chirurgische praktijk verder te minimaliseren is
het van belang dat het systeem zonder weerstand bewogen kan worden en dat
het zichzelf automatisch kan uitlijnen met het incisiepunt in de patiënt. Ook
robotperceptie, noodzakelijk voor meer geavanceerde robotassistentie, vereist een
een zorgvuldige aanpak om synergie te kunnen garanderen. De chirurg mag
hierbij niet belast worden met extra stappen om gegevens te verzamelen of
te interpreteren. Hoewel de genoemde ontwerprichtlijnen waardevol zijn voor
de chirurg, gaat de praktische implementatie ervan gepaard met een aantal
technische uitdagingen, dewelke in het vervolg van dit proefschrift onderzocht
en aangepakt worden. De resultaten worden steeds toegepast op de bijzonder
veeleisende discipline foetale chirurgie.
Het eerste deel van de uitdagingen is gerelateerd aan het incisiepunt in
laparoscopie en heeft een impact op de robotcontrolestrategie. Opdat de
robot zichzelf automatisch zou kunnen uitlijnen met het incisiepunt, wordt een
robuuste en responsieve methode ontwikkeld om de positie van het incisiepunt te
meten. Kennis van deze positie wordt vervolgens benut om de prestaties van het
voorgestelde type comanipulatierobot te verbeteren. Enerzijds wordt aangetoond
hoe kennis van het incisiepunt toelaat de positie van de instrumenttip te schatten
met een hogere nauwkeurigheid, precisie en bandbreedte. Anderzijds wordt een
algoritme ontworpen dat deze kennis aanwendt om de stabiliteitsmarges van de
robot te vergroten. De combinatie van de ontwikkelde technieken leidt tot de
realisatie van veiligere, effectievere en meer synergetische robotassistentie.
Het tweede deel van de uitdagingen heeft te maken met robotperceptie.
Perceptiegerelateerde problemen worden uitgewerkt voor twee klinische
gebruiksscenario’s: contactloze chirurgie en endoscoopbediening. Voor deze
scenario’s worden sensoren geselecteerd die integreerbaar zijn in laparoscopische
instrumenten geschikt voor foetale chirurgie. Technieken om de sensorgegevens
te verwerken tot bruikbare computermodellen voor synergetische robotassistentie
worden vervolgens ontwikkeld. Deze technieken werken volautomatisch, zonder
dat er aandacht van de chirurg nodig is om de data te verzamelen, verrijken
of controleren. Aan de hand van een reeks in-vitro en in-vivo experimenten
wordt de haalbaarheid van robotassistentie voor de beide klinische scenario’s
gedemonstreerd. Uit dit proefschrift volgt dus dat intelligente en effectieve
robotassistentie technisch succesvol gerealiseerd kan worden met inachtneming
van alle ontwerprichtlijnen voor synergie, zelfs voor veeleisende foetale ingrepen.

Nomenclature
Abbreviations
3D IBVS

3D image-based visual servoing

AOUS

All-optical ultrasound

AW

Active wrist

BW

Backdrivable, wristed

CAD

Computer-aided design

CAM

Computer-aided manufacturing

CDH

Congenital diaphragm herniation

CNN

Convolutional neural network

CT

Computed tomography

DH

Denavit-Hartenberg

DoF

Degree of freedom

EH

Endoscope holder

EKF

Extended Kalman filter

EMT

Electromagnetic tracking
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NOMENCLATURE

EW

Exact wrench

FBG

Fiber Bragg grating

FETO

Fetoscopic endoluminal tracheal occlusion

FoV

Field of view

FRVF

Forbidden region virtual fixture

GVF

Guidance virtual fixture

HD

High definition

HYSTT

Hysteroscopic skills training and testing

IBVS

Image-based visual servoing

IBVS+DC

Image-based visual servoing with decoupled depth
control

LASTT

Laparoscopic skills training and testing

LCM

Local center of motion

LESS

Laparoendoscopic single-site surgery

LUTO

Lower urinary tract obstruction

MIS

Minimally invasive surgery

MMC

Myelomeningocele

MRI

Magnetic resonance imaging

NOTES

Natural orifice transluminal endoscopic surgery

OCT

Optical coherence tomography

OR

Operating room

PBVS

Position-based visual servoing
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xi

PO/PC

Passivity observer and passivity controller

PW

Passive wrist

RCM

Remote center of motion

REH

Robotic endoscope holder

RMIS

Robotic minimally invasive surgery

RMS

Root mean square

TTTS

Twin-to-twin transfusion syndrome

US

Ultrasound

VF

Virtual fixture

VR

Virtual reality

VRCM

Virtual remote center of motion

VS

Visual servoing
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Symbols
General notations
b
E
N (µ, σ)
k
s
T
∆T
u, v
w
x, y, z
µ
σ
ε

Damping
Energy
Gaussian noise probability distribution
Stiffness
Scaling factor
Time
Time step
Image plane coordinates
Weighting factor
Cartesian coordinates or Cartesian directions
Mean of Gaussian noise
Standard deviation of Gaussian noise
Stiffness ellipsoid

0, 1
ex , ey , ez
f
f ji
m
mji
o
p
pji
q
qi
r
t
tji
u
v
v ji
w
wji
xi , y i , z i
ω
ω ji
τ

Null and one vector
Cartesian unit vectors
Force vector
Force at point i w.r.t. frame j
Moment vector
Moment at point i w.r.t. frame j
Coordinate frame origin position
Position vector
Position of point i in frame j
Joint angle vector
Joint space coordinate vector for joint i
Displacement vector
Twist vector
Twist of frame i w.r.t. frame j
Image plane position
Linear velocity vector
Linear velocity of point i in frame j
Wrench vector
Wrench at point i w.r.t. frame j
Cartesian coordinate vectors of frame i
Angular velocity vector
Angular velocity of point i in frame j
Joint torque vector

NOMENCLATURE

xiii

0
B
I
J
J ji
K
L
R
Rji
Rx (ψ), Ry (ψ), Rz (ψ)
T
T ji
Y
Z

Null matrix
Damping matrix
Identity matrix
Jacobian matrix
Twist transformation from frame i to frame j
Stiffness matrix
Interaction matrix
Rotation matrix
Rotation matrix from frame i to frame j
Rotation ψ about the specified Cartesian axis
Pose or transformation matrix
Transformation matrix from frame i to frame j
Mechanical admittance
Mechanical impedance

˙

˜

¯

ˆ

ˆ

i
k
0
+
∗
[ ]×

First derivative
Measured value
Mean value
Optimal value
Homogeneous representation of a 3D vector
Expressed in reference frame i
Index of time step
Modified value
Moore-Penrose pseudo-inverse
Desired value
Operator for skew-symmetric matrix
Operator of the Schur product

Reference frames
{c}
{d}
{ee}
{f }
{i}
{p}
{w}

Camera frame
Distal tip frame
End effector frame
Fulcrum frame
Link i frame
Proximal tip frame
World frame

xiv

NOMENCLATURE

Extended Kalman filter
xk
zk
g()
h()
k
δk

State vector
Measurement vector
Prediction model
Measurement model
Prediction noise vector
Measurement noise vector

Virtuose kinematics
ai , αi , di , θi
a2
a3
d3
d4
i
q1
q2
q3
q4
q5
q6

Denavit-Hartenberg parameters
Arm length
Radial elbow offset
Axial elbow offset
Forearm length
Link index or link frame index
Base angle
Shoulder angle
Elbow angle
Azimuth angle
Elevation angle
Handle angle

Jr

Robot Jacobian

Fulcrum point
a
b
ba
bs
cs
Edis
Eleak
k
kd
kf
kl
kp
kq

Fulcrum ratio
Virtual damping
Available physical joint space damping
Available physical system damping
System Coulomb friction
Dissipated energy
Leakage energy
Virtual wall stiffness
Distal wall stiffness
Fulcrum suspension stiffness
Available linear stiffness
Proximal wall stiffness
Joint space wall stiffness

NOMENCLATURE

xv

kr
l
li
lo
ms
n
sf
sq
Td
Ts
w, wx , wy
α, β
γ
εK a
εK q
∆s
ξ
φ
ωs

Available rotational stiffness
Instrument length
Instrument length inside body
Instrument length outside body
System mass
Circular buffer size
Fulcrum stiffness scaling factor
Cartesian to joint space stiffness scaling factor
Time delay
System sampling period
Wrist weighting factors
Altitude-azimuth angle pair for instrument direction
Wall rotation angle
Joint space available stiffness ellipsoid
Joint space wall stiffness ellipsoid
System position quantization
Exponential filter smoothing factor
Wall inclination angle
System low-pass cut-off frequency

fb
fd
fp
i
n
pb
pd
pf
p⊥
f
p0f
pp
rb
ro
vq
w
wd
wp
δpd
δpp
δθ d
δθ p
τh

Force at bendable instrument tip
Force at distal instrument tip
Force at proximal instrument tip
Instrument direction vector
Wall normal
Bendable-tip position
Distal instrument tip position
Fulcrum position
Projection of fulcrum position onto instrument axis
Refined fulcrum position
Proximal instrument tip position
Bendable-tip displacement
Instrument displacement outside the body
Joint space stiffness direction
Wrist weighting vector
Wrench at distal instrument tip
Wrench at proximal instrument tip
Infinitesimal distal instrument tip displacement
Infinitesimal proximal instrument tip displacement
Infinitesimal distal instrument tip rotation
Infinitesimal proximal instrument tip rotation
Joint space torques resutling from human interaction

xvi

Ba
Jb
Jd
Jf
Jp
Jr
Ka
Kd
K lr
Kp
Kq
Kw
Rd
Rp
Rf
T ee
Tp
W

NOMENCLATURE

Available physical joint space damping matrix
Bendable-tip mapping
Distal fulcrum mapping
Fulcrum mapping
Proximal fulcrum mapping
Robot Jacobian
Available stiffness matrix
Distal wall stiffness matrix
6D proximal wall stiffness matrix
Proximal wall stiffness matrix
Joint space wall stiffness matrix
General wall stiffness matrix
Distal wall rotation matrix
Proximal wall rotation matrix
Fulcrum stiffness rotation matrix
End effector pose
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Chapter 1

Introduction
Good health and happiness. That is the answer many people give when
asked about the most important things in life. Because good health is so
important to people, it is not surprising that substantial research effort has
always been dedicated to healthcare, striving to achieve various goals, such as
quality, safety, availability, efficiency and cost-effectiveness. When zooming in
on surgical techniques in specific, progression has been an interplay between
surgeons on the one hand, and engineers on the other hand. Technological
developments often come from needs expressed by surgeons and solutions
proposed by engineers. Ideally, this proposition creates a synergy between the
surgeon and the engineering solution that is only constrained by technological
limitations. Unfortunately, this synergy can also be hampered by mismatches
between the objectives of both parties. Causes for such mismatches include
financial motives and the established market landscape, with the biggest players
enforcing their monopoly positions. Companies favour formidable robotic
systems that impress patients and healthcare institutions, allowing them to
justify the high investment and operational costs. This leads to financially-driven
and technology-driven solutions that overshoot their clinical relevance.
This introduction summarizes the evolution of how this came to be and provides a
vision on the role of synergy to make a difference, thus situating the contributions
of this dissertation. Readers already familiar with the field of robotic surgery and
robotic laparoscopy in particular, with the levels of autonomy in surgery, and
with the concepts of supervised autonomy, comanipulation and telemanipulation
can skip to the research objectives in Section 1.4.

1
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Evolution of technology in surgery

Over its history, surgery has seen numerous disruptive changes and is still
continuously evolving. From a technological perspective, four generations of
surgery can be identified: (invasive) surgery, minimally invasive surgery (MIS),
robotic surgery and cognitive surgery. They have been colloquially termed
Surgery 1.0 up to Surgery 4.0 [1, 2], in parallel with the well-known industrial
revolutions [3]. From one generation to the next, technological advancements
are supposed to extend the capabilities of surgeons and improve outcomes for
patients. The surgical generations focus on complementary domains. This
means that the transition to a new generation never obviated the previous, nor
precluded continued innovation in the predominant domain of the previous.
Figure 1.1 proposes a schematic overview of the interrelations between the
surgical generations, showing they did not completely replace one other, but
rather added new fields in addition to the existing ones: robotic MIS (RMIS),
cognitive MIS, autonomous surgery and autonomous MIS. The four generations
are now briefly discussed, allowing the reader to better understand the context
and the current state of affairs in robotic surgery, which is subsequently addressed
in Section 1.3.

MIS
b

a
d
Robotic
surgery

c

Cognitive
surgery

a) RMIS
b) Cognitive MIS
c) Autonomous surgery
d) Autonomous MIS

(Invasive)
surgery

Figure 1.1: Interrelations between the four complementary surgical generations
from a technological viewpoint: (invasive) surgery, minimally invasive surgery
(MIS), robotic surgery and cognitive surgery, respectively referred to as Surgery
1.0–4.0. Derived fields are also indicated: robotic MIS (RMIS), cognitive MIS,
autonomous surgery and autonomous MIS.
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3

(Invasive) surgery

Surgery as it is known today is only about 150 years old. Halfway the
19th century, the advent of anaesthesia and antisepsis revolutionized surgical
practice [4]. Anaesthesia allowed surgeons to change their focus from speed
to precision. Antisepsis gave surgeons means to prevent and control wound
infection. When these discoveries gained wider recognition towards the end of
the 19th century, surgery turned from a last resort into a prestigious medical
speciality. While internal surgery was previously virtually unknown, due to
the prohibitive morbidity and mortality rates, the realm of abdominal surgery
could now be explored, with the rest of the body to follow. Modern invasive
surgery was born.
Invasive surgery focuses on treating and healing patients. The specific challenges
related to the different anatomical regions are studied and mastered, from the
abdomen to the brain. Today, still new challenges are identified and new
solutions are found. Invasive surgery uses traditional instruments, such as
scalpels, scissors and tweezers. Accessibility and visibility, which ensure the
feasibility for the surgeon, are central aspects. Therefore, this type of surgery is
also referred to as open surgery. It is illustrated in Figure 1.2, left.

Figure 1.2: Invasive or open surgery (left) and MIS (right) for gallbladder
removal (cholecystectomy) [5]. Comparison of the two approaches clearly shows
the difference in their invasiveness: open surgery relies on large incisions, whereas
MIS uses small keyhole incisions.
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1.1.2

Minimally invasive surgery

Ever since the introduction of (invasive) surgery, surgeons and engineers have
been collaborating on methods to minimize trauma to the patient. Instead
of the large incisions characteristic for open surgery, small keyhole incisions
can be used to access the internal body. Long and slender visualization means,
called endoscopes, and instruments can then be inserted through these keyholes,
as is illustrated in Figure 1.2, right. The first advances in endoscopy were
made in the field of general surgery, which medically speaking only concerns
the abdominal and pelvic cavities. This medical speciality was was coined
laparoscopy. Already as early as 1901, the German surgeon Kelling performed
the first such laparoscopic intervention on a dog. This was quickly followed
by the first laparoscopic human trail in 1910 [6]. However, the technological
readiness of laparoscopy still had to wait for the invention of insufflation devices,
the Hopkins rod lens endoscope and the video camera. It was only in the 1990s
that laparoscopy started revolutionizing surgery [7].
Today, MIS is the golden standard for a wide range of interventions. It comprises
endoscopy, for which the application area has been gradually extended from
the abdomen to the entire human body. Depending on the anatomical region
of interest and the access route, either flexible or rigid endoscopes can be
used, of which examples are depicted in Figure 1.3. In flexible endoscopy, the
surgeon typically navigates through natural orifices and lumina, as is the case
in colonoscopy and cystoscopy, whereas in rigid endoscopy, he/she enters the
bodily cavities by inserting stiff tubular instruments through keyhole entry ports.
Laparoscopy1 belongs in this latter category, as do other medical specialities
such as arthroscopy and fetoscopy. The contributions of this dissertation apply
to rigid endoscopy in general, but fetoscopy is put forward as the targeted
clinical speciality. Fetoscopy concerns MIS interventions on the fetus and is
discussed in greater detail in Section 3.1.
Not all types of MIS use endoscopes to visualize the inside of the body. Visual
feedback can also be provided through operating microscopes, as is the case in
microsurgery and through interventional radiology, as is the case for endovascular
surgery. Also surgical navigation systems, used in computer-assisted surgery,
belong to the MIS generation, as these are essentially non-robotic systems that
enable trauma minimization. These latter types of MIS are not treated in depth,
as they fall outside the scope of the contributions of this dissertation.
The reason that MIS became omnipresent in current surgical practice is that
its common denominator, i.e., reduced trauma, has a number of very significant
1 In

the medical engineering community, the term laparoscopy is commonly used to refer to
the broader discipline of endoscopy. This practice can be confusing for medical specialists.
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Figure 1.3: Rigid endoscope (left) and flexible endoscope (right) © Karl Storz
(Tuttlingen, Germany).
benefits for the patient [8]. Most importantly, the small keyhole incisions speed
up recovery, because collateral surgical trauma is limited, blood loss and the
need for subsequent transfusion are reduced, and wound site infection and other
complications are less prevalent. Patients can thus be earlier discharged from
the hospital. Also, as the small wounds lead to minimal postoperative pain,
morbidity from immobility decreases and patients can return to their daily
activities more quickly. This, in combination with the reduced hospitalization,
has important economic benefits. Further, from the perspective of the patient,
an important advantage of MIS is the improved cosmesis. A number of benefits
exist for the surgeon as well, such as better visualization of otherwise inaccessible
areas and the possibility to inspect details at a higher magnification level than
with bare eyes.
Despite the numerous benefits, for the surgeon MIS is a compromise. MIS
is substantially more difficult to master than open surgery. Vickers et al.
report that the slower learning curve in MIS takes at least 250 procedures
to reach a plateau [9]. A first problem that the surgeon faces is the sensory
deficiency [10, 11]. The axial friction and transversal stiffness at the tissueinstrument interface obfuscate the surgeon’s sense of touch, or haptic feedback.
Tactile feedback is even entirely absent. Furthermore, because direct sight is
replaced by cameras with a narrow field of view, surgeons lack the overview they
had in open surgery. The use of monoscopic cameras additionally reduces depth
perception. These factors contribute to a deteriorated situational awareness
and thus introduce potential risks. The second problem, besides the limited
sensory feedback, is the impeded manipulability in MIS [12, 13]. The keyhole
opening lowers tool-tip dexterity, as the instrument degrees of freedom (DoFs)
are reduced from six to four. This is illustrated in Figure 1.4. Moreover,
the pivotal motion around the keyhole distorts the magnitude and direction
of forces and motions. A detailed discussion of this phenomenon, called the
fulcrum effect, is provided in Section 4.1. Furthermore, the keyhole curtails the
choice of instruments. Instrument manipulation also suffers from the unintuitive
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hand-eye coordination, resulting from the remote display that is not located on
the natural hand-eye axis [14]. On top of these difficulties, ergonomics are often
subordinate to reachability of the anatomical site, which induces extra stress
and provokes earlier fatigue for the surgeon. This list of drawbacks underpins
the importance of technological innovation in surgery, beyond MIS.

1.1.3

Robotic surgery

The next step in the technological evolution of surgery was the introduction of
robotics. Robots possess a number of strengths that can be of benefit to humans.
Table 1.1 makes the comparison between the capacities of the two in the context
of surgery [15, 16]. It can be seen that robots are experts at manipulation
tasks, while surgeon are experts at decision making. The understanding that
these qualities are complementary presents the essence of robotic surgery today.
Robotic surgery is the ongoing effort to translate the advantages that robots
have over humans to the operating room (OR), thus extending and enhancing
the surgeon’s capabilities beyond what is human.
The very first active surgical robots were the Probot for prostate resection,
created by Davies at Imperial College London, and the ROBODOC
for hip replacement surgery, fathered by Taylor at IBM [17]. These systems,
both used for the first time on humans in 1991, adhered to the then popular
trend in industrial robotics: automation maximization. They were not yet
so much focused on supporting the surgeon, but rather aimed at replacing

4

4
3

2
5

1

2
6

3
1

Figure 1.4: In open surgery, a surgical instrument has six DoFs (left). In
laparoscopy, this is reduced to four DoFs, due to the presence of the incision
point, which acts as a mechanical fulcrum (right).
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Table 1.1: Comparison of surgeons and the current state of robotics in the
context of surgery. A distinction is made between decision level capabilities,
manipulation level capabilities and overhead. It can be seen that surgeons excel
at the decision level, while robots outperform surgeons at the manipulation
level. The overhead weighs against the current state of surgical robots, but
novel systems need to overcome this.
Surgeon

Robot

Decision level
Good judgement and interpretation
Good situational awareness
Ability to improvise
Qualitative data processing/fusion
Communicative towards humans
Cognition budget
Variable expertise

Limited judgement or interpretation
Limited situational awareness
No adaptation to the unforeseen
Quantitative data processing/fusion
Black box towards humans
Inherent task parallelization
Universal expertise

Manipulation level
Satisfactory motion quality up to
centi/millimeter scale
Performance subject to state of mind,
fatigue, distraction, ergonomics
Need for intuitive hand-eye mapping

High motion quality (accurate,
precise, stable, repeatable)
Continuity in performance

Long learning curve
Intolerant to ionizing radiation

Compatible with arbitrary
hand-eye mapping
More easy to learn
Tolerant to ionizing radiation

Overhead
Surgical scrubbing
Small and mobile
Versatile
Relatively cheap

Cumbersome to set up and drape
Large and immobile
Suitable for particular conditions
Expensive

him/her. However, as the environment is far less structured in surgery than
in an industrial setting, in many of the successful robotic surgery systems that
followed, designers opted to leave the decision making responsibility to the
surgeon. Today, the most popular robotic surgery systems are under direct
control of the surgeon, although some systems exist where control is shared
between human and robot, or where there is even a degree of autonomy under
human supervision [16].
The specific contributions of robot technology in surgery differ per surgical
field. Outside the scope of MIS, robotics has been applied principally in
orthopaedics. Here, the success of robotics builds upon the accuracy with which
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a preoperative plan can be replicated in the patient. This can amount up to an
order-of-magnitude improvement with respect to the manual case [18]. Within
the scope of MIS, the high quality motion capabilities of robots are of course
also exploited, e.g., in the form of motion downscaling and tremor filtering, but
there are other benefits as well. RMIS helps to amplify the benefits of MIS and
to diminish the drawbacks of MIS. The amplification of the benefits focuses
on further minimization of the interventional trauma, thanks to less invasive
instruments and optimal use of natural orifices [19, 11]. Robotic technology is
particularly advantageous if the dexterity and controllability of the instruments
is to be retained. The very active research fields of laparoendoscopic single-site
surgery (LESS) and natural orifice transluminal endoscopic surgery (NOTES)
are important examples. Robotic systems for diminishing the drawbacks in
MIS aim at compensating the characteristic sensory deficiency, the impeded
manipulability and the unfavourable ergonomics [20, 21]. In laparoscopy, this is
amongst others realized through the introduction of 3D vision, haptic feedback,
extra distal instrument DoFs, intuitive user interfaces and comfortable cockpits.
It has been shown that these features effectively shorten the learning curve
with respect to traditional laparoscopy [20, 22]. All mentioned contributions of
robotics in surgery still require a high degree of involvement from the surgeon.
Full automation does not exist yet in this generation of surgery, as that presumes
the availability of sophisticated cognition for the robotic system.

1.1.4

Cognitive surgery

According to Kenngott et al., cognition is “the core essence of humans describing
the collection of knowledge and the interpretation thereof with regard to a
specific purpose and deriving a conclusion or action accordingly” [2]. In surgery,
high-level cognition is indispensable. Surgical decisions and actions are based on
an extensive knowledge base, in combination with a profound understanding of
the current surgical context. High-level cognition is a key differentiator between
surgeons and computer systems. This is also pointed out in Table 1.1. However,
there is variability in the decision making of surgeons. This can be attributed to
the subjective nature of their qualitative data processing, to variability in their
knowledge and skill, as well as to information overload. If computer systems
would possess surgical cognition, these elements could be compensated for, and
evidence-based enhanced and uniform decision making could be pursued.
Today, surgical technology is on the threshold of evolving into the generation of
cognitive surgery. Many prerequisites for introducing cognition are already in
place. The integrated OR with interconnected, sophisticated sensor technology
is more and more a reality [2]. Big data is available in surgery. However, to
proceed to cognitive surgery, surgical data science has to develop a comprehensive
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knowledge base of surgical models. To make this happen, engineers and surgeons
have to collaborate to quantify and finely granulate surgical processes, including
possible deviations, in such a way that technical systems can recognize them
based on real-time data for context-specific and context-aware decision making.
Emerging machine learning algorithms can ensure crucial adaptability of the
models [23].
One of the first applications of cognitive surgery will shift subjective to objective
decision making and qualitative to quantitative assessment [2]. The surgeon
could then be provided with actionable information, extracted from the cognitive
system, through dashboards and reports [1]. The system could then accompany,
observe and advise him/her during the operation. Common pitfalls could be
detected a priori and assistance could be provided to decide the best surgical
strategy. Computer-aided skill assessment and automated coaching would also
be possible. Cognitive surgery facilitates globalization of expertise and thus
opens the way to democratization of surgery.
A further disruptive potential of cognitive surgery will show when it is
combined with robotic surgery. The mechatronic functionalities of robots
together with human-level cognition form the foundations of autonomous surgery
(see Figure 1.1). A number of advantages of autonomous surgery can be
named, including increased precision and accuracy, greater dexterity, improved
consistency, and more quantitative utilization of diagnostic equipment [16].
However, it is generally accepted that the utopic vision of fully autonomous
surgery is not for the near future [24]. The reference work by Yang et al. shows
a roadmap for autonomous surgery and is summarized in Figure 1.5 [25]. It
proposes six autonomy levels, ranging from no autonomy to full automation.
Most commercially available robotic systems still reside in level 0: no autonomy.
There are a few exceptions that incorporate robot assistance, task autonomy
or conditional autonomy (levels 1–3). High autonomy and full automation
(levels 4–5) do not exist as of today, not only because of technological barriers,
but also due to ethical, regulatory, and legal hurdles [25, 24]. Nonetheless,
autonomous MIS, the sweet spot of the four surgical generations, is a very
intriguing perspective. The following sections provide more context to the
autonomy levels.

1.2

Classification of robotic surgery systems

Many authors proposed classifications and taxonomies for robotic surgery
systems [18, 17, 26, 15, 27, 28, 16]. In the context of this dissertation, a
comprehensive classification is chosen, most closely related to [17, 28, 16], that
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Figure 1.5: Levels of autonomy in robotic surgery [25].
identifies three classes of robotic surgery systems: (i) supervised autonomy
systems, (ii) comanipulation systems, and (iii) telemanipulation systems. These
classes are characterized by the surgeon-robot relation, in terms of interaction,
participation and responsibility. They are described here, keeping in mind the
current state of commercially available robotic surgery systems, the topic of
Section 1.3. A summary of their properties is presented in Table 1.2

1.2.1

Supervised autonomy systems

Full automation does not exist today. Section 1.1.4 already indicated that
systems that independently carry out an intervention from start to end belong
to science fiction, for now. When older literature on surgical robotics discusses
semi-autonomous and autonomous surgical systems, they oversimplify the notion
of autonomy. Recently, the earlier mentioned work of Yang et al. nuanced this
concept [25], introducing the six levels of autonomy in surgical robotics. It
points out that, currently, a surgical robots asks the surgeon for approval at
some point, if it is not under continuous control of the surgeon. This approval
has different abstraction levels. It can concern approval for a specific task
(level 2), for a specific procedural strategy (level 3), or for the intervention
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Table 1.2: Classification of robotic surgery systems based on the surgeon-robot
relation. This classification assumes the current state of commercially available
surgical robots.
Supervised
autonomy

Comanipulation

Telemanipulation

Surgeon-robot
interaction

Supervisory
control

Shared, hands-on
control

Direct, remote
control

Surgeon
participation

Discrete
control

Continuous
control

Continuous
control

Surgeon-patient
distance

Surgeon nearby
patient

Surgeon nearby
patient

Surgeon far from
patient

Responsibility

Robot focused

Shared

Surgeon focused

Autonomy level

2, 3, (4)

(0), 1

0

in its entirety (level 4), which nowadays is a very distant perspective due to
the required cognitive capacities. The imperative need for confirmation of
the surgeon is the foundation of supervised autonomy systems, or supervisory
controlled systems, as they are also called. It distinguishes them from fully
automated systems.
In practice, supervised autonomy systems do precise positioning and path
tracing tasks, in a step-by-step fashion. The surgeon (preoperatively) plans each
step, has the opportunity to intraoperatively revise it and closely supervises
the resulting action. As autonomy levels 2 and 3 do not apply to the entire
surgery, supervised autonomy systems are often supported by comanipulation
or telemanipulation techniques. Typically, a surgical navigation system is used
in conjunction with a supervised autonomy system, providing real-time insight
in the actions of the robot. With all this information at his/her disposal, the
surgeon is able to halt the robot if he/she judges that something goes wrong.
The system has to be designed such that the surgeon feels close to the patient
and in control of the situation.

1.2.2

Comanipulation systems

For certain interventions, or surgeons, it might be undesirable to fully transfer
instrument manipulation responsibility to a (supervised) autonomous robotic
system. Comanipulation provides an alternative approach to benefit from the
advantages of robotics in surgery, for those scenarios that seek a higher degree
of control for the surgeon. In comanipulation systems, the surgeon and the
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robotic device hold and handle the medical instruments together, in such a way
that the surgeon is in continuous control, as opposed to the discrete control in
supervised autonomy scenarios. For the surgeon, comanipulation provides a very
familiar and intuitive way of controlling this instrument. He/she retains his/her
closeness to the patient and his/her workflow is similar to the non-robotic case.
At the same time, the robot can provide assistance by exerting forces on the
instrument, which are haptically perceived by the surgeon. Comanipulation
systems typically belong to autonomy level 1, because these systems would be
superfluous without autonomy (level 0). One exception is dissipative action, or
damping, which aims to enhance the surgeon’s precision. Damping does belong
to autonomy level 0, as it does not alter the intended motion of the surgeon.
Literature uses varying terminology to refer to this type of systems, including
collaborative systems, synergistic systems, hands-on devices and cobots.
Prominent applications of commercial comanipulation systems comprise those
where the instrument tip needs to be accurately guided over a trajectory or
where it needs to stay clear of delicate surroundings. The comanipulation
device assists the surgeon to meet these goals, but does not irrevocably enforce
any action. When the intentions of the user and the robotic device conflict,
the surgeon encounters resistance in his/her motion. Conversely, when the
intentions of the user and the robotic device match, the surgeon is be able to
move without restrictions or even encouraged by the robot to continue his/her
action. The direct mechanical link between the surgeon and the robot during
these tasks is favourable for the surgeon’s understanding of the intentions of
the robot and promotes safety.

1.2.3

Telemanipulation systems

Telemanipulation systems are the most well-known of the three classes of robotic
surgery. In a surgical telemanipulation system, the surgeon is seated in a console,
or cockpit, and operates a patient-side robotic manipulator from a distance.
The console has a dedicated, mechanical control interface, called the master.
The robotic manipulator at the side of the patient is called the slave. As the
names suggest, there is a hierarchical relation between the master and the slave:
the slave faithfully mirrors the motions of the master, without any autonomy
(level 0). As such, the surgeon has direct, albeit remote, control over the slave
system. While telemanipulation could be programmed to offer robot assistance
(level 1), this is not available in commercial systems. Telemanipulation systems
are also referred to as teleoperation systems, remote manipulation systems,
master-slave systems or direct control systems.
Central to telemanipulation is the separation between the surgeon and the
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patient. Although such separation opens up a theoretical perspective on largedistance telesurgery [29], in practice the separation stays within the confines of
the OR. Here, it offers the system designer the possibility to individually optimize
the surgeon-side and the patient-side interface. Thus, telemanipulation systems
feature an ergonomic cockpit for the surgeon with intuitive and potentially
enhanced instrument manipulation options. Moreover, motions can be scaled
from the surgeon side to the patient side, enabling finer gestures. These
last arguments explain why a non-autonomous robotic system with no active
functionality beyond replication of user commands has found a viable range of
applications. However, the fact that telemanipulation disconnects the surgeon
from the patient can also be seen as a disadvantage: it interferes with the
customary practices of the surgeon and all information about the patient needs
to be conveyed to the surgeon in an artificial and potentially limiting fashion.

1.3

Commercial robotic surgery systems

The market of robotic surgery has been in continuous motion for the last 20–30
years. A few big players have occupied the field for many years, while numerous
emerging companies have appeared and disappeared again. These emerging
companies have often proven hard to track, because of serial, acquisitionrelated name changes, together with discontinuations due to lawsuits and
certification difficulties. Today, the principal paradigms for robotic surgery have
reached a certain maturity in many of the medical specialities, most notably
in neurosurgery, orthopaedic surgery, laparoscopy, endovascular surgery and
radiosurgery. In other specialities, including NOTES, LESS, microsurgery,
flexible endoscopy and capsule surgery, the market is still in its infancy.
The rest of this section discusses and compares the established paradigms in the
more mature specialities of neurosurgery, orthopaedic surgery and laparoscopy,
and highlights some of the successful robotic systems. These specialities have in
common that they use rigid instruments. Endovascular and radiosurgery are not
further elaborated, because flexible instruments and radiotherapy, respectively,
are beyond the scope of this dissertation. The specialities where the market is
still in its infancy are not treated either, as no conclusions can yet be drawn
on the most successful robotic practices in the related areas. Readers that are
interested in a more comprehensive review of robotic surgery are referred to
excellent works such as [30, 19, 28, 31, 32, 33].
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Robotic systems for orthopaedic surgery and neurosurgery

Orthopaedic surgery and neurosurgery can be grouped from a technological
viewpoint. Both disciplines deal with well-defined bony structures, typically
the hip, knee and spine in orthopaedic robotic surgery and the skull in robotic
neurosurgery. The rigid, structured environment allows system designers to
apply techniques that are similar to established paradigms in manufacturing
industry. Orthopaedics and neurosurgery have been compared to industrial
computed-aided design (CAD) and computed-aided manufacturing (CAM)
processes [26]. In the preoperative phase, comparable to CAD, a surgical
plan for the intervention is created, based on scans of the patient’s anatomy.
During the intraoperative phase, comparable to CAM, this preoperative plan
is correlated with the position of the patient in a registration procedure, after
which the robot is instructed to execute the plan. Depending on the level of
control that is reserved for the surgeon during this phase, these robotic systems
can be classified as supervised autonomy or comanipulation systems [28, 31].
In orthopaedic surgery, the most successful supervised autonomy systems are the
TSolution One (formerly ROBODOC) (THINK Surgical), Renaissance
(formerly SpineAssist) (Medtronic) and Mazor X (Medtronic), and the
most successful comanipulation systems the Navio (Smith & Nephew), Mako
(formerly RIO) (Stryker) and Sculptor RGA (formerly ACROBOT)
(Stanmore Implants, discontinued). In neurosurgery, the most important
supervised autonomy systems are the neuromate (Renishaw) and Renaissance (Medtronic). The ROSA system (Zimmer Biomet Robotics) has
been designed with both a supervised autonomy and a comanipulation mode.
The technical similarity between orthopaedic surgery and neurosurgery becomes
apparent from the fact that the ROSA and Renaissance can be used across
both disciplines. In what follows, the four systems with the most distinct
features are highlighted.
TSolution One The TSolution One is a supervised autonomy system for
total hip and total knee arthroplasty (Figure 1.6, left) [34]. The system comes
as two subsystems: TPLAN and TCAT. TPLAN is the 3D planning software
in which the surgeon preoperatively uploads CT images of the joint, selects
the suitable implant, and optimizes its placement. TPLAN then generates
bone-milling paths. During the intraoperative phase, the surgeon prepares and
immobilizes the patient, after which a patient registration procedure, based
on surface scanning, is carried out. Subsequently, the surgeon comanipulates
the robotic milling subsystem (TCAT) towards a safe starting position and
initiates the autonomous bone milling, according to the surgical plan. The
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system interrupts its activities when it detects bone motion. As the milling
occurs autonomously, the surgeon does not have continuous control over the
milling procedure, except for his/her option to halt the milling if necessary.
This is the most advanced type of operation from the perspective of autonomy.
neuromate The neuromate is a supervised autonomy system for stereotactic
neurosurgery (Figure 1.6, right) [35]. This system is supplied with the
neurosurgical planning software neuroinspire for determining the best
trajectory to the target in the patient’s brain using preoperative X-ray, CT
or MRI images. The system provides two modes for intraoperative patient
registration: a method based on a stereotactic frame, or a less invasive frameless
method, which requires the neurolocate laser tool or a dedicated ultrasound
(US) probe. Once everything is set up, the neuromate robot arm autonomously
positions the surgical instrument or needle with respect to the patient’s skull.
At that point, the arm locks itself to further function as a passive guide for
supporting, directing and stabilizing the instruments that are handled by the
surgeon. The robot arm, which is ultimately a medically certified industrial
robot, is never in direct contact with the patient, as the surgeon is still responsible
for moving the instruments. The autonomous functionalities of this type of
system exclusively apply to the low-risk, mechanical preparation of the tool
trajectory.
Mako The Mako is a comanipulation system for partial knee, total knee
and total hip arthroplasty (Figure 1.7, left) [36]. The system uses a three-step
approach. In the first, preoperative step, the implant positioning is planned
in CT images of the patient’s joint. In the second step, the surgeon can make
adjustments for dynamic joint balancing, based on intraoperatively collected
data that is applied to the preoperative CT model. This step requires an a priori
landmark-based registration procedure to be performed. The last step consists
of bone preparation with the help of the Mako robotic arm. The surgeon moves
the robot-mounted cutting system, while the robot provides haptic resistance,
thus constraining the surgeon’s cuts to stay within the boundaries that were
defined in the surgical plan. In case of hip replacement, the robot arm also
assists to obtain the correct angle and alignment of the acetabular cup. This
collaboration gives the surgeon continuous control, while he/she benefits from
the precision and accuracy of the robotic system.
NAVIO The NAVIO is a comanipulation system for partial knee and total
knee arthroplasty (Figure 1.7, right) [37]. Its workflow differs substantially
from the other presented systems, because it eliminates the need for a harmful,
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Figure 1.6: The TSolution One surgical system for total hip and total knee
arthroplasty © THINK Surgical (Fremont, USA) (left), and the neuromate
surgical system for stereotactic neurosurgery © Renishaw (Wotton-under-Edge,
UK) (right).
time-consuming and costly preoperative CT scan. Instead, all imaging happens
intraoperatively by a surface probing process using a dedicated pointing device.
The resulting 3D model is thus inherently registered to the patient. It is
then used on the spot to create a patient-specific surgical plan, determining
the size, placement and depth of the resections. Next, the surgeon can start
removing bone according to this plan, by means of the optically-tracked NAVIO
handpiece, which is equipped with a burr. The comanipulation component of
this handheld system prevents cutting when the user moves the burr outside
the virtual boundaries, through guards that control the exposure of the burr or
its rotational speed.

1.3.2

Robotic systems for laparoscopy

Robotic surgery has seen its biggest success in the domain of laparoscopy. It is
noteworthy that all past, present and announced robotic laparoscopy systems
adhere to the telemanipulation principle, where the surgeon has continuous
and full control over his/her instruments. In the early years 2000, there has
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Figure 1.7: The Mako surgical system for partial knee, total knee and total hip
arthroplasty © Stryker (Kalamazoo, USA) (left), and the NAVIO surgical
system for partial knee and total knee arthroplasty © Smith & Nephew
(Watford, UK) (right).
been a short period with two competing commercial systems: the ZEUS
(Computer Motion) [38] and the da Vinci (Intuitive Surgical) [39]. However,
ever since the acquisition of Computer Motion by Intuitive Surgical
in 2003, Intuitive Surgical has been the sole player on the market of
robotic laparoscopy. Their large installation base, strong established customer
relationships, worldwide training centers and intellectual property protection
have enabled them to stay ahead of competitors and to maintain their monopoly
position [40].
A variety of telemanipulation systems for laparoscopy can be found in
literature. Notable examples of advanced research prototypes in this category
include the MiroSurge (Medtronic/DLR) [41], RAVEN-III (Applied
Dexterity) [42] and SOFIE (TU Eindhoven) [43]. To the best knowledge
of the author, no commercialization perspectives have been disclosed for the
current embodiments of these systems. They are therefore not further addressed
in this section.
In 2019, some of the key patents of Intuitive Surgical expired [40]. A
number of competitors aimed their clinical introduction at this moment, so
there are interesting dynamics ongoing in the robotic laparoscopy market.
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Among those emerging systems are the avatera (avateramedical) [44] and
revo-i (meerecompany) [45]. Both systems functionally closely resemble the
da Vinci [40]. Other competitors have designed systems with more fundamental
functional differences, when compared to the da Vinci, in particular the
Senhance (TransEnterix) [46], Versius (CMR Surgical) [47] and
Dexter (Distalmotion) [48]. These last three systems are discussed below,
after an overview of the specificities of the da Vinci.
da Vinci surgical system
Intuitive Surgical has set the standard for robotic laparoscopy with their
da Vinci surgical system. Through four generations of innovation, it has
become a mature system, with more than 4000 sold units, a user base of
more than 40 000 trained surgeon and more than 5 million completed surgeries
worldwide [39]. The latest iteration of the system, the da Vinci Xi, is displayed
in Figure 1.8. This telemanipulation system consists of a master device, the
surgeon console, and a slave device, the patient cart. The surgeon is not sterile,
but is seated at the surgeon console, which is located remotely with respect
to the patient. The patient cart carries four robotic arms, such that three
instruments can be deployed simultaneously, along with the endoscope. A scrub
nurse takes care of the set up of the arms and the instruments.
The da Vinci system is praised for a number of distinct advantages. First of
all, as can be seen in Figure 1.8, the surgeon sits in a comfortable, ergonomic
position, which reduces his/her fatigue during long interventions. He/she
benefits from highly-magnified, immersive 3D HD vision, allowing him/her to
clearly distinguish small details (Figure 1.9, left). The console replaces the
traditional laparoscopic handles with a fingertip control interface (Figure 1.9,
right) that presents an intuitive mapping between the motions of the surgeon’s
wrist and the EndoWrist laparoscopic instruments (Figure 1.10, left). This
interface eliminates the fulcrum effect for the surgeon. There is a broad choice
of EndoWrist instruments, all providing increased dexterity thanks to the
two DoFs in the distal wrist (Figure 1.10, right). Additionally, the motion
scaling and tremor filtration features of the robotic system endow the surgeon
with enhanced micromanipulation capabilities and stability. Together, these
elements contribute to a shorter learning curve for robotic as opposed to
traditional laparoscopy, which has proven to be especially beneficial in radical
prostatectomy [20].
The above-mentioned advantages do come at a price. An investment ranging
between $1 million and $2.5 million is required for purchasing a da Vinci
surgical system. Yearly maintenance costs lie between $100 000 and $200 000
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Figure 1.8: The da Vinci Xi surgical system with the patient cart (left) and
the surgeon console (right) © Intuitive Surgical (Sunnyvale, USA).

Figure 1.9: The da Vinci highly-magnified, immersive 3D HD vision (left) and
fingertip control interface (right) © Intuitive Surgical (Sunnyvale, USA).

Figure 1.10: The da Vinci EndoWrist instruments for intuitive motion
inspired by the human hand (left) and exemplary instrument modalities (right)
© Intuitive Surgical (Sunnyvale, USA).
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and each procedure consumes $2500 in disposables [49, 50, 20]. Due to these high
costs, substantially better clinical outcomes than with conventional laparoscopy
are required for the da Vinci system to be cost-effective. However, in a
systematic review of the first 30 years of robotic surgery, focused on the da Vinci,
Tan et al. conclude that the outcomes with surgical robots have not yet exceeded
those of conventional laparoscopy, despite the added features [51]. Tan et al.
found that, compared to open surgery, robotic laparoscopy offers the same
benefits as conventional laparoscopy: reduced hospitalization length and overall
complication rate. When comparing conventional and robotic laparoscopy, the
robotic alternative showed slightly better outcomes in terms of blood loss and
transfusion rates, but these results lacked statistical robustness. So far, robotic
surgery has been unable to achieve reduced hospital stay or complication rates,
compared to conventional MIS, while it prolongs operation times. Thus, even
though the technical ingenuity of the da Vinci surgical system is indisputable,
its cost-effectiveness remains to be demonstrated.
The da Vinci system has an intrusive impact on the surgical procedure,
the routines of the surgical team and the technique of the surgeon [15, 52,
53, 33], as shortly summarized hereunder. The most dramatic impact is the
introduced distance, eliminating the physical contact between surgeon and
patient [54]. The surgeon is cut off from the situation around the patient due
to the telemanipulation approach and only receives limited visual feedback.
Haptic feedback is absent in the fingertip controls. These elements limit the
situational awareness of the surgeon. This is further amplified by the closed
nature of the surgeon console, which obstructs communication within the OR.
Additionally, the surgeon is not sterile and thus unable to physically intervene
in emergency situations. Another big difference as compared to the surgeon’s
habitual practices is the nature of the instruments. To control the wristed
instruments, the surgeon needs to adopt a specific skill set, which differs from
the familiar laparoscope handles. This leads to the need for specialized robot
surgeons, who benefit from the shorter learning curve with robotic laparoscopy
systems. The surgeon is dependent on the expensive, proprietary instruments
offered by Intuitive Surgical, which have to be replaced after 10 uses. Despite
the broad catalogue, not all types of instruments are available and instruments
smaller than 8 mm do not exist for the da Vinci. Also, changing instruments
intraoperatively is cumbersome. A final big impact comes from the large and
unwieldy nature of the system. It requires additional set-up time, averaging to
32 minutes [55]. This is unattractive for a time-pressed OR. The large footprint
of the single, four-armed patient consumes a lot of valuable space around the
patient. The reach of the arms is finite, resulting in sacrificed versatility and
potential suboptimal port placement. It is clear from this discussion that every
approach to robotic surgery comes with compromises, which leaves space for
alternative concepts and paradigms.
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Emerging robotic systems for laparoscopy
Three da Vinci competitors that are expected to hit the market in the near
future are discussed here: Senhance, Versius and Dexter. All three systems,
which are shown in Figure 1.11–1.13, are telemanipulation systems, but critically
different design decisions were made in an effort to overcome the comprises that
are present in the da Vinci system. The discussion highlights the different
viewpoints. For the reader’s convenience, Table 1.3 summarizes all concepts in
comparison to conventional laparoscopy.
Senhance The Senhance surgical system is a robotic telemanipulation
system that aims at harmonizing the precision of robotics with a foundation
of laparoscopic standards (Figure 1.11) [46]. It maximizes transferability of
laparoscopic skill by using familiar laparoscopic handles in the interface. This
minimizes the learning curve, as the surgeon can build upon his/her preexisting
laparoscopic skill. With this interface, the articulated instrument wrists have
to be sacrificed, a feature the da Vinci is praised for. However, without
the wrists, the instruments are considerably more durable, less expensive and
easier to sterilize. Instrument diameters have been reduced to just 3 mm.
It also becomes easier to fabricate the various instrument types presently
used in laparoscopy. The open platform architecture allows integration with
existing OR technologies. Additionally, the simpler instrument design enabled
effective and safe integration of haptic feedback in the instrument handles. The
availability of information on the instrument contact forces fostered the choice
for a programmable fulcrum position, serving as a dynamic virtual pivot point
that helps minimizing incision trauma and body wall forces. On top of these
advantages, which are characteristic for the system’s foundation in laparoscopic
standards, there are also a number of more general advantages, including the
open and ergonomic surgeon console, the 3D HD vision, the (claimed) costeffectiveness and the (claimed) quick set-up times. Each instrument arm is
mounted on a separate cart, such that the footprint can be optimized and
versatility improved. However, these carts are still bulky and cumbersome, and
require good planning.
Versius The Versius surgical robotic system made versatility its primary
focus (Figure 1.12) [47]. Visual comparison of the Versius with the other
telemanipulation systems quickly reveals this aspect. It consists of multiple,
modular arms, placed on compact carts with a footprint of just 38 × 38 cm.
The arms are portable and can be easily moved in and out of the OR. There
is no need for specific robot ORs. The robot arms have an anthropomorphic
design, offering the same dexterity as the human arm, but extended with 5.8 mm
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Figure 1.11: The Senhance surgical system © TransEnterix (Morrisville,
USA).

Figure 1.12: The Versius surgical robotic system © CMR Surgical
(Cambridge, UK).

Figure 1.13: Dexter © Distalmotion (Lausanne, Switzerland).
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wristed instruments. Null-space motion control allows the scrub nurses to move
the arm aside in a collaborative way, for intraoperative access to the patient.
The adaptability of the system enhances the freedom of port placement across
all four surgical quadrants. The surgeon console has an open design, can be
used in sitting mode or standing mode, and offers 3D HD visualization. As
with the Senhance, it is claimed that the Versius is cost-effective and can be
set up as quickly as normal laparoscopy. To eliminate the prohibitive capital
outlay, a managed service financial model is offered, with a fixed yearly cost.
Dexter Dexter is a telemanipulation system that paradoxally aims to reduce
the distance between surgeon and patient (Figure 1.13) [48]. The system
consists of a very open and ergonomic surgeon console that is to be placed
right next to the surgical table. As opposed to other platforms, with Dexter
the surgeon is sterile. The system is optimized such that the surgeon can
switch from robotic surgery to conventional laparoscopy in less than 20 seconds.
The rationale behind this approach is that robotics is mainly beneficial for
long and complex surgical tasks, such as suturing and dissection. Here, the
increased dexterity of Dexter’s 8 mm wristed instruments can be fully exploited.
During other tasks, the introduced distance of a telemanipulation system is
undesirable, as these tasks can be more efficiently performed with clinically
proven, standard laparoscopic instruments. With Dexter, the company aims
to provide comprehensive access to the patient, to facilitate quick set up, and
to maintain most of the laparoscopic workflow and versatility, in an effort to
enhance laparoscopy, rather than to replace it by robotics. To manage costs,
only two robotic arms are provided and a non-proprietary imaging system can
be used in combination with Dexter. Additionally, the robot is offered for
rent in a pay-per-use model to break the cost barriers.

1.3.3

Conclusions

The current state of commercial robotic surgery systems reveals a number of
interesting trends. First of all, in orthopaedic surgery and neurosurgery, two
disciplines that progressed furthest down the roadmap towards full automation,
telemanipulation does not exist. For instance, according to [28], all robotic
systems adhering to the telemanipulation paradigm failed to persevere in
neurosurgery, while comanipulation and supervised autonomy systems continue
to be successfully deployed. When given the choice, it appears that surgeons are
not eager to watch from a distance how a robot performs autonomous actions on
a patient. Surgeons prefer to be in close vicinity to the patient, such that they
can grasp the clinical situation in its unmodulated totality, ready to intervene
from up close, whenever necessary.
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Absent

Laparoscopy
Closed console

da Vinci

Open console

Senhance

Open console

Versius

Fingertip
control

Open console

Dexter

Table 1.3: Comparison of conventional laparoscopy with commercial telemanipulation systems.
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Fingertip
control

8 mm

Laparoscopic
handles

Yes

Fingertip
control

5.8 mm

No

Laparoscopic
handles

Yes

Yes

Interface type

No

Yes

Sitting

Yes

Intermittent

Sitting

No

Yes

Yes

Sitting

Yes

Yes

Limited by
trocar friction

No

Interface ergonomics

No

Yes

No

Non-proprietary

No

Yes

No

Sitting or
standing

Limited by
trocar friction

Yes

No

Awkward
postures

Articulated instruments

No

No

Proprietary
3D HD

Haptic feedback

Fulcrum effect

No

Moderate

Proprietary
3D HD

Tremor filtration

Yes

Small

Moderate
versatility

Proprietary
3D HD

Motion scaling

Yes

Large

High
versatility

Claimed

Non-proprietary

Patient contact

Large

Limited by
cart size

Claimed

Claimed

Vision system

Surgeon sterility

Absent

Limited by
single cart

Claimed

Claimed

8 mm

System footprint

Maximum
versatility

No

Claimed

< 3 mm

Versatility

Yes

No

3 mm (excl.
endoscope)

Fast & easy set up

Yes

Minimum instrument
diameter

Cost-effectiveness
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Another trend in current commercial systems is the dominance of the
telemanipulation paradigm in robotic laparoscopy, which was pioneered by
the da Vinci surgical system. From a technical perspective, telemanipulation
has proven to be a convenient approach to separate concerns: the optimization
of the ergonomics and dexterity of the surgeon can be decoupled from the
constraints present at the patient-side. However, from the perspective of the
surgeon, this technical solution comes at an important cost: distance disrupts
the surgeon-patient relation [56, 52]. The implications are ample. The surgeon
loses physical contact with the patient, sacrifices direct haptic feedback, feels
less in control, is unable to take quick action in case of emergency, and is
only remotely involved in the patient preparation procedure. Even though the
telemanipulation cockpits strive to virtually immerse the surgeon in the patient,
in practice he/she is very detached. The virtual immersion, through a narrow
viewport, reduces the interventional situational awareness, as can be witnessed
from testimonials of obfuscated OR communication [57], or understood from the
equivalent real-life situation where a person with a virtual reality (VR) headset
walks into a physical wall. Instrument clashes and increased prevalence of trocar
site herniation with robotics could be attributed to the reduced situational
awareness [58, 59, 60, 61]. If a surgeon were offered the interventional capabilities
of the da Vinci system, but without the distance, he/she would most likely
accept that offer [52].
A clear trend in robotic laparoscopy can be seen among the emerging systems.
These systems recognize that telemanipulation systems intrude into the surgical
practices and workflow. In laparoscopy, this can be observed from the fact
that robotics prolong operation time, while they are supposed to facilitate
otherwise difficult operative tasks [51]. A common explanation for the longer
surgeries is that surgical robots introduce a multitude of preparatory steps,
which disturb established practices and workflows. The emerging systems
try to overcome these disturbances by adding incremental improvements to
the telemanipulation approach that was established by the da Vinci system.
Collectively, these incremental improvements bring robotic laparoscopy closer
and closer to conventional laparoscopy, while preserving the telemanipulation
paradigm. The Senhance moves closer to normal manual practice, because
it copies the instruments, instrument interface, haptic feedback and required
skill set from laparoscopy into a telemanipulation system. The Versius focuses
on telemanipulation with a small footprint and high versatility, two features
inherently present in conventional laparoscopy. Dexter pursues to have a sterile
surgeon in close vicinity to the patient, in such a way that he/she can efficiently
do certain laparoscopic steps manually, but also retains the telemanipulation
paradigm.
If the emerging companies were sufficiently convinced of their improvements over
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the da Vinci to build a business on top of them, it could be hypothesized that the
collective contributions add up to an even better system. Strikingly, the result
would look very much like traditional laparoscopy, but with better ergonomics
and motion quality in exchange for considerable intrusiveness, manifesting as
increased distance, longer operation time, disturbed workflow and practices,
and high cost barriers with yet unproven cost-effectiveness. One can wonder if
the gains in telemanipulation outweigh the losses and if there are no simpler
solutions, with similar gains, that can for instance be inspired by the principles
used in orthopaedic surgery and neurosurgery.

1.4

Motivation and research objectives

According to Aristotle, synergy exists when “the whole is greater than the
sum of its parts”. Davies applied this concept to robotic surgery, defining a
synergistic robotic surgery system as a system in which “the surgeon’s skills
and judgement are combined with the robot’s constraint capabilities to form
a partnership that enhances the performance of the robot acting alone” [17].
While Davies’ definition is meant to denote a specific category of surgical
robots, this dissertation proposes to reinterpret this definition, making synergy
a characteristic that should be pursued in all robotic surgery systems. To
understand this, two concepts from Davies’ definition require further explanation:
the constraint capabilities of the robot and the partnership between the robot
and the surgeon.
First of all, the notion that the robot has constraint capabilities indicates that
the robot’s contribution to the partnership can be increased by increasing its
capabilities. These capabilities can be expanded by adding more cognitive
skills on top of the manipulation skills that the robot intrinsically possesses.
Thus, a robot designed for a higher level of autonomy contributes more to the
synergistic relationship that it maintains with the surgeon than a robot under
direct control of the surgeon.
Secondly, to reach a partnership that is beneficial for both partners, it is
necessary that the presence of neither partner is costly to the other partner.
Robotics, and especially autonomy in robotics, typically builds upon structured
environments and knowledge. In surgery, introducing additional conditions and
steps to structure or prepare the environment and to collect knowledge on the
patient, for the sake of increasing the autonomy of the robot, is very costly
in terms of surgeon effort and frustration. Such intrusive requirements should
be avoided in robotic surgery systems, as they have an adverse effect on the
synergy between the robot and the surgeon, hampering clinical adoption.
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From these insights, it can be stated that synergy can be optimized by
maximizing the autonomy of a robotic system, while ensuring that its
intrusiveness towards the surgeon’s established workflow and practices is kept
to a minimum. As such, perfect synergy is obtained when a fully autonomous
robotic system can simply be instructed to perform a certain intervention by
a doctor who can focus his/her attention on the challenges at diagnostic level.
Conversely, a fully autonomous system that requires the surgeon to carry out a
prohibitive amount of patient-specific preparatory steps lacks synergy. Equally,
synergy is absent in conventional laparoscopy, as this does not rely on any
capabilities of a robot.
Figure 1.14 shows the two-dimensional spectrum of synergistic robotic surgery
that is proposed in this dissertation. The horizontal axis represents the
robot capabilities, coinciding with the six levels of autonomy from [25]. The
vertical axis indicates the intrusiveness of the robotic system, reflecting the
cost of the system in terms of surgeon effort and frustration. A number
of example systems have been assigned a position in the synergy spectrum.
Present systems for orthopaedic surgery and neurosurgery research have been
ranked higher in the synergy spectrum than systems for laparoscopy. This
is partly due to the more structured, bony environment in orthopaedics and
neurosurgery, which inherently enables higher autonomy levels. However, this
is also due to the employed surgeon-robot interaction: the main intrusive
elements stem from the planning and registration steps, which can in part even
be prepared preoperatively. In laparoscopic surgery, the intrusiveness of the
robotic systems is considerably larger, due to the earlier mentioned impact on
operation time, surgeon-patient distance, workflow, practices and costs. While
the emerging da Vinci competitors are bringing incremental improvements to
synergy, this dissertation aims to abandon the dominating telemanipulation
paradigm and to revisit robotic laparoscopy from the perspective of minimized
intrusiveness. As can be seen from the figure, the research objectives strive to
level manual and robotic laparoscopy in terms of intrusiveness.
In pursuit of minimally intrusive robotic laparoscopy, this dissertation focuses
on the following main objectives:
1. Determination of design guidelines for synergistic robotic laparoscopy
systems. A number of important design guidelines that facilitate achieving
synergy in robotic laparoscopy will be defined. These elements will be
integrated into a practical and modular synergistic control framework,
to replace telemanipulation in robotic laparoscopy. This framework
centralizes comanipulation, of which the inherently low intrusiveness
is exploited through a number of key design decisions. For specific tasks,
it can be augmented with supervised autonomy functionalities. With such
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system, it is possible to enhance dexterity, ergonomics and motion quality,
as compared to manual laparoscopy.
2. Development of advanced algorithms for enabling synergistic usage of the
fulcrum point in robotic laparoscopy. The incision point or fulcrum point
is generally considered as a constraining obstacle in laparoscopy. It will be
demonstrated that, given the right algorithms, it is possible to turn this
point into an asset that is valuable to improve measurement accuracy and
precision, as well as haptic controller stability. The developed algorithms
are essential to tackle the challenges that come forth from the desire to
achieve minimal intrusiveness in robotic laparoscopy.
3. Demonstration of synergistic robot assistance for contactless surgery.
The added value of synergistic robot assistance will be demonstrated
for contactless laser surgery. Minimally intrusive robot perception will
be guaranteed by embedding all required sensors in the laparoscopic
instruments, thus eliminating an intraoperative registration procedure.
Building upon the guidelines for synergy, the control aspects will be
elaborated and the feasibility of the approach will finally be verified in a
set of user experiments.
4. Demonstration of synergistic endoscope guidance. The added value of
synergistic robot assistance will be demonstrated for endoscope guidance.
Minimally intrusive robot perception will be guaranteed by exploiting
readily available camera images, thus eliminating the need for extra sensory
equipment. Building upon the guidelines for synergy, the control aspects
will be elaborated and the feasibility of the approach will finally be verified
in a set of user experiments.

1.5

Dissertation outline

Figure 1.15 presents the control framework for synergistic robotic laparoscopy
that is proposed and elaborated in this dissertation. This framework also
visualizes the organization of the chapters. Relating to this chapter overview,
this dissertation is outlined as follows:
Chapter 2 clarifies the general vision of this dissertation on synergistic robotic
laparoscopy and determines a number of design guidelines that facilitate
synergy in robotic laparoscopy. It approaches robotic laparoscopy as a classical
robot control problem, consisting of perception, control, robot, end effector
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Figure 1.14: The two-dimensional spectrum of synergistic robotic surgery. The
horizontal axis points towards increased robot capabilities, coinciding with the
six levels of autonomy, and the vertical axis towards reduced intrusiveness.
Within this synergy spectrum, the positions of some systems for orthopaedic
surgery and neurosurgery are indicated in green and for laparoscopic surgery
in orange. It must be noted that the positions assigned to these systems are
relative and qualitative, rather than quantitative, and that the positions of
the emerging systems are largely based on claims. The research objectives of
this dissertation aim to lift the intrusiveness of laparoscopic robotic surgery
towards the level of manual MIS, which is marked in blue, and to extent the
robot capabilities for specific laparoscopic tasks.
and environment, as can be seen from the control framework in Figure 1.15.
The specific meaning of these elements in the context of synergistic robotic
laparoscopy is detailed in this chapter. With all these elements properly
implemented, this control framework ensures seamless integration of robotics
with laparoscopy. However, this practical implementation comes with a
number of technical challenges, relating to the robot control strategy and
robot perception. These challenges are studied and tackled in the following
chapters.
Chapter 3 concretizes the boundary conditions stemming from the clinical
environment for the surgical discipline of fetal therapy. Throughout this
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Figure 1.15: Control framework for synergistic robotic laparoscopy. This framework is structured as a classical robot
control problem, consisting of the components perception, control, robot, end effector and environment. It shows the
specific embodiment of these components for synergistic robotic laparoscopy. Forces and velocities are denoted by f
and v, respectively. The relation between the chapters of this dissertation is also indicated. Chapter 2 clarifies all
concepts in the framework, as well as their importance for achieving synergy. Chapter 3 discusses the employed robotic
hardware and targeted clinical environment. Chapter 4 solves robot control problems that are caused by the presence
of the fulcrum point, while accounting for minimal intrusiveness of the robot. Chapter 5 and 6 finally add synergistic
environment modelling methods to the framework, for two different clinical uses cases.
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dissertation, all developments are applied to this surgical speciality, because
its particularly demanding nature forces system designers to take into account
synergy. Therefore, in this chapter, the field of fetal therapy is situated and
the functional and technical requirements for synergistic robot assistance in
this field are described. Based on this information, robotic hardware, suitable
for fetal therapy, is selected. Finally, a virtual reality simulator that was
developed during this dissertation is presented. This simulator is used to speed
up prototyping and to validate the developments in this dissertation.
Chapter 4 focuses on challenges related to the impact of the fulcrum point on
the robot control strategy. A number of mechanical and perceptual difficulties
originate from the presence of this point in laparoscopy. Every robotic
laparoscopy system needs a strategy to deal with these difficulties, but these
strategies are often an important source of intrusiveness. Therefore, a strategy is
introduced that minimizes this intrusiveness by measuring the fulcrum location
based on proprioceptive data, as is shown in Figure 1.15. Additionally, it is
shown that knowledge of the fulcrum position can also be leveraged for both
improved instrument tip position measurements and more stable haptic control.
Chapter 5 deals with robot perception challenges for the clinical use case
of contactless surgery, which is further elaborated for a specific fetal laser
intervention. To realize robot assistance for this intervention, this chapter
integrates the contributions of the previous chapters and adds a synergistic
method for local and dynamic reconstruction of the environment, based
on endoscope-embedded sensors. Using the resulting environment model,
synergistic robot assistance is proposed that helps to achieve better distance
management in contactless surgery, as is demonstrated in a series of experiments.
Chapter 6 deals with robot perception challenges for the clinical use case of
endoscope guidance. Like Chapter 5, it starts from the contributions of the
earlier chapters. It then complements these contributions with a synergistic
method for tracking laparoscopic instruments in the endoscopic view. This
yields an instrument model that serves as an input for a synergistic endoscope
guidance strategy, which involves both a supervised autonomy mode and a
comanipulation mode. In an experimental campaign, the feasibility of such
endoscope guidance is verified, using hardware that is suitable for fetal therapy.
Chapter 7 concludes this dissertation with the general conclusions and
directions for future work.

Chapter 2

Designing for Synergy in
Robotic Laparoscopy
This chapter discusses design considerations to optimize synergy in robotic
laparoscopy. Rather than trying to spend a lot of effort to smoothen deployment
of an intrinsically intrusive robotic technology in the OR, this dissertation
advocates to design robotic laparoscopy systems by taking conventional
laparoscopy as a starting point and by looking for robotic technology that is
maximally compatible. Thus, the robot should be designed to naturally augment
the capabilities of the surgeon, both in terms of instrument manipulation and
perception. For instrument manipulation, a number of design decisions are
presented that envision robot assistance where the surgeon is only aware of the
assistance and not of the robot. For perception, the focus is on automating
the collection of quantitative data to extend the surgeon’s qualitative data
processing capabilities.
Important elements from the control framework for synergistic robotic
laparoscopy (see Figure 1.15) are clarified in the current chapter. These include
the different categories of comanipulation, the concept of backdrivability, the
notion of the fulcrum point and the two types of perception. Available literature
on these aspects is reviewed, after which technological solutions are selected
that maximize synergy. The subsequent chapters then zoom in on technical
challenges and trade-offs that arise from the synergy-focused design.
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2.1

DESIGNING FOR SYNERGY IN ROBOTIC LAPAROSCOPY

Comanipulation

The introduction of this dissertation pointed out that the three major problems
for the surgeon in conventional laparoscopy are sensory deficiency, impeded
manipulability and unfavourable ergonomics. So far, robotic surgery has aimed
to conveniently counter these problems by separating the interface of the surgeon
from the constraints present at the surgical table, through telemanipulation
systems. However, this intrusive solution comes with negative side-effects that
were absent in conventional laparoscopy (see Table 1.3). Comanipulation
provides an alternative solution to the three major drawbacks and can
be designed to faithfully retain the advantages of conventional laparoscopy.
Moreover, it was argued in Chapter 1 that comanipulation is also compatible
with the autonomy levels 1–3 from Figure 1.5. For these reasons, comanipulation
has great potential for seamless integration of robotics and laparoscopy.
In a comanipulation system, an operator (surgeon) collaborates with a robotic
system through direct contact. Their combined efforts determine the kinematic
and dynamic behaviour of the end effector that they are controlling. In a
surgical setting, this end effector is (the tip of) the surgical instrument. Possibly,
this instrument is in contact with the body wall at the level of the incision
point and with the anatomical structures inside the clinical environment. The
operator and the robotic system can be coupled in different ways. Morel et al.
proposed a classification of comanipulation systems based on the nature of this
coupling: parallel comanipulation, serial comanipulation and exoskeletons [52].
These three types are depicted in Figure 2.1 and elaborated in the following.

(a) Parallel comanipulation

(b) Serial comanipulation

(c) Exoskeleton

Figure 2.1: Three comanipulation paradigms [52].
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Parallel comanipulation

A parallel comanipulator can be defined as “a system capable of exerting forces
on an instrument in addition to those produced by the operator. The instrument
is thus a solid whose proximal part is connected to two parallel kinematic chains
(the arm of the operator and the robot), the distal part being in contact with
the environment” [52]. With this type of coupling, the surgeon and the robot
communicate haptically, i.e., through their mechanical impedance/admittance.
The forces of the robot and the surgeon are added to produce instrument motion.
Morel et al. identify three different modes for this type of interaction, which
are denoted in this dissertation as the free mode, guidance mode and haptic
augmentation mode. These three modes are explained next.
Free mode
During a surgical intervention that is not fully autonomous, the surgeon interacts
with his/her instruments on a continuous or intermittent basis. At these
moments, the surgeon is ideally unaware of the presence of the comanipulation
device. He/she should be able to move freely, without being disturbed by the
dynamics of the device. The device should be able to display the low impedances
of free space transparently, unless there are good reasons suggesting otherwise.
Transparency is measured as the similarity between the desired impedance and
the actual impedance felt by the operator. Therefore, good transparency can
be obtained by programming and/or designing the comanipulation device not
to exhibit any perceivable stiffness, Coulomb friction, viscous friction, inertia or
weight. Additionally, for the surgeon to feel free, a large workspace is required
for the comanipulator.
From a clinical perspective, the free mode has a number of relevant use cases.
With lower levels of autonomy, the most important use case is the execution of
unprogrammed actions by the surgeon. During phases when the robot lacks the
knowledge to support the surgeon, the surgeon should be able to handle his/her
instruments without hindrance from the comanipulator. Transparency can also
be used to familiarize the surgeon with the presence of a robot [62]. Furthermore,
telemanipulation systems like the MiroSurge, Senhance and Versius aim to
increase their synergy level by offering a free comanipulation mode to facilitate
the set up of the arms and/or to reconfigure the redundant robot DoFs to free
up workspace around the table [41]. Also, robotic endoscope holders such as
ViKY (Endocontrol) can fall back to a free comanipulation mode in phases
when other input modalities, such as voice control, are too complicated or
limited [63]. In systems that feature a higher degree of autonomy, transparent
comanipulation may also be valuable. For instance, with the ROBODOC, the
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predecessor of the TSolution One, the surgeon can conveniently guide the
robot arm to a safe initial position [26]. The free mode can also be used to
provide inputs for autonomous robot actions. For instance, in [64], the surgeon
demonstrates the robot where to start and end an autonomous skin harvesting
task. Such learning by demonstration was taken further in [65], where an
iterative procedure to define and edit virtual guides for comanipulated robot
assistance was developed.
In some clinical situations, the free mode does not target perfect transparency.
A deliberate transparency deficit that offers certain advantages is then created.
An obvious example is gravity compensation for heavy instruments. The
comanipulator can be controlled such that it compensates the weight of both
itself and the surgical instrument. For the surgeon, this type of assistance
reduces fatigue and improves ergonomics. A deliberate transparency deficit can
also be applied to enhance precision during micromanipulations. This property
has for instance been employed in comanipulation systems for retinal surgery,
with the Steady Hand eye robot from Johns Hopkins University that
separates unintentional high-frequency tremor from intentional low-frequency
input [66, 67] and with the eye surgery robot from KU Leuven that enhances
precision by adding controlled virtual and physical damping [68]. This type of
parallel comanipulation is not considered as guidance, because the net force it
produces will always be aligned with the intentional motions of the surgeon.
Guidance mode
In guidance mode, a comanipulation system applies forces to the instrument
that resist and/or redirect the motions of the surgeon. The guidance mode has
a directional preference: it acts transparently in some directions and provides
resistance in others. With this type of directional guidance, the surgeon still
has continuous control and responsibility over the instrument motions. This is
autonomy level 1: robot assistance. The guidance mode can be realized with
either mechanical instrument guides or with virtual programmed forces.
Comanipulation approaches that make use of mechanical instrument guides,
which can be considered as advanced bushings or bearings, use a robotic device
to manipulate the guide into a desired, preprogrammed pose. Next, the robot
is locked in position, limiting the instrument DoFs to those allowed by the
mechanical guide. The surgeon can control the instrument within the directional
constraints imposed by the guide. The main requirements for the robot are that
can be stiffly locked in a given pose and that it is highly accurate. Although
the mechanical, passive nature of this type of comanipulation warrants safety,
it also reduces flexibility. Therefore, this type of comanipulation is primarily

COMANIPULATION

37

successful in rigid, static environments where the desired instrument path can
be considered predetermined and fixed. For instance, in orthopaedics it is used
for accurate positioning of cutting jigs [31] and in neurosurgery for fixing needle
paths [28].
Guidance based on virtual forces offers more flexibility than its mechanical
counterpart, due to its programmatic nature. In literature, this type of guidance
is referred to as active constraints or virtual fixtures (VFs). VFs were first
defined by Rosenberg [69] as virtual sensory overlays upon a user’s perception.
Although they can generally target every human sense, they typically concern
haptic sensations. In haptics, two types of VFs are distinguished: forbidden
region virtual fixtures (FRVFs) and guidance virtual fixtures (GVFs) [70, 71].
Both types are illustrated in Figure 2.2. FRVFs generate virtual walls that
delineate regions which the instrument is not allowed to enter. As long as the
instrument is not in contact with these virtual walls, no guidance is perceived by
the operator, but as soon as the instrument contacts the virtual wall, resistive
forces shield the forbidden region. In clinical situations, this type of guidance is
commonly used to protect delicate anatomical structures [72], but can also be
applied to simplify procedures, e.g., by controlling the distance to an organ [73]
or by creating a virtual contact surface that provides haptic feedback during
complex geometric tasks [74, 75]. While FRVFs are characterized by a threedimensional zone where the comanipulator acts transparently, GVFs reduce this
free zone to a surface, curve or point. Because of the lower dimensionality of the
free zone, GVFs offer a higher degree of assistance. As such, GVFs encourage the
surgeon to move the instrument along specific programmed directions. Surface
GVFs have been applied in ophthalmology, where the assistance helps to control
the tool position above the retinal surface [76]. Other examples include the use
of trajectory GVFs in neurosurgery [77], to accurately move a needle along a
path in the brain, and the use of point GVFs in urology, to softly hold a US
probe in a fixed position [78].
Haptic augmentation mode
Comanipulation can also be applied to augment haptic sensations of tissue
interaction. This is valuable in two surgical scenarios. Firstly, the augmentation
can focus on amplification of microforces during microsurgery. This leads to
an increased situational awareness and performance of the surgeon during fine
manipulation tasks and supports his/her understanding of tissue behaviour.
Miniature force sensors based on fiber Bragg gratings (FBG) for retinal
microsurgery have been developed in [79] and integrated with a robotic
comanipulation system in [80]. Secondly, the augmentation can also aim to
reject haptic disturbances, providing the surgeon with a transparent perception

38

DESIGNING FOR SYNERGY IN ROBOTIC LAPAROSCOPY

Forbidden
Region

Traversed
path
Target

Guidance
Traversed
path
Target

Figure 2.2: Virtual fixture types: forbidden region virtual fixtures (left) and
guidance virtual fixtures (right). (Figure inspired by [71].)
of the tissue interaction forces at the instrument tip. In laparoscopy, disturbance
forces arise at the incision point in de abdominal wall. To differentiate between
forces at the tool handle, incision point and instrument tip, two measurement
points are necessary. The easiest measurement point is the proximal instrument
handle, where sterility requirements can be overcome by draping. To obtain
a second measurement point, it has been proposed to integrate a force sensor
in the trocar at the incision [81], a technique that has been implemented in
the comanipulation device MC2E [82]. However, sterilization issues with force
sensors that are exposed to the sterile zone hamper the practical applicability
of methods that aim to reject haptic disturbances.

2.1.2

Serial comanipulation

Morel et al. defined a serial comanipulator as “a system that exhibits mobilities
in addition to those of the operator. The mechanism of the comanipulator is thus
connected in series with the kinematic chain that consists of the arm and hand
of the operator. This is a tool that the operator manually holds at its end called
proximal and that can produce movement of its end called distal, in interaction
with the environment” [52]. With such coupling between robot and surgeon,
not the forces, but the velocities of the surgeon and the comanipulator are
added. This type of comanipulators constitutes ungrounded, handheld devices.
Consequently, the surgeon cannot receive (kinaesthetic) haptic feedback from
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the comanipulator, but has to rely on visual feedback and his/her intuitive
understanding of the behaviour of the comanipulator.
A macro-micro relationship determines the instrument motions. At the
macrolevel, the surgeon manipulates the proximal end of the instrument, with
relatively rough and large gestures. At the microlevel, the comanipulation
functionality controls the motion of the distal end. These smaller motions
are supposedly more precise, possibly exhibiting additional dexterity. The
functionalities of the microlevel can be classified as serial microtelemanipulation
and serial microautonomy.
Serial microtelemanipulation
Serial microtelemanipulation increases the distal dexterity of the surgeon by
adding additional DoFs to the distal end of the instrument. These DoFs are
under direct control of the surgeon (autonomy level 0). Because the surgeon
controls them from a distance, typically from the instrument handle, this type
of comanipulation shares conceptual similarities with robotic telemanipulation
systems.
Many serial microtelemanipulation instruments feature articulated distal wrists
and are therefore referred to as dexterous laparoscopic instruments. These
wrists show various kinematic designs, a review of which is provided in [83]. A
distal roll DoF (rotation around the longitudinal instrument axis) is especially
beneficial for the circular motions for needle propagation during suturing and for
orienting the gripping/cutting DoF without straining the surgeon’s wrist. Distal
yaw and/or pitch DoFs (bending around the transversal instrument axes) may
be added to enable triangulation when operating under strict space constraints
and to optimize the angle of attack, e.g., for difficult sagittal sutures. Besides
the variety in the wrist types, there is also a wide variety of user interfaces.
Finger-controlled user interfaces work with knobs, wheels, buttons, joysticks,
and levers, while handle-controlled user interfaces mirror or copy the relative
handle-shaft orientation onto the tip-shaft orientation. The distal DoFs can
be either motor-driven or fully mechanical. An overview of available dexterous
instruments can be found in [84, 85]. It should be noted that traditional
laparoscopic instruments can also be considered as serial microtelemanipulation
systems, featuring a distal DoF for closing the grippers/scissors, and often a
DoF for rolling the distal tip around its axis or for adjusting the orientation of
the camera horizon.
The purpose of serial microtelemanipulation instruments is to replicate the
enhanced distal dexterity offered by telemanipulation systems in handheld
devices. They strive to achieve comparable dexterity and ergonomics, but at
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a much lower cost and without the intrusiveness and complexity. Currently,
there is no clear consensus on the best wrist layout and user interface for
dexterous laparoscopic instruments, even for the same clinical task [84]. Some
devices also suffer from a considerable learning curve. Yet, several studies
already showed improved ergonomics for specific devices in comparison to
conventional laparoscopy [86, 87]. Other studies discovered a positive impact on
suture quality when comparing dexterous instruments with conventional ones,
indicating a dexterity increase [88, 87]. A three-way study comparing sutures
between conventional instruments, dexterous instruments and the da Vinci
system observed the lowest performance with conventional instruments, while
the da Vinci only slightly outperformed the dexterous tool [89]. These results
stimulate further exploration of the potential of serial microtelemanipulation.
Serial microautonomy
Devices for serial microautonomy are smart instruments with sensory capabilities
and active distal DoFs [90]. These active DoFs are not controlled by the surgeon,
but move autonomously to meet a certain clinical objective. The autonomy is
only present locally, at the microlevel, while the surgeon is in control of the
macrolevel. As such, there is continuous supervision of the surgeon, which
categorizes serial microautonomy as autonomy level 1: robot assistance. This
assistance has the potential to reduce the cognitive load for the surgeon and
increase surgical quality and efficiency, with relatively cheap devices that have
a small footprint and are easy to integrate in surgical workflows.
Clinically, serial microautonomy has a range of distinct use cases. An important
application is motion stabilization, which is particularly valuable in microsurgery.
Ang et al. show how these devices can register their own accelerations, filter
out the components that are due to physiological hand tremor and compensate
for them with their integrated actuators [91]. Instead of immobilizing the distal
tip with respect to an environment at rest, it is also possible to synchronize
the motion of the distal tip with respect to a moving environment, such that
for the operator the environment appears virtually stationary. Such motion
compensation has for instance been applied to virtually halt the physiological
motions of the heart during intracardiac surgery [92]. Along the same lines,
motion compensation can be adopted to maintain constant interactions forces
with the beating heart, using an active tip [93]. Such interaction force control is
also relevant for contact-based imaging methods, such as US imaging [94]. Other
authors suggested to achieve force control by transmitting tactile feedback to the
operator, e.g., by squeezing his/her fingertips [95]. As a last application, distal
tip motions can also be autonomously controlled to achieve active guidance,
constraining the instrument tip within defined boundaries (cf. FRVFs) or to
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defined trajectories (cf. GVFs). This technique has proven its effectiveness in
bone-sculpting applications, where the rotating burr can be automatically slowed
down or retracted. This is implemented in the NAVIO system. Despite these
promising applications, clinical adoption of serial microautonomy is still slowed
down by challenges regarding regulatory concerns, weight, miniaturization,
sterilizability and robustness [90].

2.1.3

Exoskeletons

Exoskeletons are comanipulation systems that are grounded on their operator,
via multiple connection points. As opposed to parallel comanipulation systems,
which interact with the operator at the level of the end effector, exoskeletons
provide assistance at the level of the human joints, by adding parallel forces
and redistributing loads. Several exoskeletons have been designed in the past to
reduce surgeon fatigue and pain during long surgeries, by providing support to
the lower limbs [96, 97] and upper limbs [98, 99]. A robotic exoskeleton encasing
the surgeon’s arm has been presented in [100] in an effort to provide guidance
during precise tool positioning in orthopaedics. Except for these applications,
exoskeletons have seen very limited use in surgery. In the medical field, they
are primarily targeted at rehabilitation and are therefore not further discussed.

2.1.4

Conclusions for synergy

From the previous overview, it is clear that there are many possibilities among
comanipulation systems to augment the surgeon’s capabilities. The major
advantages of the commercial robotic telemanipulation systems for laparoscopy,
i.e., enhanced motion quality, dexterity, and ergonomics, have counterparts in
comanipulation systems. Motion quality, i.e., precision and smoothness, can be
improved with adequate damping from parallel comanipulators, potentially in
combination with serial microautonomy. Dexterity from wristed instruments
can be achieved with serial microtelemanipulation systems. Ergonomics benefit
from gravity compensation, which can be enabled by parallel comanipulation.
Furthermore, careful design of the control interface of dexterous instruments
allows for posture optimization.
Besides offering viable alternatives for the robot capabilities in telemanipulation
systems, comanipulation also offers a reduced intrusiveness and hence could
increase synergy when compared to telemanipulation. Comanipulation allows
the surgeon to remain in close vicinity to the patient, with the robot functioning
as a physical extension of his/her arm. The surgeon needs to be sterile
when interacting with a comanipulation system, but this allows him/her to
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immediately act in emergency situations. The situational awareness of the
surgeon is equivalent to conventional laparoscopy and can potentially even
be increased through haptic augmentation. The elimination of the master
console considerably simplifies the system and the control algorithms, and
reduces the financial barriers. Moreover, because of the safety-promoting
immediacy of comanipulation approaches, it can be hypothesized that the
surgeon is more likely to accept robot assistance at higher autonomy levels, which
he/she can easily override when judged necessary. Still, seamless integration of
comanipulation into the surgical workflow and practices requires a number of
additional design decisions that are elaborated in the subsequent sections.

2.2

Backdrivability

In a surgical setting, a parallel comanipulator exchanges mechanical energy with
the surgeon (and the environment) through dynamic interaction. By definition,
an energy exchange is bidirectional, meaning that energy can flow towards and
from the surgeon. The surgeon can only control the forces and motions in the
outgoing energy flow of the haptic interaction provided that the manipulator is
backdrivable. It is thus thanks to backdrivability that comanipulation has an
intrinsic safety connotation in surgery. Backdrivability is typically referred to as
a property of a mechanism: mechanical backdrivability. However, backdrivability
can also be achieved at system level, through feedback control with a force
sensor at the end effector: instrumented backdrivability [101]. The mechanical
and control aspects of backdrivability are clarified below, together with the
implications for synergistic robotic surgery.

2.2.1

Backdrivable and non-backdrivable mechanisms

A mechanism is said to be backdrivable when “a force applied at the end effector
will be reflected onto the actuator” [101]. Conversely, in a non-backdrivable
mechanism, a force applied to the end effector is balanced by friction forces
in the transmissions (and the bearings) and not reflected onto the actuator.
Therefore, a non-backdrivable mechanism cannot be put in motion by applying
a force at the end effector.
In mechanism design, the main considerations for backdrivability are the choice
of the transmission reduction ratio and the transmission mechanism. The higher
the reduction ratio (i.e., velocity reduction), the more friction forces are amplified
towards the end effector and the harder it becomes to drive the mechanism in
reverse. In an ideal backdrivable mechanism, the reduction ratio is 1:1, but
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in such direct-drive configurations, often actuators cannot produce sufficient
force, at the level of the end effector. Consequently, careful selection of an
efficient transmission mechanism with minimal friction is crucial for mechanical
backdrivability. For example, transmissions with worm drives (Figure 2.3.a)
are unsuitable for mechanical backdrivability, while transmissions with capstan
drives (Figure 2.3.b) show good mechanical backdrivability for reduction ratios
up to 30:1 [101].
As backdrivability is necessary for collaborative, haptic interaction between
a robotic manipulator and a surgeon, backdrivable mechanisms are especially
suitable for such manipulators. A backdrivable mechanism shows an impedance
that is comparable to the natural impedance of the operator and provides the
compliance needed to adapt to differences between the real environment and
the modelled environment. Moreover, such mechanism conveys forces from
the environment to the surgeon, thus increasing his/her situational awareness.
These properties can also be achieved with systems that use non-backdrivable
mechanisms, but only if they are instrumented with one or several force
sensors to measure the interaction with the environment. Such instrumented
backdrivability asks for a different control approach compared to a system
featuring mechanical backdrivability. In the following, these different control
approaches are explained.

Output

Output

Drum
Cable
Worm
wheel

Preload
mechanism

Input

Pulley
Worm

(a) Worm drive mechanism

Input

(b) Capstan drive mechanism

Figure 2.3: Example transmissions for (a) a non-backdrivable mechanism and
(b) a backdrivable mechanism. (Figure inspired by [102].)
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Admittance and impedance control

The two most important modes of haptic interaction in parallel comanipulation
are the free mode and the guidance mode (Section 2.1.1). In free mode, the main
control objective is to deliver manipulator transparency for low impedances,
while in guidance mode, the main control objective is to render VFs with a
specific stiffness. For those objectives, two reciprocal control approaches are
available: admittance control and impedance control. They are compatible with
systems featuring instrumented and mechanical backdrivability, respectively.
As is elaborated below, the stability and performance characteristics of these
control schemes are complementary [103]. This is qualitatively illustrated in
Figure 2.4.
Admittance-controlled manipulators
Admittance control relies on instrumented backdrivability, which is compatible
with both backdrivable and non-backdrivable mechanisms. The controller
simulates a mechanical admittance that receives the force f that the environment
or operator exerts on the manipulator, measured by a force sensor, and sends a
velocity v (or position):

Performance & stability

v = Y f,

(2.1)

Admittance control
(instrumented backdrivability)

Impedance control
(mechanical backdrivability)
Free manipulator
Low impedance

Manipulator
impedance

Blocked manipulator
High impedance

Figure 2.4: Qualitative representation of the complementary characteristics
of admittance control and impedance control for haptic interaction between a
manipulator and an operator. (Figure inspired by [103].)
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where the admittance Y is the gain of the controller. The control scheme
is shown in Figure 2.5.a. Admittance controllers are most suitable to render
a blocked manipulator, as this corresponds to a zero controller gain. This is
especially true for non-backdrivable mechanisms that intrinsically reject all
external disturbance forces. Conversely, simulating free motion requires high
gains and is prone to instability.
To optimally use the favourable properties of admittance control to render high
stiffnesses, it is typically implemented in combination with a non-backdrivable
mechanism. The mechanical stiffness of the manipulator is then optimized
to achieve good accuracy. This avoids that the fundamental capacity of the
controller to render high stiffnesses is degraded by a limited mechanical stiffness.
However, this comes with compromises in terms of workspace, size and inertia.
For clinical applications, admittance-controlled manipulators resemble industrial
robotic arms equipped with a force sensor at the end effector and modified with
additional redundancy and safety features [17].
When simulating motion in free space, the dynamics of the manipulator need
to be compensated for. This is a challenging control problem, because of the
substantial inertia of the manipulator, which is further amplified by the square
of the high reduction ratio of the non-backdrivable mechanism. Moreover, the
high reduction ratio magnifies friction forces. Feedback control approaches have
been proposed to compensate for the friction forces [104], but in [105] it is
shown that feedback control alone is incapable of realizing significant inertia
reduction. Better free space feeling with admittance-controlled manipulators can
be achieved through more advanced control approaches, e.g., by feedforwarding
the modelled inverse dynamics [106] or by human motion profiling [107]. In
practice, transparently simulating low impedances remains challenging and
instability issues can be very problematic in safety-critical situations, such as
surgery.
In robotic surgery, admittance-controlled manipulators are used during
procedures that require a highly accurate guidance mode, e.g., in bone sculpting
with the ACROBOT system [74] or bone drilling with the ROSA system [28].
Admittance control is also used in free mode, provided that the motions are
slow and velocity variations are low. This is for instance the case during the
set-up phase of non-backdrivable slave robots in telemanipulation systems like
the MiroSurge, Senhance or Versius.
Impedance-controlled manipulators
Impedance control requires a mechanically backdrivable system and does not
rely on a force sensor. The controller simulates a mechanical impedance. It
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Figure 2.5: Control schemes for haptic interaction control: (a) admittance-controlled devices are used with virtual
admittances; (b) impedance-controlled manipulators are used with virtual impedances; and (c) virtual couplings
enable to combine impedance-controlled manipulators with admittance controllers, by switching the causality of the
manipulator. Forces and velocities are denoted by f and v, respectively.
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reads the velocity v (or position) of the mechanism and commands a force f ,
in open loop. The desired impedance Z represents the controller gain:
f = Zv.

(2.2)

This is illustrated in the control scheme of Figure 2.5.b. With this type of
controller, stiff behaviour is challenging to render, because of the required high
gains. In contrast, impedance control yields transparent free motion behaviour
at low controller gains, provided that the backdrivable mechanism has been
carefully designed.
The mechanical design considerations for a realistic free space feeling focus on
optimizing the mechanical backdrivability [101] and minimizing the inertia of the
linkage [108]. These criteria lie at the basis of most commercially available haptic
displays, i.e., devices for displaying haptic interaction with a virtual environment.
Nevertheless, all haptic systems still suffer from remaining friction effects and
parasitic dynamics, which limit their transparency. Researchers have tried to
further improve the free space feeling through friction compensation [109]
and through control strategies that feedforward the inverse dynamics of
the system [110] or a prediction of the human motion [111]. Additionally,
mechanically backdrivable systems could be statically balanced, using techniques
for passive gravity compensation [112] or active gravity compensation [113].
There is a risk to jeopardize stability when generating stiff guidance with
impedance controllers. As the majority of haptic displays are impedancecontrolled devices, many research efforts in this domain focus on increasing the
maximum impedance that can be rendered in a stable fashion. Recent work by
Colonnese et al. contains a rigorous discussion on stable haptic rendering [114].
Stability is often guaranteed through the effective but conservative passivity
criterion. It states that, at no point in time, the energy that is extracted from a
system can be larger than the system’s initial energy. The range of impedances
that can be passively rendered is typically referred to as the Z-width. A number
of approaches exist to extend the Z-width: control methods such as virtual
couplings or passivity observers and passivity controllers (PO/PC), or hardware
solutions such as controllable physical dampers. All strive to balance energy
leaks, that would otherwise violate passivity, up to a level that the leak is
dissipated by physical damping elements [115]. Passivity can also be ensured by
restricting the controller to dissipative elements [116]. For clinical applications,
the fact that the maximum stable stiffness is finite with impedance-controlled
manipulators is often seen as a safety feature, because it allows the user to
overpower the guidance.
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Despite the many applications of impedance-controlled manipulators in haptics,
their use in surgical scenarios has been limited. Notable exceptions are the
commercial Mako surgical system and the Surgicobot for orthopaedic
surgery [117], both of which use a mechanically backdrivable arm. The Appollo
robot exploits the finite stiffness of impedance control to guarantee a safe
compliance of the point GVFs that it generates during a US probe positioning
task. Note that also in telemanipulation, the master console requires a good free
space feeling during the relatively highly dynamic instrument manipulations.
Therefore, these consoles use mechanically backdrivable systems, but so far only
in case of the commercial Senhance system, the master robot is actuated and
impedance-controlled.
Virtual couplings
Impedance control is mainly interesting because of the mechanical backdrivability
of the associated manipulators, yielding good free space feeling, and because of
the absence of force sensors that are expensive, fragile, difficult to sterilize and
sensitive to drift and temperature fluctuations. Admittance control, on the other
hand, excels at rendering high stiffnesses. To unify these advantages, Colgate
proposed the introduction of virtual couplings [118]. Virtual couplings act as
spring-damper elements that enable a causality switch, such that impedancecontrolled devices can be coupled to an otherwise incompatible admittance
controller [119]. This causality change is illustrated in Figure 2.5.c.
Virtual couplings add a compliance between the controller and the manipulator.
From the mismatch between the desired and measured velocity (or position),
the input force of the operator can be computed, eliminating the need for a force
sensor. However, because this force corresponds to the motor force, commanded
in open loop, it does not display the parasitic manipulator dynamics that are
felt by the operator. This reduces the overall transparency. The deliberate
introduction of compliance and damping in the virtual coupling, in series with
the virtual impedance of the haptic simulation, also reduces transparency.
Virtual couplings also facilitate rendering stable, stiff behaviour. They allow
the system designer to separate the stability concerns of the admittance-type
simulation from those of the impedance-controlled manipulator [118]. The
stability analysis can be simplified, such that it suffices to show that, on the
one hand, the simulation is discrete-time passive and, on the other hand,
the virtual coupling is parametrized with a spring and a damper that can be
rendered passively. The energy dissipation by the damper in the virtual coupling
further limits unstable behaviour [120]. Besides for ensuring stability, virtual
couplings are also applied for rendering higher stiffness levels. The virtual
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coupling practically embodies an inner velocity (or position) control loop (see
Figure 2.5.c). The stiffness that can be rendered largely depends on the quality
of this underlying controller, which can be separately tuned and even run at
higher update rates, decoupled from the slower and more complex computations
at the level of the haptic simulation [103]. The combination of these elements
explains why virtual couplings are a prominent tool for controlling backdrivable
mechanisms.

2.2.3

Conclusions for synergy

Parallel comanipulation generally requires a free mode where the presence of the
haptic manipulator is not felt and a guidance mode where the haptic manipulator
provides controlled resistance. The previous discussion shows that mechanical
backdrivability allows for the best free space feeling. In laparoscopy, excellent
free space behaviour is imperative, as laparoscopy involves many small and
dynamic motions. Additionally, the surgeon wants to be able to transparently
feel the forces from the environment on his/her instruments. Consequently,
a manipulator with high inertia and friction can be expected to be perceived
as very intrusive and frustrating by the surgeon. In the previous, it was also
shown that appropriate control strategies can realize stable haptic guidance
with mechanically backdrivable manipulators. The maximum stiffness that this
guidance can offer is finite, but from the perspective of safety, it is desired that
the surgeon can overpower the guidance. This is especially true in laparoscopy,
because the deformable and potentially non-stationary nature of the environment
can cause discrepancies between the real and modelled environment, more so
than in the structured and rigid environment in neurosurgery and orthopaedic
surgery. The controller and mechanism should thus be sufficiently compliant to
accommodate when the surgeon wants to take over control.
There are also practical arguments for a mechanically backdrivable robot [101].
Mechanically backdrivable systems, and especially those that are used as haptic
displays, are typically optimized to exhibit low inertia. This leads to a small
footprint in the OR. Additionally, elimination of the need for a force sensor
reduces cost, complexity and electromagnetic susceptibility, while it facilitates
sterilizability and reliability. The mechanical backdrivability further ensures
that the system can be moved and reconfigured when it is not powered. This
is valuable during storage and set up, but also represents a safety requirement
for power breakdown. All these elements lower the intrusiveness of a robotic
system and thus favour clinical adoption. Because the mechanical stiffness of a
mechanically backdrivable mechanism is relatively low, an important challenge
with this type of system consists in obtaining high accuracy. Because of this,
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locally valid models of the environment are often more interesting than global
models, expressed in an external reference frame.

2.3

Fulcrum point and kinematic design

The small keyhole incisions in laparoscopy bring about a number of important
advantages for the patient, as was established in Chapter 1. At a mechanical
level, the incision point acts as a fulcrum that reduces the DoFs of the surgical
instrument from six to four (see Figure 1.4) and about which the instruments
describe a pivoting motion. Robotic laparoscopy systems have to take into
account the kinematic constraints arising from this point. These systems can
be classified into four categories, according to the approach they adopt for
dealing with the fulcrum: local center of motion (LCM), remote center of
motion (RCM), virtual remote center of motion (VRCM), and backdrivable,
wristed (BW) systems. These four categories are described in the following.

2.3.1

Local center of motion systems

The most straightforward way to handle the fulcrum point is by building a
mechanism that constrains the instrument to only translate along its longitudinal
axis, rotate about this axis and pivot inside a cone. The apex of the cone,
around which the mechanism is constructed, is called the (local) center of
motion. The system has to be positioned directly on the patient, such that this
center of motion coincides with the fulcrum point. It can either be connected to
supports clamped to the surgical table or connected to the patient, with straps,
sutures or adhesives. Examples of such systems include the EndoBot [62], the
MC2E [82], the LER [121], and its successor ViKY [63]. The working principle
of ViKY is sketched in Figure 2.6.a.
By necessity, these systems need to be designed small and lightweight. This
makes them easy to handle for the surgical team. Because they are placed
directly on the patient, they are easy to set up and align with the incision site.
Mechanisms that are connected to the patient are insusceptible to misalignment
problems caused by patient motion. However, the body-mountable nature of
these systems imposes stringent design constraints. The systems need to be
sterilizable, because they operate in close vicinity to the incision site. Moreover,
there are constraints on the size, weight and space occupancy, resulting in a
limited workspace.
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(a) LCM

(b) RCM

(c) VRCM

(d) BW

Figure 2.6: Different approaches to handle the fulcrum point in RMIS: (a)
a local center of motion (LCM) system, (b) a (mechanical) remote center of
motion (RCM) system, (c) a virtual remote center of motion (VRCM) system,
and (d) a backdrivable, wristed (BW) system.

2.3.2

Remote center of motion systems

A (mechanical) RCM system uses a dedicated construction that constrains the
instrument to pass through the fulcrum, just like LCM systems. However, with
RCM systems, the center of motion is remote to the system, meaning that there
are no physical joints at or around the fulcrum. RCM mechanisms typically use
parallelograms to displace the center of motion outside their mechanical structure,
an example of which is depicted in Figure 2.6.b. In fact, RCM mechanisms
are the most widely used approach for dealing with the fulcrum point. Among
the many examples, there are RCM systems used for telemanipulation, such
as the da Vinci and the RAVEN-III, and for comanipulation, such as the
ACROBOT [74] for orthopaedic surgery, and the Johns Hopkins University
and KU Leuven robots for retinal microsurgery [80, 122].
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By locating the motors and joints remotely, RCM systems are able to realize a
relatively large workspace, while keeping the space around the incision clear of
obstructions. However, the mechanisms used in RCM systems are often bulky,
occupying valuable space around the surgical bed. Because of the substantial
distance between their base and the RCM, they also introduce additional
flexibility, thus limiting the reachable stiffness. Additionally, RCM systems
require a calibration step to align the RCM with the fulcrum point. This is a
tedious procedure, that reduces the versatility of RCM systems. Misalignment,
due to improper calibration or patient motion, may lead to excessive stresses
on the body wall, potentially causing trocar site herniation [58, 59, 60, 61].
To ensure that no excessive stresses occur in case of misalignments, passive RCM
systems have been proposed. Here, the mechanism constrains the instrument
handle, which is attached to a passive wrist, to move over a spherical surface
centered around the fulcrum point. The passive wrist accommodates to any
misalignment that might be present between the fulcrum and the center of
the spherical surface. Thus, the severity of misalignment errors is reduced to
small disturbances in the instrument position control, which typically assumes a
correct alignment. Passive RCM systems have been used for robotic endoscope
holders, such as the LapMan [123] and EVOLAP [124].

2.3.3

Virtual remote center of motion systems

Robotic surgery systems that exhibit a virtual RCM do not have any particular
mechanism to constrain the instrument motion. They have excess DoFs that are
employed to replace the mechanical RCM by a programmed fulcrum constraint.
Coordinated control of the robot joints is necessary to ensure that this constraint
is respected at all times [125, 126]. Most robots in this category have an
anthropomorphic topology, owing to the high dexterity and large workspace of
this topology. Exemplary systems implementing a VRCM are the commercial
telemanipulation systems Senhance and Versius, but there are also research
works that employ a VRCM in a comanipulation context [67, 127]. The principle
of a VRCM is illustrated in Figure 2.6.c.
The main advantage of a VRCM over a mechanical RCM is the versatility: the
RCM can be (re)programmed in a flexible way. However, first the position of
the fulcrum point with respect to the robot coordinates needs to be estimated.
Dedicated alignment procedures exist for this purpose [128, 129], but these
present a cumbersome extra step in robot deployment. VRCM systems are also
not minimal in the number of required actuators for a specific motion, which
might reduce safety and complicate the certification process.
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Backdrivable, wristed systems

A final approach to dealing with the fulcrum point makes use of BW systems.
At the end of their kinematic chain, these systems typically possess a (spherical)
wrist that is mechanically backdrivable. The instrument is hinged to that wrist
and, because of the backdrivability of the wrist, it can passively pivot as to
automatically comply with the external constraint imposed by the fulcrum
point. Thus, BW systems can be interpreted as systems that incorporate
the fulcrum point as a part of their kinematics, i.e., as a linear joint inside
a spherical joint. The principle is visualized in Figure 2.6.d. As opposed to
passive RCM mechanisms, where the wrist motion is mechanically constrained
to a spherical surface, BW systems can function with any type of backdrivable
arm: it may for instance have a SCARA topology, such as in the AESOP and
ZEUS systems [130, 131], or an anthropomorphic topology, as for the Apollo
robot [78].
Compared to all other approaches, BW systems have the unique advantage that
the instrument auto-aligns with the fulcrum point, greatly facilitating simplicity
of the set-up procedure. Moreover, no needless forces will act at the fulcrum,
because the fulcrum constraint cannot be violated. As such, these approaches
are considered user friendly and safe. However, also for BW systems, knowledge
of the fulcrum point is crucial. This is because control of the instrument tip
depends on knowledge of the fulcrum position, causing inaccuracies in the latter
to impact instrument control. Consequently, BW systems require a sophisticated
method to accurately and dynamically identify the incision position.

2.3.5

Conclusions for synergy

For optimal synergy, the presence of the fulcrum point should minimally impact
the surgical practices and workflow. LCM systems are lean robotic systems that
are easy to align and set up, but they suffer from a limited workspace. In RCM
and VRCM systems, the workflow is hampered and versatility is reduced, due
to the need for a disturbing alignment procedure. Only with BW systems, the
surgeon can deal with the fulcrum constraint in a way that closely resembles
surgical practices and workflow without robot assistance.
With a BW system in a comanipulation setting, the surgeon stands next to the
patient, like he/she is used to. The backdrivability of the system allows him/her
to freely manipulate the instrument, even when the system is not powered.
The surgeon can easily switch between incision ports, retract and insert the
instrument as he/she desired and move the system aside when it is (temporarily)
not required. Time-consuming alignment procedures are avoided. Instead, the
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location of the incision point can be estimated by automated routines as soon
as the instrument is inserted [132]. These routines can run continuously to
accommodate patient motion and incision point compliance. These elements
faithfully mimic the manual, non-robotic procedure, which is expected to be
favourable for clinical translation.

2.4

Perception

For any surgical robotic system that operates as a feedback system, a prerequisite
to provide meaningful assistance to the surgeon is the availability of knowledge
on itself and on the environment. This knowledge needs to be formatted into a
model that can be understood by the robot controller, enabling the controller to
decide on the actions of the robot. The robot relies on sensors and perception
to acquire this knowledge. A distinction can be made between acquisition of
data belonging to the internal state of the robot (proprioception) or to the
environment (exteroception) [133]. Proprioception, on the one hand, is mainly
used to coordinate and optimize the motion of the mechanical structure of
the robot. Exteroception, on the other hand, can be exploited to monitor
the interaction with the environment and is essential to enhance the degree
of autonomy of the system. The specific meaning and use of both types of
perception in the context of robotic surgery are briefly discussed below, but
first the concepts of calibration and registration are explained.

2.4.1

Calibration and registration

Calibration and registration are two processes that are intrinsically connected
to sensory systems, but their specific meanings are often confused. Calibration
is a sensor-specific procedure to accurately resolve the sensor model parameters,
or the differences of these parameters with respect to the nominal sensor
model [134]. The sensor model describes the relationship between the available
data (e.g., strains, pixel coordinates, joint angles) and the quantities of interest
(e.g., forces, 3D coordinates, robot pose). Registration is the process that
determines the geometric relationship between the reference frames of different
sensors, models or systems, such that their data can be fused.
The result of a calibration process is a fixed sensor model, that might only need to
be updated upon sensor maintenance. Therefore, calibration processes generally
do not occur intraoperatively. In contrast, registration procedures often happen
intraoperatively and can be intrusive to the surgical workflow. Typically, the
surgeon needs to collect surface data or corresponding landmarks in the reference

PERCEPTION

55

frames of the entities that need to be registered, in order to create two data
sets on which a registration algorithm can be run. Registration is for instance
required when preoperative data needs to be fused with the intraoperative
reality, or when multiple measurement systems are used. For rigid structures,
the registration process is rather straightforward, e.g., in orthopaedic surgery.
However, when deformable anatomical structures are involved, as is the case
in laparoscopy, non-rigid registration techniques need to be applied, which are
more data-intensive, slower, less accurate and less reliable [135]. Sometimes, a
fixed physical connection exists between two sensors, models or systems, which
allows to determine a time-invariant geometric relationship. In such case, the
system maintainer can preregister this relationship, thus avoiding participation
of the surgeon.

2.4.2

Proprioception

Proprioceptive sensors provide information on the internal state of the robot,
more specifically on the joint positions, joint velocities or joint torques. Generally,
this information does not comprise knowledge that is related to the environment.
However, in case of (mechanically) backdrivable systems, there is an energy
exchange between the environment and the robotic manipulator. This means
that the environment can influence the internal state of the robot and thus that
knowledge on the environment can be derived from this internal state.
Using proprioception to extract data on the environment has a double advantage.
First of all, this information is readily available, as it is imperative for highperformance low-level robot control. As such, there is no need for additional
sensors that come with increased complexity, reliability issues and costs.
Secondly, using the appropriate mappings, the joint positions, joint velocities
and joint torques can be transformed from joint space to Cartesian space,
yielding pose, twist and wrench measurements. This data is automatically
expressed in the robot reference frame, which obviates the need for a registration
procedure. Unfortunately, the knowledge on the environment that can be
extracted solely based on proprioception is limited, as it does not yield any
contextual information.
Proprioception can also be used in combination with the sensory system of
the surgeon. If the surgeon uses the robot end-effector as an input device,
he/she can localize his/her observations or intentions in the robot reference
frame. This can be considered as a type of supervised perception that does not
require any additional exteroceptive sensor, while it can provide rich, updated
information to the robotic system. Learning by demonstration is an example
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of such supervised perception [64, 65]. However, this requires a high degree of
user involvement and needs an intuitive user interface.
The reduction ratio from motor axis to joint axis scales the resolution and the
precision that can be achieved with proprioceptive sensors. A higher reduction
ratio results in a higher resolution and precision of the joint position and joint
velocity measurements. While this is advantageous for the robot proprioception,
it adversely affects the mechanical backdrivability, as was explained in Section 2.2.
For the right balance between precision and resolution on the one hand and
backdrivability on the other hand, the reduction ratio thus needs to be carefully
selected.

2.4.3

Exteroception

Many different types of exteroceptive sensors exist for collecting information
on the environment. In a surgical context, the two most important categories
are medical imaging systems and vision systems. Medical imaging systems
can either be used preoperatively or intraoperatively. MRI and CT scanners
are designed to be used preoperatively, although exceptions exist [136]. They
produce a 3D image of the patient anatomy of interest, which is processed into
a usable model by the radiologist and/or surgeon. This model can then be
used intraoperatively, in combination with a surgical navigation system or a
robot-assisted surgery system. Provided that the anatomical structure did not
deform in the meanwhile, this may offer high degrees of accuracy. In contrast
to MRI and CT scanners, US and fluoroscopy are imaging modalities that
can be readily used intraoperatively, delivering (pseudo-)real-time information.
Irrespective of the imaging moment, all these systems have in common that
the acquired data has to be registered with respect to the robotic system, for
practical usage.
Vision systems capture incident, typically visible, light and include endoscopes
and microscopes. They provide rich, real-time data that can be made available
to both the surgeon and the robotic system. Theoretically, this should enable a
robot to detect the same (or more) information in the images as compared to
the surgeon. Obviously, robust extraction and interpretation of visual features
is a very challenging problem that is being addressed in the fields of computer
vision and data science [137]. However, for relatively simple cases, it is possible
to extract actionable information from camera images. In case the camera
is controlled by the robotic system, which is the case for quite some robotic
laparoscopy systems, an intraoperative registration procedure can be avoided.
Indeed, the camera can be preregistered to the robot by the maintainer of the
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system. Intraoperatively, it then suffices to track the current position of the
vision system with the proprioceptive sensors of the robot.
Many other exteroceptive sensors exist in surgery, but only fiber-based sensors
are further highlighted here, because of their excellent integrability with MIS
systems. MIS instruments are characterized by their long and slender bodies.
While it is generally challenging to embed sensors in these instruments, due
to space and sterilizability issues, fiber-based sensors are suitable candidates
that do not suffer from these issues. Their long, flexible and small-diameter
bodies can be easily fitted in (the working channel of) MIS instruments. The
fibers enable a sterilizable coupling between the functional tip and the delicate
interrogation hardware. Various properties can be measured through fibers. For
instance, optical coherence tomography (OCT) and photoacoustics enable tissue
characterization [138, 139], fiber Bragg gratings (FBG) provide shape and force
sensing capabilities [140, 79] and all-optical ultrasound (AOUS) can be applied
for distance sensing [141]. As the fibers are embedded in the instruments,
all system components can be mutually preregistered, eliminating additional
intraoperative steps. A typical drawback with fibers is that they only provide
point measurements of the environment, such that modelling techniques or
scanning methods are necessary to obtain more comprehensive environment
knowledge [142].

2.4.4

Conclusions for synergy

Perception is imperative to enhance the robot capabilities, needed for higher
levels of synergy, but it can also be a non-negligible source of intrusiveness.
Therefore, to obtain synergy in robotic surgery, great care should be taken in
the approach towards perception.
Proprioception yields data that basically comes for free, as all high-performance
robotic systems have proprioceptive capabilities. This data should thus be
optimally used wherever possible. Exteroception usually demands additional
sensors, of which the data needs to be transformed to the robot coordinates,
before it can be used. Because registration procedures can be lengthy and
cumbersome for the surgeon, they should be avoided or automated whenever
feasible. Avoidance of registration procedures can be achieved through robotor instrument-embedded exteroceptive sensors, like fiber-based sensors or
endoscopes, as these can be preregistered to the robot or end effector reference
frame. Automation of the registration procedure is more difficult and cannot
be generally applied, although some exceptions exist, as was demonstrated by
the author of this dissertation for a catheterization procedure [143].
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Conclusions

This chapter discussed synergy-focused design decisions for robotic laparoscopy,
clarifying the concepts in the proposed control framework for synergistic robotic
laparoscopy (see Figure 1.15). It highlighted a number of important elements
that facilitate a synergistic relation between the surgeon and the robotic system.
Central in the discussion was the comanipulation paradigm. It was argued that a
parallel comanipulator, in combination with a serial comanipulation subsystem,
could provide similar robot capabilities as the well-established telemanipulation
systems, but with additional benefits in terms of synergy. To provide effective
assistance to the surgeon, as well as an unencumbered free space feeling, the
importance of mechanical backdrivability of the comanipulator was explained.
A close look at the fulcrum point, a central issue in laparoscopy, concluded that
this point does not jeopardize synergy if a backdrivable, wristed system is used.
Finally, this chapter discussed perception and the related impact on synergy. It
is proposed to reduce interaction-intensive registration procedures and to make
optimal use of proprioception and instrument-embedded sensors that can be
preregistered to the robot. This synergistic approach can pave the way to add
robot assistance to many laparoscopic interventions, even when it is not critical
for the success of the intervention: robots can always prevent costly mistakes
thanks to their unfaltering awareness.

Chapter 3

Tailoring Robot Assistance for
Fetal Therapy
In this chapter, the guidelines for synergistic design that were developed in
Chapter 2 are applied to the surgical discipline of fetal therapy. First, the
clinical background of fetal therapy is described, with a focus on the twinto-twin transfusion syndrome (TTTS). The need for and benefits of robot
assistance in TTTS procedures are elaborated next. On the basis of a set of
motion recording trials during manual TTTS procedures, a list of functional
and technical requirements for the robot assistance is then established. This
set of requirements stresses the need for synergistic robot assistance for this
intervention, as well as for other highly critical interventions. It is clarified why
existing robotic laparoscopy solutions scale poorly to the demanding conditions
in fetal therapy. Therefore, a suitable robotic comanipulation system is proposed,
in line with the recommendations from Chapter 2. The last part of this chapter
describes the development of a virtual reality (VR) simulator that was designed
as a validation means for robot technology in fetal therapy, and TTTS in
particular, together with a number of propositions for relevant applications.

3.1

Fetal therapy

Fetal therapy is a surgical discipline in which anomalies that occur during
fetal development are corrected or treated, while the fetus is still in the uterus.
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This challenging discipline is the subject of the GIFT-Surg1 project, a 7-year
research collaboration between KU Leuven, University College London
and King’s College London, funded by the Wellcome Trust and the
EPSRC. The target of GIFT-Surg is to develop innovative interventional
imaging systems to enhance visualization in fetal therapy, in conjunction with
novel surgical tools, robot assistance technology and a surgeon training platform.
Part of the present dissertation fits in this project.
Fetal therapy significantly differs from other forms of laparoscopy, making it
a highly specialized discipline [144, 145]. A first difference is the very fragile
environment, consisting of the fetus and the placenta. In the target gestational
stage, the fetus is very small, with a length of just 22–32 cm and a weight
of 250–650 g, which urges for very precise motions. Moreover, the fetus is
free-floating in the amniotic fluid. Uncontrolled contact with the fetus can lead
to permanent damage. At the same time, contact with the flaccid placenta can
cause massive bleeding and termination of the intervention. Ideally, instruments
are flexible enough to prevent hurting the fetus or the placenta. Secondly, fetal
therapy requires very small diameter instruments, preferably no more than
3 mm, which limits their technical capabilities. While the same motivations for
small diameter instruments that exist in general laparoscopy are valid in fetal
surgery, the diameter limitation is further amplified in fetal therapy because
large lesions in the amniotic membranes inhibit their healing. This can lead
to premature membrane rupture and delivery [146, 147]. Thirdly, there are
important restrictions on the location of the incision site. It cannot be optimized
according to the wishes of the surgeon. Instead, the placenta placement, position
of the umbilical cord and the variable posture of the fetus inside the uterus
dictate the location of the incision site. This can result in very unfavourable
operating angles. Finally, the poor quality of the endoscopic images, in this case
called fetoscopic images, complicates fetal interventions. Reasons for this poor
quality include the cloudy nature of the amniotic fluid, the limited lighting and
the maximum allowable size of the optics in the small diameter instruments.
To improve the situational awareness of the surgeon in these conditions, an
ultrasound (US) assistant constantly monitors the instrument position in the
uterus.

3.1.1

Twin-to-twin transfusion syndrome (TTTS)

TTTS is a pathological condition that occurs in 20% of the monochorionicdiamniotic twins, i.e., twins sharing a single placenta, but with two amniotic
sacs. It is a rare condition, as monochorionic-diamniotic twins only represent
1 Guided

Instrumentation for Fetal Therapy and Surgery;
https://www.gift-surg.ac.uk
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0.3% of all pregnancies [148], but it is associated with a high risk of fetal loss,
perinatal death, and handicaps in the survivors. The prognosis for untreated
TTTS is dismal, with mortality rates that reach 90% [149]. Conversely, with
proper treatment, the likelihood of dual twin survival is around 70% and of
single twin survival around 90% [150].
Twins suffering from TTTS have an unbalanced blood flow, resulting from
unwanted blood vessel connections, or anastomoses, in the shared placenta.
This creates a transfusion from one fetus, the donor, to the other, the recipient.
The donor is deprived from blood and nutrients, restricting its growth, while
the recipient faces an abnormally large amniotic sac and heart conditions
(Figure 3.1). Both conditions are lethal in the majority of cases [151].
The treatment of TTTS consists of a laser coagulation procedure, that is
performed at 15–26 weeks of gestation [152]. Here, the surgeon enters the
amniotic sac of the recipient with a fetoscope, equipped with a therapeutic laser
fiber. In the first phase of the procedure, he/she moves the fetoscope through
the uterine cavity, mentally mapping the placental circulation and identifying
all anastomoses on the vascular equator. Subsequently, he/she sequentially
ablates and closes these anastomoses by means of selective laser coagulation
(Figure 3.2, left). In the last phase, called the Solomonization, the surgeon
lasers a continuous line between all previously-located anastomoses to ensure
that any remaining microanastomoses are interrupted as well (Figure 3.2, right).
An important difficulty during a TTTS procedure concerns the placenta

Anastomosis

Recipient
Donor

Figure 3.1: The donor and recipient fetus in a twin pair suffering from TTTS.
The anastomoses on the placenta are circled in black and the direction of the
blood flow is indicated with arrows.
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Coagulation mark

Solomonization line

Figure 3.2: Selective laser coagulation of the placental anastomoses (left) and
the Solomonization procedure (right) for treating TTTS.
placement [153]. In case of a posterior placenta (Figure 3.3, left), all sites
on the placenta can be reached using a straight fetoscope. However, in 40%
of the pregnancies, there is an anterior placenta placement. This presents
additional challenges. A placenta-free location needs to be found on the
anterior uterine wall. From here, the uterus can then be entered with a
curved fetoscope (Figure 3.3, right). In such cases, assessment and ablation of
the vascular communication might be difficult or even impossible, due to the
forced, unfavourable angle of approach. Moreover, navigation is hindered due
to unintuitive hand-eye coordination. These factors, in addition to the general
challenges faced in fetal therapy, make TTTS procedures very demanding for
the surgeon, in terms of both technical skill and cognition.

3.1.2

Other fetal disorders

Fetal surgery is not limited to treatment of TTTS. Three other fetal disorders
are targeted within the GIFT-Surg project: congenital diaphragm herniation
(CDH), lower urinary tract obstruction (LUTO) and myelomeningocele (MMC),
more commonly known as spina bifida. Although most assistive techniques that
are developed throughout this dissertation are applicable to the treatment of
these disorders as well, they are not the focus of this work. Therefore, they are
only briefly described here.
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Figure 3.3: TTTS procedure with an anterior (left) and a posterior (right)
placenta placement.
Congenital diaphragm herniation (CDH)
CDH is the most common fetal disorder, occurring in 3 out of 10 000 births.
In a fetus with CDH, organs herniate through the underdeveloped diaphragm,
compressing the lungs and hindering their development. This can be treated by
temporarily occluding the trachea with a balloon, a technique called fetoscopic
endoluminal tracheal occlusion (FETO). This increases the pressure in the lungs
and stimulates their growth. FETO requires two interventions. In the first
intervention, the balloon is placed using a fetoscope. When the defect has healed,
the second intervention follows, where the balloon is removed by puncturing it
with a needle [154].
Lower urinary tract obstruction (LUTO)
LUTO is a condition where an obstruction in the urethra prevents the fetus
from passing urine. It has an incidence of 2.2 in 10 000 births. If left untreated,
LUTO has hight mortality and morbidity rates. Treatment options try to
decompress the obstruction to improve the prognosis and survival of the fetus.
The most commonly used method to relieve the urinary track obstruction is
vesico-amniotic shunting. Here, a shunt is placed to bypass the obstruction,
providing an alternate path for the urine to drain into the amniotic cavity. The
shunt may be placed either under US guidance or fetoscopically. Alternatively,
fetoscopic laser ablation or mechanical removal of the obstruction can be applied
to restore the fetal bladder dynamics [155].
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Myelomeningocele (MMC)
MMC, also known as spina bifida, is a neural tube defect affecting nearly 1 in
2000 live births. It is characterized by open vertebral arches through which the
spinal cord can protrude. This results in neurological damage, according to a
two-hit model. The first hit comes from the presence of the lesion, that already
occurs at a very early gestational stage. This is unavoidable and incurable.
The second hit, however, results from prolonged exposure of the spinal cord
to the intrauterine environment and trauma, and occurs throughout gestation.
Treatment focuses on in-utero coverage of the spinal defect to limit the impact
of the second hit, which can improve neurological outcomes [156]. Current
advances in MMC repair aim to realize this highly specialized intervention
fetoscopically [157].

3.2

Requirements for robot assistance in TTTS
procedures

It was established that fetal therapy, and more specifically TTTS treatment,
is a demanding surgical speciality, because of the delicate environment, the
difficult navigation with curved instruments, the poor visibility, the small size
of the clinical targets, the potentially unfavourable and unergonomic port
placement and the limited instrumentation capabilities. Robot assistance is a
good candidate to alleviate the technical and cognitive burdens the surgeon
has to deal with. For instance, FRVFs could be added to protect the delicate
structures in the uterus and GVFs could help to facilitate the difficult navigation
tasks. Additionally, manipulation could be made more smooth, precise and
ergonomic, with appropriate help from robotic instrument stabilization and
gravity compensation. It is also possible to overcome the limited instrument
capabilities by adding robotic distal dexterity. Such dexterity could increase
task precision and efficacy, and has the potential to reduce the cognitive load
through supervised autonomy.
A list of functional and technical requirements for synergistic robot assistance
in TTTS procedures was distilled from clinical data collection sessions based
on observations of the procedural practices and on intraoperative instrument
motion recording. This data was further complemented with recommendations
from clinical experts. The clinical data collection procedure and results are
summarized here, after which the requirements for robot assistance in fetal
therapy are presented.
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Clinical data collection

Figure 3.4 shows a typical layout of the OR during a TTTS intervention. The
patient, lying on the surgical bed, is under local anaesthesia and therefore
shielded from the surgical scene. Around the bed, the space is fully occupied
with surgical equipment and staff. On one side of the bed sits an assistant,
who operates the US probe, continuously visualizing the tip of the fetoscope
inside the uterus. On the other side of the bed stand a surgeon and an assistant
surgeon. Together, they interpret the US and fetoscopic images, while the
surgeon manipulates the fetoscope. During the data collection sessions, the
fetoscope motions have been recorded with respect to the patient and the
incision point for quantitative exploration.
Data collection procedure
It is clear from Figure 3.4 that space in the OR is valuable. The data collection
experiments for analyzing the surgical gestures had to be designed to be
compatible with this space-deprived environment. Because the environment is
too cluttered for visual tracking, electromagnetic tracking (EMT) was opted
for. EMT is based on small electrical coils, the sensors, that produce a variable
current in an oscillating magnetic field, created by a field generator. The
Aurora2 system was found to be particularly suitable for this application,
because it features a field generator with a flat form factor, which can be
conveniently placed below the patient mattress, as can be seen in Figure 3.5
(top). It also comes with sterilizable 6 DoF sensors that are just 1.3 mm in
diameter and that are tethered with a long 2 m wire.
Two Aurora sensors were employed for the data collection. The first sensor
was used to measure the motion of the incision point. To this end, a dedicated
ring connector was fabricated. This connector, visualized in Figure 3.5 (left),
contained a slot to fixate the Aurora sensor and holes with which it could
be sutured to the incision site. The second sensor measured the motion of
the fetoscope handle, to which it was attached with a dedicated connector, as
in Figure 3.5 (right). A calibration procedure was devised to determine the
fetoscope tip position with respect to the fetoscope sensor reference frame, such
that both extremities of the fetoscope could be tracked. This recording set up
produced data sets similar to the one in Figure 3.6.
The Aurora system can measure the pose of the 6 DoF sensors at 40 Hz, which
is sufficient to capture voluntary human hand movements, as those stay below
a frequency of 4.5 Hz [158]. The precision of the 6 DoF sensors is 0.4 mm and
2 Northern

Digital Incorporated (Waterloo, Canada); https://www.ndigital.com
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Figure 3.4: Layout of the OR during a TTTS procedure.
0.3° (RMS) and its accuracy 0.7 mm and 0.7° (RMS) [159]. These values vary
as a function of the distance to the field generator and the sensor velocity [160],
but they are within an acceptable range for analyzing slow human motions. To
preserve the precision and accuracy, it should be verified that the magnetic field
is not distorted by nearby electrical equipment or ferrous materials.
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Figure 3.5: Surgical bed with the field generator below the mattress (top);
incision sensor (left); and fetoscope sensor (right).
Data collection results
The University Hospitals Leuven is one of few hospitals in Western Europe
that performs TTTS procedures. Yet, in this hospital, it is a rare intervention
with only a few dozen surgical procedures on a yearly basis. Over the course of
a year, data collection sessions have been organized during TTTS procedures.
Unfortunately, due to the limited number of cases, technical difficulties and
external causes only eight interventions have been successfully recorded. A
number of other fetal procedures have been successfully recorded as well, but
as this section focuses on TTTS, those have been excluded from the results.
Motion range Figure 3.7 displays the motion ranges of all successfully recorded
interventions, for both the motion of the fetoscope handle and of the incision
point. It can be seen that the handle travels within a substantial range during
these interventions, especially in the two horizontal directions (longitudinal and
frontal axis), where the average motion range is 25 cm, but with peaks up to
40 cm. In the vertical direction (sagittal axis), roughly corresponding to the
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Figure 3.6: An exemplary data set of a recorded TTTS intervention. It contains
the motions of the fetoscope handle, the incision point and the fetoscope tip.
The data is expressed in the anatomical reference frame of the patient.
fetoscope insertion direction, the motion is more limited, with an average of
15 cm and a maximum of just above 20 cm. This is not surprising, as the length
of the instrument, and thus the maximum sagittal motion range, measures
about 30 cm.
It is also clear that the incision point is not stationary. In all directions, it
moved about 3 cm on average, with a peak at 6 cm. These motions are partly
attributable to physiological motions. For instance, during some interventions,
the (awake) patient was very uneasy and breathed heavily, sometimes so
much that the surgeon needed to pause until the patient had calmed down.
Besides physiological motions, the incision point also moved due to instrument
manipulations of the surgeon. This can be derived from Figure 3.7: the
recordings with a higher handle motion volume also tend to have a higher
incision point motion volume.
Fetoscope orientation Figure 3.8 presents the fetoscope orientation during
all eight recorded TTTS procedures. Both polar graphs are centered at the
incision point, but in Figure 3.8.a, the fetoscope has an inclination of 0° when it
is aligned with the local normal at the incision point, while in Figure 3.8.b, a 0°
inclination is obtained when the fetoscope is held vertically. Note that during
some recordings, the surgeon stood on the left side of the patient. The data
from those recordings has been mirrored to conform with the side convention in
the graphs.
From Figure 3.8.a, it can be seen that the surgeon moved in all direction over the
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Figure 3.7: Motion range during a TTTS procedure of (a) the fetoscope handle
and (b) the incision point. The ranges are indicated for each anatomical axis of
the patient separately. The ranges are displayed for eight different recordings
that have been sorted according to the total motion volume, revealing a slight
correlation between the handle motion range and the incision motion range
across recordings.
incision point, and that he/she sometimes even surpassed an inclination of 90°
with respect to the local normal, as happened during recording #6. Figure 3.8.b
shows an almost empty quadrant on the side of the US assistant. This indicates
that the surgeon optimized the pose of the patient on the adjustable surgical
table such that he/she did not have to hang over the patient, unergonomically
and unintuitively operating towards him/herself. It would also have been difficult
for the coordination between the surgeon and the US assistant if the surgeon
would have worked in the quadrant of the US assistant. Another observation
from Figure 3.8.b is that the surgeon never moved his/her fetoscope down
beyond the horizontal plane, which would have corresponded to an inclination
of more than 90°.
Fetoscope handle velocity The velocity distribution of the fetoscope handle
is shown in Figure 3.9, both for the individual interventions and for their
combination. All velocity distributions resemble a Conway-Maxwell-Poisson
distribution, with a quick decay at higher velocities, indicating the great caution
with which the fetal surgeon handles the fetoscope. The average handle velocity
is just 7 mm/s, 95% of the manipulations are slower than 27.5 mm/s and less
than 1% of the manipulations exceed 50 mm/s. During all clinical tasks, highly
precise motion is crucial, so these low velocities appear to be realistic.
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Figure 3.8: Fetoscope orientation over the course of eight different TTTS
procedures. The angular coordinate represents the azimuth angle of the
fetoscope, and the radial coordinate the fetoscope inclination with respect
to the zenith. Both graphs are centered at the incision point, but in (a) the
zenith is chosen along the local normal at the incision point, while in (b) the
zenith lies vertically above the incision point.
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Figure 3.9: The velocity distribution of the fetoscope handle during TTTS
procedures. In (a) the velocity distribution is shown for the eight different
recorded interventions separately, and (b) presents the velocity distribution of
the combined interventions.
Fetoscope insertion depth Figure 3.10 visualizes the insertion depth of the
fetoscope. From Figure 3.10.a, it can be seen that the insertion depth differs
substantially between interventions, as this is largely dictated by the variable
placenta placement. Over all interventions, the insertion depth ranged from
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20% to 70%, as can be seen in Figure 3.10.b. This wide range of insertion
depths implies that there is a variable influence of the fulcrum effect, which has
to be taken into account by the surgeon. A slight correlation can be witnessed
between the handle velocities and the insertion depths: the recordings with
higher handle velocities in Figure 3.9 roughly correspond to the recordings with
lower insertion depths in Figure 3.10. This is an indication that the surgeon
automatically compensates for the fulcrum effect, to obtain a constant tip
velocity, although more data is required to support this claim.

3.2.2

Functional requirements
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Robot assistance needs to fulfill a set of functional requirements to be synergistic
in the context of a TTTS procedure. A number of relevant robot capabilities have
been defined for TTTS procedures, as well as a number of synergy conditions
that prevent the assistance from being intrusive. Table 3.1 summarizes these
requirements. Note that robot assistance can still be valuable if not all robot
capabilities are simultaneously available. However, it is assumed that by
respecting all synergy conditions, the likelihood of clinical acceptance can be
maximized.
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Figure 3.10: The distribution of the fetoscope insertion depth during TTTS
procedures. In (a) the insertion depth distribution is shown for the eight
different recorded interventions separately, and (b) presents the insertion depth
distribution of the combined interventions.
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Table 3.1: Functional requirements for synergistic robot assistance during TTTS
procedures.
Requirement
Robot capabilities
FRVFs
GVFs
Instrument stabilization
Gravity compensation
Distal dexterity

Synergy conditions
Comanipulation system

Situational awareness

Laser fiber control
Commercial instruments

Quick-switch instrument interface
Quick instrument (re-)insertion
Quick robot set up/removal
Versatile incision placement

Flexible RCM
Large robot workspace
Free space feeling
Soft assistance
Small system footprint
Registration-free operation

Context
Improved safety, accuracy and efficacy
by protecting delicate structures.
Improved efficacy and accuracy by
haptic navigation guidance.
Improved precision by tremor filtration.
Improved safety and precision by fatigue
reduction.
Improved efficacy by additional
(automatic) DoFs.

The surgeon needs to be at the bedside,
next to the awake patient, to closely
collaborate with the US assistant.
The surgeon needs to feel interaction forces
with fragile structures and requires access
to US and fetoscopic images.
The surgeon manually controls the laser
fiber insertion.
The robot assistance cannot be limited by
availability of instruments for rare
procedures like TTTS.
The surgeon regularly switches instruments.
The surgeon regularly takes out the
instrument, e.g., for lens cleaning.
The surgeon’s workflow cannot be disturbed.
The surgeon cannot plan the incision
location ahead of time, and this location
varies substantially.
A naturally accommodating RCM prevents
damage to the amniotic membranes.
The motion range of the surgeon cannot be
limited by the robot workspace.
The surgeon cannot feel obstructed by the
robot impedance.
The surgeon needs to be able to override
any robot assistance.
Space is very scarce in the OR.
Registration is cumbersome and quickly
becomes obsolete in a TTTS environment.
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Technical requirements

Aside from the functional requirements, a list of technical requirements has
been composed as well. These requirements are based on specifications put
forward by clinical experts, on literature, and on the collected clinical data from
Section 3.2.1. They are listed in Table 3.2.

3.3

Robotic comanipulator for TTTS procedures

The synergy conditions for robot assistance in TTTS procedures exclude
the use of existing telemanipulation-based robotic laparoscopy systems.
Incompatibilities include the distance to the patient, the reduced situational
awareness of the surgeon, the limited workspace of the slave device, the low
versatility of the system, the available instruments, and the large system
footprint. In contrast, haptic manipulators could be adapted into surgical

Table 3.2: Technical requirements for synergistic robot assistance during TTTS
procedures.
Requirement
Fetoscope
Diameter
Distal bending range
Laser coagulation
Optimal distance
Optimal angle of incidence
Interaction controller
Haptic guidance stiffness
Update rate
Tremor filtering cut-off frequency
Robotic manipulator
Workspace
Velocity range
End effector pitch/yaw range
End effector roll range
Positional resolution
Positional precision
Positional accuracy
Angular resolution
Angular precision
Angular accuracy

Value
7–12 Fr (2.33–4 mm) [161]
0–60° [162]
10 mm [162]
0° [162]
200–2000 N/m [163, 164]
1 kHz [163]
4.5 Hz [158]
0.6 × 0.5 × 0.3 m3
0–50 mm/s
±90°
±180°
0.1 mm
1 mm
5 mm
0.1°
1°
5°
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comanipulation systems that do fulfill the requirements for synergistic robot
assistance. However, the large required workspace, dexterity and force/stiffness
output limit the choice of commercial haptic devices drastically [165], making
the range of Virtuose3 devices emerge as the only suitable systems that can
meet the technical requirements from Table 3.2.
At the heart of the Virtuose range of haptic manipulators is an anthropomorphic topology, utilizing a decoupled actuation scheme with mobile motors [166].
This scheme collocates the motors for the translational workspace in the robot
base, in such a way that the motor for the first DoF is fixed to the ground
and the motors for the second and third DoFs are fixed to the first link. This
configuration has a large workspace and was designed to balance compactness
with an optimized force capacity, apparent stiffness, reduction ratio and apparent
mass. It uses capstan drives in the transmissions to maximize mechanical
backdrivability. A spring-based static balancing mechanism compensates the
weight of the arm. Furthermore, it features a spherical wrist that avoids crosscoupling between the translational and rotational DoFs and a singularity-free
workspace, both contributing to the transparency of the free space feeling.
These features make the Virtuose range of devices an excellent starting point
for a synergistic comanipulation system that complies with the requirements
for TTTS, but also for more general applications in laparoscopy. Moreover, a
medically certified Virtuose device is on the roadmap for their manufacturer.
Throughout this dissertation, two embodiments of Virtuose devices were used:
the Virtuose6D and Achilles.

3.3.1

Virtuose6D

The Virtuose6D, shown in Figure 3.11.a, is a commercially available large
workspace, high force haptic manipulator with six active DoFs, three in its
anthropomorphic arm and three in its spherical wrist. Its specifications, listed
in Table 3.3, largely match the technical requirements from Table 3.2. It
is also a versatile system. The wrist features a threaded tool changer, such
that it can easily be equipped with custom instruments. The passive gravity
compensation system can be adjusted to balance these instruments up to a mass
of 800 g. Additionally, without compromising the passive gravity compensation
capabilities, the workspace of the device can be tuned to the users needs, by
mechanical inversion of the wrist or of the entire manipulator. More extensive
details on the workspace can be found in Appendix A, as well as a derivation of
the kinematic relations of the Virtuose6D.
3 Haption

(Laval, France); https://www.haption.com
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(a)

(b)

Figure 3.11: (a) Virtuose6D [167]; (b) Achilles.
Table 3.3: Specifications of the Virtuose6D [167].

3.3.2

Specification

Value

Operational workspace
Workspace envelope
Rotational workspace
Translational resolution
Rotational resolution
Max. force (continuous; peak)
Max. moment (continuous; peak)
Controller translational stiffness
Controller rotational stiffness
Update rate

450 × 450 × 450 mm3
1330 × 575 × 1020 mm3
320° × 110° × 260°
0.016 mm
0.003°
9.5 N; 34 N
1 Nm; 3.1 Nm
2000 N/m
40 Nm/rad
1 kHz

Achilles

Achilles is a unique Virtuose prototype for use in laparoscopy (Figure 3.11.b).
It incorporates a set of modifications that were requested by the research institute
ISIR4 . The main differences with the Virtuose6D are:
• The manipulator has only three active DoFs: the spherical wrist is passive
and equipped with potentiometers (standard deviation 0.2°) instead of
encoders.
4 Institut

des Systèmes Intelligents et de Robotique, Sorbonne Université (Paris,
France); http://www.isir.upmc.fr
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• A large arc connects the end of the forearm to the center of the spherical
wrist, increasing the rotational workspace. The workspace can be further
optimized thanks to an additional, lockable joint that allows to adjust the
angle between the arc and the forearm.
• The tool changer has a magnetic interface, such that surgical instruments
can be readily changed.
• The joints of the anthropomorphic arm are equipped with electromagnetic
brakes, such that the device can be passively and rigidly blocked.
• The anthropomorphic arm is upgraded with a six times higher reduction
ratio, enabling higher forces, a higher position resolution, and thus a
higher controller stiffness.

3.4

Virtual reality simulator for TTTS treatment

To demonstrate the performance and benefits of robot assistance in surgery,
developments have to be validated in a representative environment. Organic
and non-organic simulators can be used for such purpose. Organic simulators,
on the one hand, show high levels of realism, but present ethical and practicality
issues. Non-organic simulators, on the other hand, make an abstraction of the
real environment, but they do not give rise to ethical concerns and are easy to
use. Within the non-organic simulators, box trainers and VR simulators can be
distinguished, with the former using a synthetic environment and the latter a
virtual one.
For fetal therapy, various simulation environments have been developed, with
varying levels of realism [168, 169, 170, 171]. However, for TTTS, the existing
simulation options are limited. While delivered human placentas have been used
for in-vitro simulation of other maternal-fetal interventions [172, 173], TTTS
placentas are rare and perishable, making them unsuitable for an effective
simulator. Only one synthetic box trainer has been created for TTTS [174].
Inside, it relies on a realistic mock-up of a monochorionic twin placenta. While
face and construct validity for this trainer have been proven, it is impractical
for extensive training and validation trials, because of the difficulty to achieve
anatomical diversity, as well as the lack of quantitative feedback capabilities,
for objective performance analysis. To overcome these limitations, a dedicated
VR simulator for TTTS has been created. This section describes this simulator
and proves its face and content validity. Afterwards, a number of use cases for
this simulator are discussed.
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Simulator description

The VR simulator for TTTS treatment mixes a realistic, physical interface
with a virtual environment, as observed by a virtual camera. The embedded
comprehensive sensing bridges the real and virtual components and allows for
quantitative analysis of the simulated TTTS sessions. Figure 3.12 shows these
components of the simulator.
Physical interface
The physical interface of the VR simulator comprises mock-ups for the body wall
and the fetoscope. If desired, these mock-ups can be highly realistic. An organic
and/or multi-layered body wall can be used to closely imitate the different
layers of skin, fat, muscle, uterus and amniotic membranes. A thick body wall
resists the instrument motion and thus provides a realistic feeling. However, a
simple body wall of synthetic material may also be sufficient, for instance when
navigational skills are the focus of the simulation session. For the fetoscope, a
real surgical instrument and cannula can be used, providing a familiar interface.
Alternatively, the simulator also supports fetoscopes embodied by a cheap metal
rod or prototypes with an experimental interface. The fetoscope can be either
straight or curved, depending on the skill that is to be evaluated. The physical
interface can be augmented with a haptic manipulator, like the Virtuose6D,
such that virtual interaction forces with the environment can be displayed.
Virtuose6D

Virtual environment

User
Fetoscope mock-up

Virtual camera
image rendering

Body wall mock-up

Virtual
reality

Physical
interface

Figure 3.12: Components of the VR simulator.
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Sensory capabilities
The simulator supports different sensory inputs. First of all, the fetoscope
motions are tracked. In a parallel comanipulation scenario, the proprioceptive
sensors in the comanipulator record these motions. Alternatively, if a standalone
instrument is used, Aurora EMT sensors can be connected to the instrument
to track the motions. Besides fetoscope motions, the simulator is also capable of
monitoring the interaction forces between the fetoscope and the body-wall mockup. Javaux et al. built a dedicated 6 DoF force sensor for this purpose [175].
Finally, the simulator also accepts various user inputs. These include pedal
presses, as well as button- or potentiometer-based inputs from custom instrument
interfaces.
Virtual reality
The VR simulator makes use of the different sensory inputs, communicated
to the simulator software using ROS5 , to render the fetoscopic images that
the user will see on the screen. In Figure 3.13, such image generated by the
simulator is shown. The VR comprises a virtual placenta and a virtual fetoscope,
equipped with a virtual camera and a virtual laser.
The virtual placenta is a planar, cylindrical or spherical surface, with a userspecified image of a placenta textured onto it. The placenta image can be freely
5 Robot

Operating System; https://www.ros.org

Pilot light
Placenta
surface

Limited
visibility/lighting

Blood
vessel

Laser coaguation
marks

Tip state
indicator

Figure 3.13: View in the VR simulator.
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changed or edited, such that different clinical tasks and scenarios can be realized
with the simulator. It is also possible to adapt the pose of the placenta, for
instance to distinguish between an anterior and a posterior placenta placement.
The virtual fetoscope, with the virtual camera attached to its tip, determines
the view upon the placenta. The pose of the virtual fetoscope corresponds to the
tracked pose of the real instrument. However, as opposed to the real instrument,
the virtual fetoscope can be easily programmed to feature a tip with distal DoFs,
of which the state can be controlled with the input modalities at the disposal
of the user. Therefore, the pose of the virtual camera is computed from the
combination of the tracked instrument pose and the virtual tip state. A pilot
light shines from the virtual instrument tip onto the placenta. As in the clinical
TTTS case, the operator can interact with the placenta through pedal-activated
laser coagulation at the position of this pilot light. This interaction paints
coagulation marks on the placental surface, as is visible in Figure 3.13.
The graphical back-end of the simulator is based on VTK6 . However, the
performance of VTK is limited when it comes to rendering real-time interaction,
especially when the level of realism of the simulator is boosted. Therefore, a
new version of the simulation is currently under development, which replaces
VTK by the Unity7 game engine. This version will incorporate the umbilical
cords and amniotic membranes, will improve the realism of the lighting, and
will more closely mimic the characteristics of the intrauterine view by adding
turbidity and floating particles.
Tasks
Two types of tasks have been developed for the simulator: a camera navigation
task and a laser coagulation task. The camera navigation task is designed to
simulate basic fetoscopic navigation skills. The task is based on a validated
camera navigation exercise used in the HYSTT8 box trainer, which was shown
to have good training capabilities for navigation skills with oblique-viewing
endoscopes [176]. Such endoscopes are similar to curved fetoscopes in terms of
the required navigation skills. In this task, a series of symbols is scattered over
the placental surface. As is visualized in Figure 3.14.a, the user has to locate a
given symbol and carefully laser coagulate the small dot placed next to that
symbol. This action reveals a new symbol, which the user subsequently has to
identify on the placenta. This process is repeated until all symbols have been
found.
6 Visualization

Toolkit; https://vtk.org
https://unity.com
8 Hysteroscopic Skills Training and Testing, European Academy of Gynaecological
Surgery (Leuven, Belgium); https://europeanacademy.org
7 Unity;
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The laser coagulation task focuses on procedural skills that represent the
different steps in TTTS treatment. Here, multiple anastomoses are marked on
the vascular equator, by means of a small ring. The user has to identify these
anastomoses and completely laser the inside of this ring, which corresponds to the
selective laser coagulation step in a TTTS procedure. As soon as all anastomoses
are ablated, the user has to complete the procedure with the Solomonization
technique by lasering a continuous line that connects all previously identified
anastomoses.

3.4.2

Simulator validation

Javaux et al. subjected the VR simulator to an extensive validation
campaign [177], of which the protocol and results are briefly highlighted here.
The aim of the study was to prove the face and content validity of the simulator.
Face validity measures if the simulator realistically resembles the real activity,
while content validity judges whether the simulator is appropriate as a teaching
modality that covers the subject matter of the real activity. So, face validity
answers the question: “Does it look and feel how it is supposed to look and feel?”,
and content validity: “Does it teach what it is supposed to teach?” Both types of
validity studies require novices and experts to fill out a questionnaire about their
experience with the simulator. Face and content validity are both subjective
approaches towards proving validity, and are a first step towards objective
validation approaches, such as criterion validity and construct validity [178, 179].

(a)

(b)

Figure 3.14: Virtual reality simulator tasks: (a) camera navigation task; (b)
selective laser coagulation and Solomonization task. (Figure adapted from
[177].)
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Validation protocol
In the simulator validation campaign, eight surgeons from the University
Hospitals Leuven were invited to assess the simulator. The participants
consisted of two experts (surgeons with more than 300 performed fetal
interventions), two intermediates (clinical fellows with at least one performed
fetal intervention), and four novices (clinical fellows without performed fetal
interventions, but with clear knowledge of fetal procedures and experience in
other MIS interventions).
All participants were first asked to familiarize themselves with the simulator
during a three-minute training session. After this session, they performed a total
of four runs with the simulator, in randomized order. These runs comprised the
camera navigation task and the laser coagulation task, each with an anterior
and with a posterior placenta. At the end, they were asked to complete a
two-section questionnaire. The first section focused on the background of the
participant and the second section on the validation of the simulator. In the
validation section, 33 statements had to be scored on a five-point Likert scale.
These statements inquired about the face validity, the content validity and
about possible improvements.
Validation results
Tables 3.4 and 3.5 summarize the results of the questionnaires. For the face
validity, it was found that the participants consider the simulator to be close to
reality. Most aspects of the simulator scored above 3, and the overall median was
3.5. The participants also indicated that, amongst the weaker scoring aspects,
only for the placenta model and for the anterior configuration improvements
would be desirable. Regarding the content validity, the surgeons unanimously
concluded that the simulator had relevant training capacities for improving
both camera navigation and laser coagulation skills.
For all statements, a statistical analysis was conducted to assess if the different
participant groups had reached the same conclusions for the different validity
aspects. Given the small number of groups and participants, a nonparametric
Kruskal-Wallis test was used. Based on this test, no significant differences were
observed between the groups.
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Table 3.4: Face validity results. The values represent the median scores on a
five-point Likert scale for each validity statement. (Table adapted from [177].)
Face validity

Total

Novice

Interm.

Expert

p†

3.50
3.00
4.00

3.50
3.50
3.50

3.50
3.50
3.50

3.50
3.00
4.00

1.000
0.497
0.497

3.00
3.50
3.50
3.00

4.00
4.00
4.00
3.00

3.00
3.00
3.00
3.50

3.00
3.50
3.00
3.50

0.123
0.269
0.343
0.249

4.00
4.00

3.50
3.00

4.00
4.00

3.50
4.00

0.497
0.135

3.00
3.00
4.00
3.50
3.50

4.00
3.00
3.00
3.50
3.00

3.00
3.50
4.00
3.50
4.00

3.00
2.50
3.50
3.00
3.50

0.123
0.553
0.472
0.936
0.269

Overall realism of trainer
Body wall mock-up
Equipment
Virtual reality environment
Placenta model
Posterior configuration
Anterior configuration
Coagulation model
Procedural tasks
Selective laser coagulation
Solomonization
Virtual fetoscopic image
Fetoscope view
Image quality
Light propagation
Depth perception
Instrument workspace
† Kruskal-Wallis

test with a p-value < 0.05 indicating a significant difference between
the three groups of participants.

Table 3.5: Content validity results. The values represent the median scores on a
five-point Likert scale for each validity statement. (Table adapted from [177].)
Content validity
Training capacities
Fetoscope handling
Lasering
Self-confidence
Usefulness of task
Camera navigation
Laser coagulation
† Kruskal-Wallis

Total

Novice

Interm.

Expert

p†

5.00
5.00
5.00

5.00
5.00
5.00

4.50
5.00
5.00

4.00
4.50
4.50

0.664
0.223
0.223

5.00
5.00

5.00
5.00

5.00
5.00

4.50
4.50

0.558
0.558

test with a p-value < 0.05 indicating a significant difference between
the three groups of participants.
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Other simulator applications

The presented VR simulator has been at the basis of a broad range of applications,
oriented towards exploration and validation of computer and robot assistance for
TTTS procedures, as well as surgeon training. An overview of these applications
is presented here to provide insight in research avenues that support further
technological progression in fetal therapy. For a detailed description of the
applications, the reader is referred to the referenced publications on the subject.
Surgical skill assessment and hypothesis validation
A VR simulator with comprehensive sensing provides a lot of data. Skill
assessment techniques can be applied to this data to provide insight in the
surgical procedure and to derive objective performance metrics. These metrics
allow an instructor to assess the level of expertise of a trainee in an objective
way, facilitating the efficacy of training programs.
Alternatively, such metrics can be employed to investigate hypotheses about
interventions and assistive techniques. For example, the simulator has been
used to show the difference in difficulty between anterior and posterior placenta
placement [177, 180], to compare straight and flexible fetoscope tips [175],
and to motivate the use of active distal DoFs [181]. Also, in some of the
applications that follow next, the central hypotheses were tested based on
dedicated protocols and experimental campaigns that made use of the data
generated by the simulator.
Haptic assistance evaluation
The VR simulator has been used to evaluate FRVF-based haptic guidance in
TTTS treatment [182]. In a comanipulation set up, test subjects were asked to
perform a Solomonization task, while haptic guidance from the comanipulator
erected a virtual wall at 10 mm above the placental surface. According to
Table 3.2, 10 mm is the optimal distance for laser coagulation. It was observed
that such virtual wall enables the participants to realize smoother gestures,
while maintaining the optimal tip-placenta distance more accurately and with
less risk of placenta puncture. These observations are further investigated in a
more realistic scenario in Chapter 5 of this dissertation.
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Virtual instrument prototyping
Another application of the simulator is virtual prototyping of serial comanipulation instruments. When designing an instrument, it is hard to judge up
front which design choices lead to the most intuitive instrument operation.
Factors that affect the intuitiveness include the shape of the handle, the handle
interface, the number of distal DoFs, and the mapping between the interface
and the distal DoFs. Early involvement of clinicians and user experiments can
shed light on the implications of these design parameters. Instead of realizing
mechanically functional prototypes, it is cheaper, faster and easier to virtually
program the mechanical functionality of the instrument. Such virtual prototype
can then be used in user experiments, thus shortening the development cycle
and increasing the likelihood of later acceptance by clinicians.
In a user study, various virtual instrument tip designs were compared for their
applicability to TTTS treatment in case of anterior and posterior placentas [183,
184]. Figure 3.15 shows the sensorized fetoscope mock-up that was used during
this study. No significant differences were found between an instrument with
a single unidirectional bending DoF at the distal tip and more complicated
bidirectional and dual DoF instruments. Moreover, even when more distal
dexterity was available, the users tended to use the instrument as a unidirectional
single DoF tool. These observations suggest that a single unidirectional distal
bending DoF could be sufficient for improved TTTS procedures.
Training of machine learning algorithms
A simulation environment provides a controlled environment that facilitates
gathering procedural data in a structured fashion. The collected data can be
used as input for early-stage training and design of machine learning algorithms,
that serve to interpret intraoperative data. As discussed in Chapter 2, motion
Input lever 1

Input lever 2

Fetoscope mock-up

Embedded EMT sensor

Figure 3.15: Fetoscope mock-up for virtual instrument prototyping. This mockup features two programmable levers for exploring different user interfaces, and
an EMT sensor to track its motion.
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and image data is intrinsically available in robotic laparoscopy and should
therefore be optimally used.
A use case for such algorithms was proposed in [185], following indications
by clinicians. In TTTS procedures, laser coagulation is most effective with a
perpendicular angle of incidence with respect to the placental surface (Table 3.2).
Robotic control of distal instrument DoFs can help the surgeon to maintain
this orientation, in an effort to reduce his/her cognitive load. However, this
type of assistive technology requires measurements of the orientation of the
placental surface. In [186], it is suggested to train a convolutional neural network
(CNN) to derive the placenta orientation from the lighting pattern on its surface.
Instead of using real fetoscopic images to train this CNN, the simulator was
used here to easily generate a large quantity of well-distributed ground truth
data. Figure 3.16 illustrates how the generated training data compares to real
fetoscopic images. This resulting CNN-based orientation estimation algorithm
was subsequently used in a serial comanipulation scenario to show the feasibility
of the approach [187].
Surgical navigation validation
In TTTS treatment, the limited field of view of the fetoscope presents a hurdle
to the surgeon, as he/she needs to mentally map the placental surface and
circulation. To reduce the cognitive load for the surgeon, algorithms have
been developed that stitch the individual fetoscopic frames together to produce
an overview image of the placenta, a process called mosaicking [188, 189].
Figure 3.17 shows a mosaicked placenta, created with the method from [188]. The

Figure 3.16: Fetoscopic image of a placenta that is inclined with respect the
camera, taken with a real fetoscope (left) and generated in the VR simulator
(right) [186].
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mosaicked placenta can be presented to the surgeon with a surgical navigation
system, as is visualized in Figure 3.18.
To validate the benefits of such surgical navigation system, a study has been
done with the VR simulator [190]. The use of a simulator is recommended here,
as it contains the ground truth overview image, which allows to separate the
contribution of the navigation system from imperfections in the mosaicking
result. By means of an eye tracker, the preliminary results of the study suggested
that test subjects do rely on the overview map, without being overly distracted
from the clinical task. This is a good starting point to further explore what

Figure 3.17: Original, printed placenta image (left) and mosaicked placenta
result, after stitching fetoscopically taken images of the original (right).
Mosaick
navigation

Fetoscopic
image

Comanipulator

Fetoscope

Womb mock-up

Figure 3.18: Surgical navigation system for TTTS treatment, based on a
mosaicked overview image of the placenta.
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sources of information are valuable to augment the surgeon’s intraoperative
knowledge during fetal procedures.

3.5

Conclusions

This chapter discussed the specific challenges that need to be overcome to
integrate robot assistance into the highly specialized discipline of fetal surgery,
and more specifically surgical TTTS treatment, without sacrificing synergy. For
this discipline, a list of functional and technical requirements was composed,
indicating the challenges for synergistic robot assistance. It should be noted
that some of these challenges are characteristic for the very demanding nature
of fetal surgery and that they can thus be relaxed for more general deployment
of synergistic robot assistance. Based on the requirements, it was argued that
existing telemanipulation systems for robotic laparoscopy are inappropriate
for fetal surgery, because they interfere in the intricate relationship that exists
between the surgeon, the patient and the surgical team, and because they lack
the required versatility. Instead, the Virtuose range of haptic devices was found
to be compliant with the requirements for a comanipulator for fetal therapy.
Next, the absence of simulators for TTTS procedures was identified. Because
simulators form important means to assess the value of developed assistive
technology, a VR simulator was developed. In subsequent efforts, its face and
content validity were proven. The chapter concluded with a range of relevant
use cases for robot assistance, and more generally computer assistance, in fetal
surgery. All use cases benefited from experiments that could be conducted with
the versatile and data-driven VR simulator.

Chapter 4

Leveraging the Fulcrum Point
This chapter is based on the journal publications “Leveraging the Fulcrum Point
in Robotic Minimally Invasive Surgery” [191] and “A Hybrid Active/Passive
Wrist Approach for Increasing Virtual Fixture Stiffness in Comanipulated
Robotic Minimally Invasive Surgery” [192], both published in IEEE Robotics
and Automation Letters.
This chapter focuses on the fulcrum point, a point also commonly referred to
as the trocar point, the incision point, the insertion point or the keyhole port.
For laparoscopic surgeons, this point has important implications. It constrains
the instrument diameter, it causes resistive torques that hinder instrument
inclination, it masks interaction forces at the instrument tip and it affects the
mechanics of instrument manipulation. This latter aspect is referred to as the
fulcrum effect and is discussed in the first section of this chapter.
Robotic laparoscopy systems are also affected by the fulcrum effect. Chapter 2
argued that systems with BW kinematics offer the most synergistic way of
dealing with the fulcrum point. However, this synergy can only be fully exploited
with appropriate control strategies. Therefore, this chapter introduces new
methods to automatically determine the fulcrum position and to leverage this
knowledge for improving the quality of proprioception and control with BW
systems. This leads to the notion of the fulcrum asset, contrasting the fulcrum
effect, which is associated with impairment.
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4.1

LEVERAGING THE FULCRUM POINT

Fulcrum effect

A laparoscopic instrument can pivot about the fulcrum point, or rotate about
and translate along its longitudinal axis. The variable insertion depth creates a
configuration-dependent transformation of forces and motions, from the proximal
to the distal instrument end. Gallagher et al. were among the first to study
the cognitive and perceptual difficulties the surgeon experiences due to the
fulcrum and coined this phenomenon the fulcrum effect [193]. Later works,
such as [194, 195] studied the kinematic and dynamic transformations more
formally, based on a sliding lever model. They investigated the underlying
motor and cognitive processes and how they dominate errors in goal-directed
movements. Nisky et al. added distal contact forces to these models, showing
that the fulcrum effect also biases perception of haptic information, such as
stiffness [196].
Because the surgeon cannot correct for the fulcrum effect by paying closer
attention, owing to the cognitive attentional load of dual task performance,
the fulcrum effect has a detrimental impact on the acquisition of fundamental
psychomotor skills in laparoscopic skills [197]. However, over time the surgeon
becomes accustomed to the fulcrum effect and can compensate for it. He/she
overcomes both the poorer performance [198] and the perception bias [196]. This
could also be observed from the clinical data acquisition results in Section 3.2.1.
After getting accustomed to the fulcrum effect, experienced surgeons tend
to get confused when this effect is negated [198]. Therefore, a synergistic
comanipulation device should not interfere with the habitual motion and
perception of the experienced laparoscopic surgeon and should thus respect the
fulcrum effect during normal operation.

4.1.1

Fulcrum effect on motion and force

While humans can, over time, naturally adapt to the fulcrum point and fulcrum
effect, for robots this needs to be explicitly programmed. To study robotic
approaches that take into account the fulcrum point, a mathematical model
is derived here. Consider the definitions in Figure 4.1. Further, define the
instrument length li inside the patient, the instrument length lo outside the
patient, and the fulcrum ratio a:
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li = kpd − pf k,

(4.1)

lo = kpf − pp k,

(4.2)

a=

li
.
lo

(4.3)

The kinematic relations between the distal and proximal side of the fulcrum
can now be modelled as:

δpdx = −aδppx = li δθpy = li δθdy ,

(4.4)

δpdy = −aδppy = −li δθpx = −li δθdx ,

(4.5)

δpdz = δppz ,

(4.6)

δθdz = δθpz .

(4.7)

Introducing the fulcrum mapping J f , the transformation from proximal
displacements δpp to distal displacements δpd can be summarize as:
δpd = J f δpp ,

(4.8)



−a 0 0
J f =  0 −a 0 .
0
0 1

(4.9)

with

From the kineto-statics duality, the reciprocal mapping between proximal forces
f p and distal forces f d is obtained:
f p = J Tf f d .

(4.10)

Note that this equation assumes an idealized lever that can slide through and
pivot about the fulcrum without any form of resistance. Therefore, non-idealities,
such as friction forces at the incision point or moments arising from the thickness
of the body wall, will hereafter be considered as unmodelled disturbances.
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Figure 4.1: Definition of distal and proximal instrument frames and parameters.
The proximal frame {p} at position pp is denoted by a subscript p and the
distal frame {d} at pd by a subscript d. The fulcrum point pf separates
the proximal and distal sides. The infinitesimal translational displacement
δp = [δpx δpy δpz ]T and rotational displacement δθ = [δθx δθy δθz ]T are
displayed on the proximal and distal sides, for an infinitesimal pivotal motion
(left) and for an infinitesimal axial rotation and insertion (right).
Equation (4.8) shows that motions in the z-direction are unaffected by the
fulcrum point. However, motions in the x- and y-directions are inverted, as well
as scaled by a factor a from proximal to distal side. This scaling factor could be
exploited by surgeons or robotic manipulators handling an instrument. When
a < 1, i.e., when the instrument insertion depth is less than 50%, a precision
increase can be achieved thanks to the fulcrum. However, in practice this effect
is not exploited, as it renders instruments overly long and unwieldy and because
the scaling is variable and anisotropic. As such, the fulcrum effect on motion is
perceived as a disturbance.
A reciprocal reasoning can be made for forces, of which the x- and y-components
are scaled by a factor 1/a from proximal to distal side. At first sight, exploiting
this property could enable the surgeon to exert microforces on tissue when
a  1. However, a surgeon cannot exert a force on tissue, unless it is balanced
by a reaction force that comes forth from physical interaction with the tissue.
As such interaction is governed by stiffness (or impedance), rather than pure
force, the fulcrum effect on forces has to be studied jointly with its effect on
displacements.
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Fulcrum effect on stiffness

Any distal stiffness can be approximated by a locally planar elastic wall of which
the normal instantaneously coincides with the direction of the contact force.
Starting from the general representation K w of a planar elastic wall of stiffness
k:

K w = diag(0, 0, k) = kez eTz ,

(4.11)

with ez the unit vector in the z-direction, this distal wall can be expressed in
the distal frame {d} as:

K d = Rd K w RTd ,

(4.12)

where the distal wall rotation Rd = Rz (γ)Ry (φ + π2 ) is parametrized by the
wall inclination angle φ and the axial rotation angle γ, as in Figure 4.2. Rj (ψ)
is here a 3D rotation matrix for a rotation about the j-axis by an angle ψ.
Using the fulcrum mapping J f , this stiffness matrix can be mapped to the
proximal side:

K p = J Tf K d J f .

(4.13)

The eigendecompositions of the symmetric, rank-1 stiffness matrices K d and
K p reveal the effect of the fulcrum mapping on the stiffness:

{p}
xp

{d}
xd

fulcrum
lo
zp
proximal
side

li

k

zd
γ

distal
side

ϕ

wall

Figure 4.2: Distal instrument tip in contact with a locally planar elastic wall of
stiffness k. The orientation of the wall with respect to the distal frame {d} is
defined by the angles φ and γ.
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K d = Rd diag(0, 0, kd )RTd = Rd diag(0, 0, k)RTd ,

(4.14)

K p = Rp diag(0, 0, kp )RTp = sf Rp diag(0, 0, k)RTp ,

(4.15)

⇓
K p = sf Rp RTd K d Rd RTp = sf Rf K d RTf ,

(4.16)

where sf represents the fulcrum scaling factor:
sf = a2 cos2 φ + sin2 φ

(4.17)

and Rf the fulcrum rotation matrix:
Rf = Rp RTd .

(4.18)

From (4.16), it can be seen that the fulcrum causes a distortion of the stiffness
from distal to proximal side, in both magnitude and direction, respectively
represented by sf and Rf . This is illustrated in Figure 4.3.
In scenarios where the instrument is deeply inserted (a  1) and approximately
parallel to the distal wall (φ → 0), it can be seen from (4.17) that the magnitude
of the proximal stiffness kp = sf k becomes substantially larger than the distal
stiffness kd = k. A reciprocal reasoning can be made for shallow instrument
insertion. Such scenarios are common for real applications and cause a perception
bias for the inexperienced surgeon, as was shown in [196].
The distal stiffness can be a property of distal physical tissue, but may also be
virtual, e.g., representing a programmed FRVF or GVF. Proximally located
robotic manipulators generating such distal VF are also affected by the stiffness
distortion following from the fulcrum effect. With impedance-controlled BW
manipulators, this may lead to stability problems in specific configurations, as
the controller gain is proportional to sf . This problem is tackled in Section 4.4,
but first methods to reliably measure the position of the fulcrum and the
instrument tip are discussed.
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Figure 4.3: Magnitude and direction distortion of a distal stiffness k towards
the proximal side of the instrument, in case of: (a) a semi-axial proximal
motion with a > 1, (b) a semi-perpendicular proximal motion with a > 1, (c) a
semi-axial proximal motion with a < 1, and (d) a semi-perpendicular proximal
motion with a < 1. The distal wall orientation is each time selected such that
the distal motion happens along the wall normal.

4.2

Fulcrum estimation

The fulcrum point is a central aspect in all robotic laparoscopy systems. In
Section 2.3, the four main kinematic design approaches for dealing with the
fulcrum point were introduced: LCM, RCM, VRCM and BW systems. For all
these systems, accurate knowledge of the fulcrum position of the fulcrum is
critically important. For RCM and LCM systems, the location of the incision
point needs to be accurately aligned with the mechanism’s center of motion to
prevent excessive forces on the patient and instrument. VRCM systems need to
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know the position of the fulcrum point, expressed with respect to the robot base
frame, in order for their control algorithms to correctly enforce this position as
a constraint on the instrument motion. Also here, inaccuracies may cause harm
to the patient or even lead to dangerous situations. Finally, in BW systems,
misalignment does not lead to excessive forces on the body wall, as the nature
of these systems precludes violation of the fulcrum constraint. However, also for
BW robots, knowledge of the fulcrum point is crucial: accurate control of the
instrument tip relies on knowledge of the fulcrum position. Consequently, for
BW robots, an identification step is needed to accurately locate the fulcrum.
This section introduces a novel method to estimate the fulcrum position, after
reviewing existing approaches from literature. The new method is principally
applicable for integration with BW systems, supporting the synergy in their
approach towards the fulcrum. However, it is also more generally applicable in
systems that require a responsive and robust fulcrum estimate. The fulcrum
estimation method is validated on the basis of several simulations.

4.2.1

Existing fulcrum estimation methods

A number of fulcrum estimation approaches have already been proposed in
literature. These methods can be largely classified in three groups: methods
that rely on (i) external measurement equipment, (ii) force sensors, or (iii)
proprioceptive data only. Depending on the application, some of these works
target RCM alignment, while other target robot control, or both. Yet other
works estimate the fulcrum position to facilitate real-time instrument tracking
in endoscopic images [199, 200]. In these works, the fulcrum location is used
to help generate seed points for more accurate initialization of instrument
segmentation routines.
Fulcrum estimation with external measurement equipment
Several approaches have been developed where the fulcrum is estimated using
measurement equipment that is set up externally with respect to the surgical
robot. Mostly, this concerns cameras that are positioned with a direct line of
sight onto the incision point. These methods try to detect the instrument axis
in the collected images. Typically, least-squares or other optimization methods
are employed to calculate the best intersection between the detected lines. The
approaches mainly differ in the methods adopted to detect edges in the image.
Some methods express the results in the image space, others in the Cartesian
space. Also, the type of the employed camera may differ.
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Krupa et al. make use of optical trackers attached to the instrument shaft
to detect the instrument [201]. While assuming a motionless fulcrum, the
intersection between two detected axes is computed, leading to a fulcrum
estimate expressed in image space. Nageotte et al. study a number of approaches
to recover the 3D fulcrum position from monocular images [202]. They start
from the assumption that an edge detection algorithm has already located the
instrument borders in the images, with possible errors. Then, they present
three methods and a refinement strategy to estimate the fulcrum, mostly based
on perspective calculus. Their study elaborates on the optimal conditions for
each of their approaches. Wilson et al. present a stereo camera approach [203].
First, the instrument edges are supposed to be predefined by the user. Then,
the instrument centerline is computed in the images of the mutually calibrated
cameras. Via triangulation, a 3D representation is obtained. The intersection
of the 3D centerlines is treated as the fulcrum location. Alternatively, mutually
registered images can be captured by moving a robot-mounted camera over
different poses. Voros et al. ask the surgeon to identify the fulcrum point in
two registered images via a voice-controlled mouse, after which the 3D position
is computed [200]. Rosa et al. ask the operator to carefully pivot a calibration
instrument around the incision point. The Hough method and pruning methods
are applied to automatically detect the instrument in the large set of stereo
camera images. A least-squares fit is finally adopted to compute the 3D fulcrum
point [129]. The fulcrum position, or incision in the patient, may also be
planned during a preoperative phase. Navigation systems that help registering
the patient to the preoperative plan can then be used to assist the surgeon in
making the incision at the correct location [125, 204].
Most above approaches include some procedural steps that involve supervision of
an operator. This makes it somewhat cumbersome for use in clinical applications.
Furthermore, an additional registration step is typically needed in order to
express the estimated fulcrum position in the robot space. Registration is hard
to automate and serves as a source of potential errors. These arguments indicate
that other approaches for obtaining the fulcrum point in the robot space might
be more synergistic.
Fulcrum estimation from force sensing
Since the body wall has a non-negligible thickness, contact forces (and torques)
will always act on the instrument as it pivots about the incision. The larger
the misalignment between the RCM and the incision, the larger these forces
are. By measuring the forces at the fulcrum-instrument interface, e.g., via a
dedicated force/torque sensor, it is thus possible to estimate the location of the
fulcrum point. Krupa et al. propose to apply a reference excitation force signal

98

LEVERAGING THE FULCRUM POINT

to estimate the tissue stiffness at the incision point. From this, they derive the
fulcrum location [205]. It is also possible to estimate the location of the fulcrum
by measuring the induced forces when pivoting the instrument about a known
point along its axis and by exploiting the lever principle [206, 207].
When the force sensor is mounted on the robot, these approaches offer an
estimate that is directly expressed in the robot space, thus eliminating the need
for an additional registration procedure. However, most methods require that
there is only instrument contact at the incision point and thus not at the tip. The
aforementioned works build upon the assumption that the incision point exerts
a pure force on the instrument. This ignores the fact that significant torques are
applied on the body wall, just to be able to incline the instrument [175], even
when the RCM system is perfectly aligned. Force sensors are noisy and prone
to drift. They require calibration, pose difficulties when it comes to sterilization
and are expensive. Also, the position of the force sensor must be known for
fulcrum estimation, e.g., by mounting it on the surgical robot and using the
robot proprioception.
Fulcrum estimation from proprioceptive data
For robots that do not have a fixed center of motion, the robot’s proprioceptive
data can be exploited to estimate the fulcrum position. As was argued in
Section 2.4.2, proprioceptive data is readily available and fulcrum estimates will
be conveniently expressed in robot space. While measurement data should ideally
reflect that the instrument passes through a single fixed point in space, in practice
this is not the case, due to measurement noise, and motions of and forces applied
to the incision point. Similarly to camera-based approaches, proprioceptionbased approaches locate the incision by searching for the intersection point that
minimizes the distance between multiple recorded instrument poses.
An early approach proposed to determine the instrument axis in two sequential
instrument poses. The point in space where the mutual distance between these
two axes is minimal was considered as the fulcrum. Ortmaier et al. repeated
this process for multiple axis pairs and averaged the resulting points [208].
Dong et al. generalized this method by forming it into a least-squares estimation
problem [132]. Each time the instrument has sufficiently moved, the pose of
the newest axis is added to a circular buffer of size n. The best intersection
between the axes in the buffer yields the fulcrum estimate.
Dong’s method is appealing, as it enables parallel detection of the presence and
the position of the fulcrum, by using two buffers, respectively of a small and large
size n. It also updates the fulcrum when the incision moves. By appropriate
choice of n, a trade-off can be made between accuracy and mobility of the fulcrum
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estimate. However, the method does not fully incorporate the specificities of
the kinematics of a robot. For instance, in a BW manipulator, the position and
orientation are decoupled. In such wristed systems, noise on orientation sensors
has a large impact on the estimated fulcrum location. Figure 4.4 illustrates how
methods based on least-squares estimates systematically misjudge the incision
location in case of noisy orientation measurements. It depicts, for a simplified
case with two correct measurements and four synthetic, noisy measurements
how the fulcrum estimate is systematically pulled towards the robot wrist.
Therefore, in the following, an algorithm is developed that can robustly handle
noisy situations.

4.2.2

Extended Kalman filter for fulcrum estimation

An extended Kalman filter (EKF) was developed for estimating the fulcrum point,
based on kinematic data of the instrument, acquired via proprioception. This
method is tailored for cases where the available data consists of instrument poses

Figure 4.4: Fulcrum point estimate based on a least-squares approximation that
finds the point that minimizes the distance between multiple instrument axes.
In this example, two noiseless measurements of the instrument axis were used
(orange) and four measurements with equal synthetic measurement noise on
the angle of the axis (blue). The least-squares estimate of the fulcrum (green)
differs from the ground truth at the intersection of the orange lines, as the
specific configuration pulls the estimate towards the robot wrist at the origin of
the instrument axes.
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measured by a robotic manipulator with a decoupled position and orientation
measurement. For other robot topologies, where this condition is not fulfilled,
the method can be straightforwardly expanded by incorporating the robot
kinematic model in the measurement model of the EKF.
The governing equations for the EKF are given as [209]:

xk = g(xk−1 ) + k ,

(4.19)

z k = h(xk ) + δ k ,

(4.20)

with xk the current state vector and xk−1 the state vector at the previous
estimation step. The prediction model is described by the function g(). k
expresses the noise on the prediction. Further, z k is the measurement vector at
time k, h() the measurement model and δ k the measurement noise vector.
The state vector is defined as:

xk = ppx ,k

with pp = ppx

ppy ,k

ppz ,k

pfx ,k

pfy ,k

pfz ,k

T

,

(4.21)

T

the position of the proximal end of the instrument,

T
i.e., the position of the robot wrist, and pf = pfx pfy pfz the position of
the fulcrum (Figure 4.5). All quantities are expressed in the world reference
frame {w}.
ppy

ppz

A very simple prediction model can be used:
xk = g(xk−1 ) + k = xk−1 + k ,

(4.22)

which assumes a constant position for pp and pf . For pp , the prediction noise
component in k is taken relatively large, while for pf it is smaller, depending
on the desired sensitivity to motion of the fulcrum. Although not required, a
more complex motion model could be included for pp .
For the measurement model, as argued above, it is assumed that the robot can
measure the pose of the instrument with respect to its reference frame. As the
rotation of the instrument about its axis is irrelevant for fulcrum estimation,
it suffices to measure the instrument direction vector i, represented with an
altitude-azimuth angle pair (α, β):

i = cos α cos β

cos α sin β

sin α

T

.

(4.23)
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Figure 4.5: Representation of the symbols used for the EKF, including the
proximal instrument end pp , the distal instrument end pd , the fulcrum point
pf and the instrument direction vector i. The world frame {w} is denoted by a
subscript w.
The end effector position is measured directly. This allows to summarize the
measurement vector as:

z k = p̃px ,k

p̃py ,k

p̃pz ,k

α̃k

β̃k

T

.

(4.24)

A tilde ˜ is used to denote measurement data. Considering that the instrument
position and orientation information are contained in the state vector, the
measurement model can be expressed as a function of the state parameters,
after introducing the auxiliary variable for the outside portion of the instrument

T
r o = pf − pp = rox roy roz :


ppx ,k
ppy ,k
pq
pz ,k




z k = h(xk ) + δ k = 


atan2 roz ,k ,






 + δ k .

2
2
rox ,k + roy ,k 

atan2 roy ,k , rox ,k

(4.25)

The components of the measurement noise δ k have to be set in accordance with
the specific hardware. To obtain direction-independent Gaussian orientation
σ2
noise for i, the noise on α and β has to be modelled as N (0, σα2 ) and N (0, cosα2 α ),
respectively, as is elaborated in Appendix B.
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It is important to note that discontinuities can occur in β when the EKF
algorithm internally subtracts the actual measurement from the evaluation of the
measurement model and the β-terms are on opposite ends of the [−π, π[-interval.
These jumps can be avoided by normalizing the subtraction result to the
[−π, π[-range. This modification is imperative for the stability of the filter.
With the above equations, the EKF is completely specified. As the state vector
contains the fulcrum position, its estimate naturally emerges from the EKF
algorithm at runtime, with the uncertainty of the estimate decreasing over time.

4.2.3

Fulcrum estimation validation

The proposed EKF has been simulated to validate its robustness to measurement
noise and its responsiveness to changes in the fulcrum position. For
each simulation, the outcome is compared to the least-squares method by
Dong et al. [132], which is representative for the state of the art. Experimental
results that compare the fulcrum estimate to a ground truth are not provided, as
it is more valuable to have an estimate that is locally accurate in the coordinate
space of a possibly globally inaccurate robot, rather than one that is accurate
with respect to an external global reference frame. Thus, a simulation suffices
to show the performance of the algorithm. Additionally, in Section 4.3 the
performance of the EKF is experimentally demonstrated in the context of
specific control tasks.
Simulation description
To validate the robustness and the responsiveness of the EKF, the behaviour of
a robotic manipulator holding an instrument and constrained by an incision into
a patient, was simulated. The kinematics of the simulated robot correspond
to those of the BW Achilles robot, which was detailed in Section 3.3.2. The
simulation environment was set up so that it was straightforward to introduce
both Gaussian and quantization noise on the orientation measurements in the
wrist. The position of the wrist was assumed to be perfectly known. Since this
concerns a simulation, the robot has perfect accuracy and the ground truth
for the fulcrum position is available. Deviations from this ground truth can
thus be easily analyzed. For each simulation experiment, the robot wrist was
programmed to move over a circular trajectory with a diameter of 15 cm at a
height of 25 cm above the fulcrum. Each revolution took 2 s and the simulation
time step was 1 ms.
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Robustness of fulcrum estimation to measurement noise
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To assess the robustness of the fulcrum estimation method to measurement
noise, the circular trajectory was applied, while measurement noise was added to
the orientation measurements. During this motion, the fulcrum was estimated
by Dong’s method, with varying buffer size n (10, 20 and 100 samples), and with
the EKF method. The simulation was run as long as needed to fill all buffers.
The fulcrum error was characterized by the Cartesian distance between the
ground truth and the estimated fulcrum position. Figure 4.6.a and Figure 4.6.b
show the fulcrum error when respectively Gaussian noise with an increasing
standard deviation and quantization noise with an increasing quantization step
(decreasing resolution) were added. All methods handle low noise very well,
but it can be clearly seen that the EKF method is more robust to Gaussian
noise than the state-of-the-art method. By increasing the buffer size, the latter
method does maintain its performance over a wider noise range. For quantization
noise, the EKF still outperforms the state-of-the-art method, but the effect is
less pronounced. As the Gaussian noise increases, the state-of-the-art method
converges towards a systematic error, where the fulcrum estimate lies in the
center of the circular trajectory of the wrist, in this case approximately 25 cm
above the real fulcrum position. This corresponds to the effect mentioned in
Figure 4.4.
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Figure 4.6: Robustness to measurement noise for different fulcrum estimation
methods: (a) sensitivity to Gaussian noise on the instrument orientation
measurement, and (b) sensitivity to quantization noise on the instrument
orientation measurement.
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Responsiveness of fulcrum estimation to fulcrum motion
The simulation was conducted once more to investigate the responsiveness
of the fulcrum estimation methods. Again, the robot wrist moved over the
aforementioned circular trajectory. Between 10 s and 13 s the instrument was
held stationary. During this period, the fulcrum was displaced 5 cm sideways.
Gaussian noise with a standard deviation of 0.2° was added to the orientation
measurements. Dong’s method, with varying buffer size n, and the EKF method
were run for fulcrum estimation. Figure 4.7.a, and its close-up in Figure 4.7.b,
show how the fulcrum error evolves over time during the described motions.
It can be seen that at start-up the EKF method responds immediately but
converges a bit slower than Dong’s method with a small buffer. When the
fulcrum moves, the EKF method continues to track the instrument axis. This
explains why for the EKF the fulcrum error never reaches a 5 cm error. In
contrast, the state-of-the-art method only starts compensating for the fulcrum
motion when the end effector resumes its circular trajectory at 13 s, as motion
is necessary to update the buffer and thus excite the algorithm.

4.2.4

Discussion

From the simulations, it can be seen that the EKF has a number of
advantages over state-of-the-art methods that are typically based on leastsquares estimation.
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Figure 4.7: Responsiveness to fulcrum motion for different fulcrum estimation
methods: (a) fulcrum estimation convergence, and (b) close-up of the
convergence upon an externally induced fulcrum displacement of 5 cm.
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Firstly, as visible in Figure 4.6.a, the EKF-based method is more robust to
measurement noise. In a surgical situation robustness is vitally important. Even
when sensors with lower performance are used, fairly accurate estimates of the
fulcrum can still be obtained. Also in the presence of quantization noise, the
performance of the EKF outperforms other methods, although to a lesser extent
(see Figure 4.6.b).
Secondly, the EKF does not require a minimal amount of excitation, i.e., change
in instrument pose, before it updates its estimate. Other methods do not update
the fulcrum estimate when the instrument is kept stationary. Conversely, the
EKF method pulls the fulcrum estimate towards the instrument axis, even if
the latter shows no motion. This behaviour is desired, as in a normal situation
the instrument always passes through the fulcrum.
Thirdly, because a minimum excitation is not needed, each measurement at
1 kHz is taken into account. As such, the EKF method is able to update
the fulcrum estimate more quickly than other methods (Figure 4.7.a–b). The
advantage here is twofold. In the initialization phase of the algorithm, it takes
less time and less probing around with the inserted instrument to find a good
fulcrum estimate. This makes the initialization procedure less cumbersome and
also more fail-safe. Analogously, the EKF method can quickly accommodate in
case the fulcrum moves. Patient movement or movement of the fulcrum due
to physiological phenomena or tissue deformation cannot be excluded. The
sensitivity of the filter to motion of the fulcrum can be easily tuned to fit to a
particular situation by adjusting the covariance in the prediction function for
the fulcrum position.
Besides these benefits of the EKF over the state-of-the-art methods, it was
experimentally observed, in experiments that are not further documented here,
that Dong’s method was more reliable than the EKF for detecting the presence
of a fulcrum point, especially with small buffer sizes of less than 50 samples.
Detecting the presence of the fulcrum helps the robot controller to establish
that it is safe to apply control strategies that incorporate fulcrum knowledge.
Therefore, the proposed EKF and Dong’s method can be advantageously used
in conjunction with each other, respectively for fulcrum position estimation and
fulcrum presence detection.

4.3

Instrument tip position estimation

Measuring the position of the tip of a surgical instrument can be a delicate
issue. In laparoscopy, long and slender instruments are attached to the robot
end effector. In BW robots, this end effector is a wrist, that typically has
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no transmissions or a transmission with a very low reduction ratio. This
is because mechanical backdrivability is required, but also because of space
considerations. The low reduction ratio limits the resolution and precision of
the orientation measurement. Given that any measurement error is amplified by
the instrument length, orientation noise and inaccuracies have a large impact,
making it challenging to obtain high quality tip position measurements.
This section proposes a new method for estimating the instrument tip position.
First, a number of simple tip estimation alternatives are listed, and their
performance in terms of accuracy, precision, and bandwidth is explained. Then,
a fulcrum refinement method is developed for the purpose of better tip estimation,
although it is also possible to apply that method more broadly, as an add-on to
ameliorate existing fulcrum estimation approaches. Finally, the contribution
of fulcrum refinement for tip estimation is demonstrated in a user experiment
that targets haptic guidance.

4.3.1

Tip position estimation alternatives

The simplest approach to determine the position of the instrument tip is based
on direct measurement. The instrument is rigidly attached to the end effector,
so the instrument direction vector i is known. For an instrument of length l,
direct measurement of the tip position yields:
pd = pp + li.

(4.26)

However, because of the aforementioned difficulties with wrist proprioception,
this result often suffers from relatively low precision.
A second approach improves the measurement precision by applying a low-pass
filter on the orientation data. For instance, with a simple first-order exponential
filter, the tip estimate becomes:
pd,k = pp,k + l

ξik + (1 − ξ)ik−1
,
kξik + (1 − ξ)ik−1 k

(4.27)

where ξ is the smoothing factor of the exponential filter and k the time step.
As with any real-time application, the low-pass filter is a causal filter. The
unavoidable phase lag limits the bandwidth of tip position estimates and is
detrimental for the performance of any controller that uses this data.
A third alternative for estimating the tip position is based on the raw fulcrum
measurement data. It draws a line originating from the wrist center and through
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the fulcrum point and then determines the tip position from knowledge of the
instrument length l:
pd = pp + l

pf − pp
pf − pp

(4.28)

.

This method does not introduce phase lag: measurements of the wrist position
produce a tip measurement at the same rate. However, the method relies on
good knowledge of the fulcrum position. As there will be inaccuracies in fulcrum
estimation, also due to the fact that the incision may move over time, the tip
estimate may be inaccurate. Especially when the wrist comes close to the
fulcrum, errors in the estimated fulcrum location are strongly amplified towards
the tip, due to the fulcrum effect.
In summary, the precision with which the tip position can be estimated from
direct measurement is poor, but the accuracy can be good in the sense that
there are no systematic errors. By low-pass filtering, the orientation estimate
can be improved at the cost of additional phase lag. The tip position can be
computed at high bandwidth and with great precision with the fulcrum-based
method, but it has poor accuracy, e.g., when the estimated fulcrum position
deviates from the actual one. Note that the presence of a deviation could
be detected by monitoring if estimated fulcrum position coincides with the
measured instrument axis. This is because in reality the instrument axis and
the incision should coincide as long as the instrument is inserted in the body.
Table 4.1 gathers these insights.

4.3.2

Fulcrum refinement for tip position estimation

Referring to Table 4.1, a fulcrum refinement method for tip position estimation
is introduced that uses the best of three worlds: the accuracy of direct tip
measurement, the noise rejection of low-pass filtering, and the high bandwidth
stemming from the raw fulcrum method. While filtering the wrist orientation

Table 4.1: Comparison of different tip position estimation methods.

Accuracy
Precision
Bandwidth

Direct
measurement

Low-pass
filtering

Raw
fulcrum

Fulcrum
refinement

+
−
+

+
+
−

−
+
+

+
+
+
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induces a delay, filtering the fulcrum position does not cause this problem, as
it can be assumed that this position is (approximately) stationary. Therefore,
consider the projection p⊥
f of the raw fulcrum position onto the instrument axis:
p⊥
f = pp + [(pf − pp ) · i]i.

(4.29)

As p⊥
f is projected directly onto the instrument axis, it is noisy and not usable
for stable tip estimation. Instead, the fulcrum estimate can be set to track
0
p⊥
f with a low correction gain ξ. This yields a refined fulcrum estimate pf
(Figure 4.8):
0
p0f,k = p0f,k−1 + ξ(p⊥
f,k − pf,k−1 ),

(4.30)

with k the time step. This is equivalent to applying an exponential filter to the
projected fulcrum:
0
p0f,k = ξp⊥
f,k + (1 − ξ)pf,k−1 .

(4.31)

With a proper, close to zero, choice of ξ, it is ensured that p0f moves towards the
instrument axis. Using p0f and instrument length l, the tip position estimate
pd can be obtained as:
pd = pp + l

p0f − pp
p0f − pp

(4.32)

.

This new tip position estimation method eliminates systematic errors, such
as those arising from an off-axis fulcrum estimate. Noise on pd is suppressed
thanks to the exponential filter. The measurements have no phase lag with

pp,k
ik

pf,k

⟂
pf,k

'
pf,k-1
'
pf,k

pd,k

Figure 4.8: Principle of fulcrum refinement: the refined fulcrum estimate p0f
slowly tracks the projection p⊥
f of the raw fulcrum measurement pf onto the
instrument axis i.
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respect to pp . The proposed method can be used in combination with any
fulcrum estimation approach.

4.3.3

Tip position estimation validation

To evaluate the value of the novel instrument tip estimation method, which also
relies on fulcrum estimation, a user experiment was set up. This experiment
validates the proposed methods in terms of accuracy, precision and bandwidth in
a haptic tip guidance scenario, as these qualities are critical for high-performance
haptic control. The experiments were conducted with the BW comanipulator
Achilles (see Section 3.3.2). The wrist position of Achilles is measured
with highly precise encoders, offering a position resolution in the µm-range,
but the wrist orientation measurement relies on relatively noisy potentiometers
(standard deviation 0.2°), calling for a careful handling of the instrument tip
position measurement.
Experiment description
Test subjects were asked to comanipulate a 40 cm long instrument together with
Achilles. The instrument was inserted through a fixed, mechanical fulcrum
and a planar virtual wall was installed at a distance of 7.5 cm below this fulcrum
(Figure 4.9). With a haptic impedance controller, a wall stiffness of 2 N/mm was
implemented. Such wall is representative for an FRVF that may be programmed
in a laparoscopy scenario to protect fragile areas.
The users had to start with the instrument oriented perpendicularly with respect
to the virtual wall. From this pose, they were asked to slide the instrument
sideways, while maintaining a soft contact with the wall. To be able to follow
the wall, the users needed to insert the instrument gradually deeper through the
fulcrum. Figure 4.9 illustrates how this gesture takes place. The test subjects
were asked to stop sliding over the wall when the instrument was fully inserted,
or when they considered it too unsafe to proceed, assuming clinical conditions,
e.g., when vibrations started to occur.
The reason why unsafe conditions could occur is explained by the fulcrum
effect on stiffness rendering. As the instrument moves sideways and deeper,
the fulcrum scaling factor sf grows according to (4.17). This represents an
increasingly difficult situation for the haptic impedance controller, as its gain
scales proportionally with sf . Because this controller depends on the tip position
estimate to determine the wall penetration, the quality of this estimate becomes
more important with larger sf . Hence, the distance that the instrument can
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travel over the virtual wall without stability issues reflects the quality of the tip
position estimation method.
For this experiment six different approaches to estimate the tip position were
implemented and used by the virtual wall controller. The tip position was
calculated with (i) the direct measurement method from (4.26), (ii) the low-pass
filtering method from (4.27), with a cut-off frequency at 10 Hz, (iii) the raw
fulcrum method from (4.28), combined with Dong’s algorithm for deriving
the fulcrum position [132], (iv) the fulcrum refinement method from (4.32)
combined with Dong’s algorithm, (v) the raw fulcrum method, combined with
the EKF-based fulcrum estimation from Section 4.2.2, and (vi) the fulcrum
refinement method together with the EKF. Five subjects were asked to do
the task twice with all six tip measurement approaches. The methods were
presented in a random order to the test subjects.
Stability of haptic tip guidance controller
Figure 4.10.a shows box plots of the distances that the subjects could safely
travel by sliding the instrument tip over the virtual wall. Subjects felt more
confident and safe when the tip position was estimated with one of the four
fulcrum-based methods, which is evidenced by the substantially longer travelled
Instrument handle

Achilles

Mechanical fulcrum
Instrument tip
Virtual wall

Figure 4.9: The experimental setup for haptic tip guidance control. In the
starting position, the instrument is inserted through the mechanical fulcrum
and its tip touches the virtual wall perpendicularly (left). Subsequently, the
instrument is moved over the wall, in such a way that the fulcrum constraint is
respected and the wall contact maintained (right).
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distances. The haptic controller remained stable up to higher proximal stiffnesses
with the fulcrum-based methods, while it was susceptible to vibrations caused
by noise with the direct measurement method, and it became unstable due to
time delays when low-pass filtering was used.
Accuracy of tip position estimate
The actual wall penetration of the instrument is visualized in Figure 4.10.b.
To obtain the actual wall penetration, the actual, ground truth tip position
was computed from the raw position and orientation data, by post-processing
and filtering with a non-causal, zero-phase filter. This is the superior method
for deriving the tip position, but cannot be applied in real-time scenarios, due
to the non-causality of the filter. Systematic deviations between the actual
and estimated tip position indicate accuracy problems with the tip position
estimation.

Direct
Filtered
Dong
Dong reﬁned
EKF
EKF reﬁned

7

25

Wall penetration [cm]

Travelled distance [cm]

The wall penetration is plotted in function of the distance travelled over the wall.
Most methods yield a wall penetration of around zero. This corresponds to the
expectations, as the instrument tip is supposed to softly touch the wall. While
users were able to travel further over the wall with Dong’s method, compared
to raw or filtered estimates, it turns out that the actual tip position drifts away

20
15
10
5

6
5
4
3
2
1
0

0

Direct Filtered

Dong

Dong
reﬁned

(a)

EKF

EKF
reﬁned

0

5

10

15

20

25

Travelled distance [cm]
(b)

Figure 4.10: Performance of haptic tip guidance controllers with different tip
estimation methods. The box plots in (a) illustrate for each tip measurement
method how far the instrument tip travelled in contact with the virtual wall,
until the moment when test subjects ended the experimental run, because of
unsafe behaviour or task completion. In (b), the evolution of the effective wall
penetration (positive = no penetration) is shown as a function of the travelled
distance.
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from the location of the wall. This phenomenon arises because the method
from Dong does not ensure that the fulcrum estimate is on the instrument
axis. As can be seen, off-axis fulcrum estimates can cause large, systematic
errors towards the tip, which are amplified by the fulcrum effect upon deeper
insertion. In the other fulcrum-based methods, the fulcrum estimate is attracted
towards the instrument axis. As such, these methods do not suffer from the
same inaccuracy.

4.3.4

Discussion

The experiments not only show that the fulcrum refinement method improves
the quality of the fulcrum estimate, but also that the proposed tip position
estimation method helps to reach better haptic stability and performance. This
is especially true when dealing with a robot that has noisy orientation sensors in
its wrist, which is a common condition when for instance direct-drive BW robots
are concerned. Indeed, both [208] and [210] indicate that noise jeopardized their
controller stability.
Thanks to the experiments, the value of the EKF’s property of attracting the
fulcrum estimate towards the instrument axis was recognized. The fulcrum
refinement method can transfer this behaviour to other fulcrum estimation
approaches that lack such property. Indeed, it was demonstrated that Dong’s
method experiences problems to get an accurate tip measurement. However,
after application of the fulcrum refinement method, the error in Dong’s method
vanished. Note that shaft flexion can affect the estimation of both the fulcrum
position and the instrument tip position. When small diameter instruments
are used, this problem is more prominent and goes unnoticed by proximal pose
measurements. The effects of temporary flexion can be rejected by tuning
the EKF measurement covariance or the fulcrum refinement correction gain ξ.
Otherwise, additional sensing, such as force or shape sensing, could be adopted
to improve the position estimates.

4.4

Hybrid active wrist/passive wrist control for
distal virtual fixture rendering

When a proximally-located BW comanipulator is employed to render a distal VF,
it is subject to the fulcrum effect, as was argued in Section 4.1.2. In unfavourable
configurations with deeply inserted instruments, parallel to the VF, the fulcrum
scaling factor sf calls for an arbitrarily large proximal stiffness, and thus an
equally large haptic controller gain. While the previously introduced fulcrum
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and tip position estimation approaches contribute to stable haptic rendering of
a distal VF, they are insufficient to deal with the extent of this effect.
This section starts by zooming in on the characteristics of distal VF rendering.
It explains that the fulcrum point introduces a coupling between the DoFs
of a BW manipulator and hence provides actuator redundancy for rendering
distal forces. As this fulcrum-enabled redundancy creates an opportunity for
optimization, it is then exploited in a novel control strategy that maximizes
the distal stiffness that is achievable without stability issues. Aside from an
analytical example, experimental results are presented that show how the new
control strategy increases the performance of haptic impedance-type controllers.

4.4.1

Distal virtual fixture rendering

Although VFs are a well-documented topic, as was already established in
Section 2.1.1, only few works investigated the application of VFs at the distal
tip of a surgical instrument in a parallel comanipulation scenario: distal stiffness
VFs were studied in [164], and distal damping VFs in [211]. Because of the
particularities of the fulcrum kinematics and the fulcrum effect when it comes
to rendering distal VFs, this topic is further explored and generalized here. The
focus lies on stiffness VFs, which can be locally represented by the virtual wall
equations from (4.11)–(4.13), irrespective of whether they are FRVFs or GVFs.
Actuator redundancy
The presence of the fulcrum reduces the instrument DoFs by two, because
it couples the linear and rotational DoFs in the plane perpendicular to the
instrument. Consequently, a BW device manipulating a surgical instrument
with six active DoFs has two redundant actuators. For simplicity, but without
loss of generality, it is assumed that the wrist position is controlled by linear
actuators, while in the wrist itself, moments are generated by rotational actuators.
These linear and rotational actuators act in parallel in the plane perpendicular
to the instrument axis. Therefore, a proximal force f p can be transformed
into an equivalent proximal wrench wp , using the wrist weighting factors
wx , wy to distribute the effort over the redundant actuators. Referring back to
equations (4.4)–(4.7) and using the kineto-statics duality, this transformation
can be expressed as:
wp = J Tp f p ,

(4.33)
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with

wx
Jp =  0
0

0
wy
0

0
0
1


0
−lo (1 − wx ) 0
lo (1 − wy )
0
0 .
0
0
0

(4.34)

When this transformation is combined with (4.10), the mapping between a
distal force and an equivalent wrench for the linear and rotational proximal
actuators emerges:
wp = J Tfp f d ,

(4.35)

with

Jfp


−awx
= JfJp =  0
0

0
−awy
0


0
0
li (1 − wx ) 0
0 −li (1 − wy )
0
0 .
1
0
0
0

(4.36)

A distal virtual wall that is reflected onto the linear and rotational proximal
actuators thus becomes:
K lr = J Tfp K d J f p .

(4.37)

Depending on the choice of the wrist weighting factors, different control
approaches can be distinguished for rendering distal VFs. This was also
recognized by Vitrani et al. [164], who introduced the exact wrench computation,
which is hereafter referred to as fulcrum-agnostic control, and the lever model
computation, which is further treated as a specific case of fulcrum-aware control.
The possible control strategies are discussed below and summarized in Table 4.2.
Fulcrum-agnostic control
With a BW manipulator, it is possible to render distal VFs without knowledge
of the fulcrum position. To this end, the wrist weighting factors wx , wy need to
be set to −a−1 , such that the dependence on a and li disappears from (4.36).
Practically, this means that the proximal actuators have to generate the exact
wrench (EW) that matches the distal wrench, but displaced over the instrument
length l. Reaction forces at the fulcrum ensure that the backdrivable robot
automatically satisfies the fulcrum constraint.
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This control strategy has the advantages that it is very easy to implement. Even
when no fulcrum is detected, the controller stays operational, which is interesting
for safety and can also be valuable for gravity compensation. Moreover, the
proximal stiffness from (4.37) is independent of the insertion depth.
This method has a number of important disadvantages as well. Firstly, it does
not allow for any control over the reaction forces at the fulcrum, while this
might be important for specific applications, such as fetal therapy. Secondly,
the improved tip position estimation method from Section 4.3 cannot be applied
without fulcrum knowledge. Thirdly, and most importantly, this controller is
prone to instability when rendering distal VFs at shallow instrument insertion
depths. Consider the limit case where li → 0. Any force acting at the distal
tip is reduced to zero towards the proximal end, thanks to the fulcrum effect.
However, as this control strategy is agnostic of the fulcrum, this effect occurs
implicitly, via the reaction forces and moments exerted by the fulcrum on the
instrument, in such a way that the combined forces and moments yield an
exact equilibrium. However, this situation can easily lead to instability, as the
equilibrium occurs between two systems with different dynamics. The linear
actuators are typically part of a robot arm with relatively high inertia, while the
rotational actuators belong to a wrist that has low inertia. These characteristics
can cause safety issues, making fulcrum-agnostic control unsuitable for parallel
comanipulation in critical applications.
Fulcrum-aware control
When the fulcrum position is available, the distal VF controller can incorporate
fulcrum knowledge. A first approach excludes the rotational actuators all
together, by setting wx = wy = 1. Thus, only pure forces are available. Such
passive wrist (PW) control strategy treats the pivoting instrument as an idealized
mechanical lever and solves the force equilibrium over the fulcrum to find the
proximal force that is equivalent to the targeted distal force. The PW approach
has the interesting property that it renders VFs without adding reaction forces
to the fulcrum. The passive nature of the wrist also simplifies the mechanical
design and medical certification. However, the fulcrum effect plays undiminished
on distal stiffness rendering with a passive wrist. Therefore, a large a easily
causes stability issues, as the (solely linear) proximal stiffness from (4.37) grows
with a2 , making it reach infinity upon full instrument insertion (lo → 0).
The converse approach is the active wrist (AW) control strategy. Here, all distal
forces that are transversal to the instrument axis are rendered by rotational
proximal actuators, by setting wx = wy = 0. This is comparable to controllers
of RCM and LCM systems, except that the AW method needs fulcrum reaction

116

LEVERAGING THE FULCRUM POINT

forces in order for the wrist to pivot about the fulcrum. Compared to PW
controllers, the impact of the insertion depth on VF stability is less pronounced
here. From (4.37), it can be derived that the (solely rotational) proximal
stiffness with AW controllers scales with li2 , which results in a finite controller
gain upon full instrument insertion.
In summary, the AW control strategy will at some point outperform the PW
strategy as the instrument is progressively inserted. At the same time, in a
BW system, PW control is possible without hardware alterations whenever AW
control is available. Incidentally, Vitrani et al. reported that no significant
difference in user experience nor in user performance was reported for different
VF rendering strategies [164]. These observations raise the question if and how
AW and PW can be optimally combined. Such combination would result in a
hybrid control strategy that tunes wx , wy according to an optimization objective.
The objective that is pursued in the following is VF controller stability, but
other objectives, such as the maximum force exerted on the fulcrum, could be
included as well.

4.4.2

Hybrid active wrist/passive wrist control algorithm

This section develops an algorithm to determine the optimal combination of
the AW control strategy (which generates moments) and PW control strategy
(where this is not the case), in order to maximize the stability of distal VFs
with an impedance-controlled BW system. The optimization builds upon the
concepts of Z-width and passivity, which were introduced in Section 2.2.2. It
optimizes the use of the actuator redundancy to extend the Z-width, by ensuring
that the dissipative characteristics of the individual actuators are maximally
exploited and the passivity of all actuators is respected while doing so. The

Table 4.2: Comparison of control strategies for distal VF rendering.
Fulcrum-agnostic
EW
Fulcrum required
wx , wy
VF-induced fulcrum force
Tip position estimation
Min. # actuators
Stability for a  1
Stability for a ≈ 1
Stability for a  1

No
−a−1
Yes
Direct
5
+
+
−−

Fulcrum-aware
PW

AW

Hybrid

Yes
Yes
Yes
1
0
Tunable
No
Yes Tunable
Fulcrum-based
3
5
5
−−−
+
+
+
+
++
+ + + ++
+++
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result is governed by the choice of the optimal wrist weighting factors ŵx , ŵy
and depends on the pose of the haptic device, the individual actuator properties
and the instrument insertion depth.
Optimization of the wrist weighting factors
A number of preliminaries are necessary before the optimization problem can
be formulated. The passivity criterion from Colgate and Schenkel states that,
without virtual damping, the maximum passive stiffness for a virtual wall is
limited by the physical damping bs in the haptic system and by the sampling
period Ts [212]:
k≤

2bs
.
Ts

(4.38)

Later work by Miller et al. shows how to adapt this expression in case the
physical damping is present in joint space, instead of in task space [213]. Taking
ba as the available physical damping in joint space, (4.38) becomes:
J T kJ ≤ J T

2bs
2ba
J≤
,
Ts
Ts

(4.39)

where J is the differential mapping from task to joint space. This expression
can be extended to the multi-DoF case:
J T KJ 

2B a
,
Ts

(4.40)

with B a the joint space damping matrix and K the task space stiffness matrix.
T
a
This corresponds to the requirement that the matrix difference 2B
Ts − J KJ is
positive semi-definite. The intuition behind this result can be verified through
a conceptual energy analysis, similar to [115], which states that the energy leak
Eleak due to sampling has to be smaller than the dissipated energy Edis due to
damping:
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Edis − Eleak ≥ 0,
T2 T T
q̇ J KJ q̇ ≥ 0,
2


2B a
T
T
− J KJ q̇ ≥ 0,
q̇
T

T q̇ T B a q̇ −

2B a
− J T KJ  0,
T

(4.41)
(4.42)
(4.43)
(4.44)

a
with q̇ the joint space velocity. The term 2B
Ts can be interpreted as the available
joint space stiffness, i.e., the upper limit on the stiffness that can be rendered
without encountering stability issues. Thus, for ease of interpretation, the
available stiffness K a is introduced:

Ka =

2B a
.
Ts

(4.45)

The task space stiffness matrix for a virtual wall of stiffness k is defined as:
K = Kd

(4.46)

and the mapping J from the distal task space, via the fulcrum, to the robot
joint space is:
J = J f J pJ r ,

(4.47)

with J r the Jacobian expressing the differential kinematics of the BW haptic
manipulator. Now, the joint space stiffness matrix for the virtual wall can be
written as:
K q = J Tr J Tp J Tf K d J f J p J r .
The optimization problem to be solved becomes:

(4.48)
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(4.49)

(wx ,wy )

s.t. K q  K a .

(4.50)

This problem can be simplified by resorting to a geometric interpretation. The
symmetric, positive semi-definite matrices K q and K a can be associated with
ellipsoids:

εK q = {x | xT K −1
q x ≤ 1},

(4.51)

εK a = {x | xT K −1
a x ≤ 1}.

(4.52)

For these ellipsoids, the semi-axes and their lengths correspond, respectively, to
the eigenvectors and square roots of the eigenvalues of the associated matrices.
The following property holds [214]:
Kq  Ka

⇔

εK q ⊆ εK a .

(4.53)

Since K a is generally diagonal, the semi-axes of εK a are aligned with the axes
q i of the joint space reference frame. K q is a rank-1 matrix and thus has a
single non-zero eigenvalue:
kq = sq k,

(4.54)

corresponding to the eigenvector v q , with sq a positive scaling factor. Therefore,
√
εK q represents a line along v q , of which the length is proportional to k. This
is illustrated in Figure 4.11.
The Z-width, or maximum passive wall stiffness k̂, can now be determined by
plugging the position of the extremity of εK q into the equation of εK a :
q
T
q

vq
vq
sq k̂
K −1
s
k̂
= 1.
q
a
kv q k
kv q k

(4.55)

An expression for v q can be found by re-evaluating (4.11), (4.12) and (4.48):
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q2

√ka

εKa

√sq k^

2

√sq k

√ka

1

q1

εKq

Figure 4.11: The ellipsoids εK a and εK q , respectively defined by the eigenvalues
(ka1 , ka2 ) of K a and (sq k, 0) of K q . The dashed line shows the effect on εK q if
the maximum passive wall stiffness k̂ were used. This 2D representation can be
readily extended to higher dimensions.

K q = J Tr J Tp J Tf Rd K w RTd J f J p J r ,

(4.56)

= kJ Tr J Tp J Tf Rd ez eTz RTd J f J p J r ,

(4.57)

= kv q v Tq ,

(4.58)

with
v q = J Tr J Tp J Tf Rd ez .

(4.59)

It is straightforward to show that v q is the eigenvector of K q , corresponding to
the eigenvalue
kq = k(v q · v q ).

(4.60)
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Proof.
K q v q = kv q v Tq v q = kv q (v q · v q ) = k(v q · v q )v q = kq v q .

(4.61)

Comparing (4.54) and (4.60) yields:
sq = v q · v q .

(4.62)

After substituting (4.62) in (4.55), an expression for k̂ can be obtained:
−1
.
k̂ = (v Tq K −1
a vq )

(4.63)

The optimization problem from (4.49)–(4.50) can now be formulated as:
(wˆx , wˆy ) = arg max k̂ = arg min v Tq K −1
a vq .
(wx ,wy )

(4.64)

(wx ,wy )

In Appendix C, an analytical solution to this problem is derived.
Bendable-tip instruments
In the previous, it was assumed that the distal instrument tip was located on the
longitudinal instrument axis, i.e., the axis starting at the proximal instrument
end and passing through the fulcrum. For bendable-tip instruments, which
are common in surgery, this is not the case. However, such instruments can
straightforwardly be included in the hybrid AW/PW algorithm, by adding the
mapping J bd for the bendable distal section of the instrument. This mapping
can be derived on the basis Figure 4.12.
Define the vector r b between the end of the bendable tip pb and the end of the
straight section of the instrument, now designated as the distal tip pd :
r b = pb − pd .

(4.65)

If all quantities are expressed in the distal frame {d}, a linear force f b resulting
from a virtual wall acting on the bent tip can be transformed to an equivalent
wrench wd on the distal tip with the well-known transformation:
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xd
fulcrum

pp

pb

pd

lo

li

fb
fd

zd

Figure 4.12: Definition of a bendable-tip instrument. The force f b at the bent
tip pb is indicated, as well as the equivalent force f d at the distal tip pd , i.e.,
at the end of the straight portion of the instrument.



I
wd =
[r b ]×

0
I

  

fb
I
=
f , = J Tb f b ,
0
[r b ]× b

(4.66)

with [ ]× the operator for the skew-symmetric matrix. The fulcrum model
from (4.4)–(4.7) together with the kineto-static duality leads to the mapping
J d that couples a distal wrench to a linear force in the presence of a fulcrum:
(4.67)

f d = J Td wd ,
with

1
J d = 0
0

0
1
0

0
0
1

0
−1/li
0

1/li
0
0

T
0
0 .
0

(4.68)

Combining (4.66) and (4.67) yields the mapping J bd which characterizes the
differential kinematics of the bendable distal section of the instrument:
J bd = J b J d .

(4.69)

The hybrid AW/PW algorithm can thus be extended for bendable-tip
instruments by extending (4.47) as:
J = J bd J f J p J r ,

(4.70)

For a bendable-tip instrument, a force f b from a virtual wall acting on the
bent tip can also create a rolling moment about the instrument z-axis. As this
moment is linearly independent of the other DoFs, it can be separately and
easily added, but this is further irrelevant for the AW/PW algorithm.
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Hybrid active wrist/passive wrist control validation

To validate the hybrid AW/PW control algorithm, the influence of the wrist
weighting factors and the insertion depth was studied, first in an analytical
example, and then for a real-world application. The algorithm was also
implemented on a haptic manipulator and its stability when rendering a distal
virtual wall was tested. The results are provided in this section.
Analytical example of wrist weighting factor optimization
Consider a 1D task space, with a virtual wall of stiffness k perpendicular to
the xd -direction, as in Figure 4.13. In joint space, there are two actuators: a
linear actuator with an available stiffness kl and a rotational actuator with an
available stiffness kr . In this 1D example, there is only one wrist weighting
factor w = wx . The involved mappings and stiffness matrices are:

 
J f = −a ,


Jp = w

 
Kd = k ,


−lo (1 − w) ,
Ka =


kl
0

J r = I,


0
.
kr

(4.71)

Plugging (4.71) in (4.11) and solving the result for its eigenvalues and
eigenvectors yields kq and v q :

kq = k(a2 w2 + li2 (1 − w)2 ),

v q = aw

kr

T
−li (1 − w) .

wall

kl

fulcrum
lo

(4.72)

k

(4.73)
xd
zd

li

Figure 4.13: Simple 1D example with a virtual wall of stiffness k and two
actuators that are able to render a linear stiffness kl and a rotational stiffness
kr .
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Using (4.71)-(4.73), the solution to the optimization problem from (4.64) can
be found, yielding the maximum passive wall stiffness k̂ and the optimal wrist
weighting factor ŵ:

k̂ =
ŵ =

kl
kr
+ 2,
2
a
li


1+

kr
lo2 kl

(4.74)
−1

(4.75)

.

This result demonstrates that kr and kl can be interpreted as parallel springs,
scaled by the configuration-dependent parameters a and li . Such springs
reinforce each other, creating an opportunity to realize a higher passive wall
stiffness k̂. At the same time, (4.75) confirms the intuition that AW control
(w → 0) takes the upper hand upon deep insertion (lo → 0), and vice versa.
These trends are visualized in Figure 4.14. Also, when kr is large, owing to
high physical damping in the rotational DoF, w → 0 and the AW approach is
favoured. Conversely, PW control is advantageous when kl is large.
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Figure 4.14: Hybrid AW/PW control characteristics for the simple 1D example
from Figure 4.13, with (a) the maximum passive stiffness k̂ as a function of
instrument insertion depth and wrist weighting factor w, and (b) the relative
variation in k̂ for suboptimal choices of w. The orange line indicates the optimal
wrist weighting factor ŵ at each insertion depth. The brown line marks an
insertion depth of 50%.
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Real-world application of wrist weighting factor optimization
Consider the Virtuose6D, which was introduced in Section 3.3.1, in the
configuration presented in Figure 4.15. A dummy instrument was inserted
through a mechanical fulcrum and the system was programmed to generated a
horizontal virtual wall at the distal tip. For this configuration, graphs for k̂ as
a function of the insertion depth and the wrist weighing factor were computed.
To facilitate the interpretation of the experimental results, the orientation of
the reference frames with respect to the virtual wall was chosen such that k̂ was
only dependent on a single wrist weighting factor w = wx . This does not affect
the generality of the results, as such reference frames can always be chosen by
rotating the frames about the axisymmetric instrument.
Figure 4.16 displays the resulting graphs. The orange lines mark the optimal
wrist weighting factor ŵ at each insertion depth. The brown lines shows the
profile of k̂ as a function of w for an insertion of 50%. It can be seen that around
this insertion depth, there is a clear added value in combining AW and PW
control. For this particular robot pose, the hybrid control raises the maximum
passive stiffness by 25% compared to PW and by 50% compared to AW. The
graphs also show how k̂ drops with deeper insertion, especially for PW control.
AW is affected to a lesser extent by the insertion depth. At full insertion, AW
can still deliver a non-zero k̂, while for PW k̂ drops to zero. Consequently, the
hybrid controller is pushed towards pure AW control at this insertion depth.
At shallow depths, it becomes interesting to raise the share of PW control,
although the added value of the hybrid control as compared to either of the

Instrument
handle
Mechanical
fulcrum

Virtuose6D
Distal
tip

Figure 4.15:
experiments.

Wrist

Virtuose6D configuration for hybrid AW/PW control
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individual methods is less pronounced here.
The graphs show similar trends when compared to the results for the simple
analytic example in Figure 4.14, but there are slight differences. At shallow
depths, the advantage of an optimal choice of w is smaller and there is a
deviation from the trend towards PW control. This is explained by the specific
kinematics of the 6 DoF robot (J r 6= I) and by the fact that the instrument
was inclined with respect to the wall (φ 6= 0).
Virtual wall stability
The increased stability for rendering a virtual wall at the distal tip with
the proposed hybrid method has been experimentally validated. In these
experiments, a horizontal distal wall of stiffness k was rendered with the
Virtuose6D, using the separate AW and PW control strategies, as well as
the hybrid strategy. In the latter, the optimal wrist weighting factors were
computed in real-time. An operator was then asked to grab the instrument at
its proximal handle and to interact with the horizontal distal wall by touching
it with the instrument tip (Figure 4.15).
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Figure 4.16: Hybrid AW/PW control characteristics for the Virtuose6D
configuration from Figure 4.15, with (a) the maximum passive stiffness k̂ as a
function of instrument insertion depth and wrist weighting factor w, and (b)
the relative variation in k̂ for suboptimal choices of w. The orange line indicates
the optimal wrist weighting factor ŵ at each insertion depth. The brown line
marks an insertion depth of 50%.
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In all poses of the manipulator, it was observed that the optimal wrist weighting
factors of the hybrid method led to stable interaction at a higher (or equal) k,
when compared to AW or PW control. As discussed before, the stability increase
with respect to both AW and PW is most prominent for instruments that are
halfway inserted. Therefore, Figure 4.17 presents results for an instrument
insertion depth of 60% and a wall stiffness of k = 1 N/mm. The optimal
wrist weighting factor ŵ was selected according to Figure 4.17.a. Figure 4.17.b
demonstrates that, upon wall contact, limit cycles arise when w = 0, whereas
large and unstable jerky motions occur when w = 1. Both effects are avoided
with the hybrid method, where w = ŵ.

4.4.4

Discussion

Rendering VFs at the distal end of the surgical instrument is a problem that
involves aspects of both user perception and robot control. A number of possible
extensions, considerations and limitations regarding both aspects are discussed
here.
User perception

Wall penetration [cm]

The motivation for the presented hybrid AW/PW control strategy was to allow
the user to realistically perceive distal stiffness. This implied that the full impact
of the fulcrum effect had to be accounted for, leading to challenging control
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Figure 4.17: Virtual wall stability with hybrid AW/PW control: (a) selection of
the optimal wrist weighting factor ŵ that maximizes the passive wall stiffness
k̂; and (b) penetration depth through a virtual wall of stiffness k = 1 N/mm,
for different wrist weighting factors w, corresponding to the different discussed
control strategies. This shows the impact of the choice of w on the wall stability.
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conditions. However, haptic perception is a relatively inaccurate sense and is
mainly sensitive to changes in stiffness, rather than to the absolute value of the
stiffness. It can be assumed that limited stiffness distortion will not be perceived
by the user. From a perception point of view, it is acceptable for the user if the
distal stiffness value varies within set boundaries. To some extent, this allows
for real-time adaptation of k̂, although it is likely also interesting to still employ
a constant value inside a predefined workspace that covers the most relevant
instrument poses. Another consequence of human perception of stiffness is that
the fulcrum effect could be relaxed by the controller, by artificially lowering
the fulcrum scaling factor sf . This simplifies the stability issues, but cannot
be applied to the extent that it nullifies the fulcrum effect, because that would
interfere with the physical notion of distal geometry. Therefore, any control
strategy for distal VFs needs to consider the implications of the fulcrum effect.
While stiffness variations might be hard to perceive, they can lead to safety
issues if the surgeon relies on the effectiveness of a certain level of distal stiffness.
Consider the case of an FRVF. Here, a unit of proximal force would produce
a different distal wall penetration if the stiffness is modulated. If the stiffness
modulation originates from artificial relaxation of the fulcrum effect, this would
make the effectiveness of the FRVF dependent on the insertion depth. As such,
the surgeon would not be able rely on the haptic feedback any more, e.g., for
maintaining a constant wall penetration depth, but would have to resort to
visual cues again. Faithful proximal rendering of the desired distal stiffness is
thus preferred.
Flexible fulcrum suspension
Due to the finite body wall stiffness, the fulcrum point is not rigidly suspended,
as was assumed in the derivation of the AW/PW control strategy. This
consideration does not affect the PW method. Indeed, PW control does not rely
on reaction forces at the fulcrum, so its behaviour stays unaltered. However, the
AW method requires reaction forces at the fulcrum, such that wrist moments
can be perceived as linear forces by the user. Here, a flexible fulcrum suspension
kf adds a series spring between the proximal end and the distal tip at the VF,
as is illustrated in Figure 4.18. For the VF controller, this corresponds to a
passive, softer user grip and does not influence stability [215]. For the user,
this reduces the perceived wall stiffness, while the VF stays equally effective.
Therefore, a soft fulcrum suspension does not jeopardize distal VF rendering
with the hybrid AW/PW method.
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Figure 4.18: (a) Flexible fulcrum suspension for an instrument interacting with
a distal wall, and (b) equivalent linear representation.
Variable maximum passive stiffness
The hybrid AW/PW controller computes the maximum stiffness that can be
passively rendered, given the available dissipative elements and the current
configuration, consisting of insertion depth, robot pose and VF pose. The
controller could be used to continuously render this variable maximum stiffness.
However, varying the stiffness during interaction with a VF can cause energy
injection into the system, which would violate passivity if this energy is not
dissipated elsewhere, e.g., through unmodelled dissipation from the human
or fulcrum. As this is a condition that applies to VFs in general, and not
specifically to the hybrid control strategy, existing techniques to monitor and
regulate energy injection can be applied. For instance, passivity observers and
passivity controllers (PO/PC) [216] or tank-based approaches [217] may be
pursued to monitor and dissipate the excess of energy.
Instead of controlling for maximum stiffness at all times, other use cases can be
identified as well. Knowledge of the maximum stiffness over the robot workspace
can be used during the planning stage of the intervention. This way, the robot
can be positioned relative to the patient such that a predetermined minimum
stiffness is achievable over the relevant portion of the robot workspace. It is also
possible to employ the maximum stiffness graphs such as Figure 4.16 as a design
tool to ensure sufficient stiffness rendering capacities in impedance-controlled
comanipulators.
Stability criteria
The passivity-based stability condition from (4.38) at the basis of the hybrid
AW/PW algorithm has a limited scope. It it restricted to the effects of time
sampling on passivity. Further, it does not consider the time delay Td , velocity
low-pass filtering (with cut-off frequency ωs ), position quantization ∆s , or
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human dynamics. Passivity is an overly conservative condition for stability,
especially for large dimensionless inertia ms /bs Ts [212] and small dimensionless
damping bs /ms ωs [114], with ms the mass of the haptic system. Taking into
account that for typical haptic devices the dimensionless inertia is sufficiently
large and the dimensionless damping sufficiently small, Gil et al. obtained a less
conservative criterion for k, through analysis of the uncoupled stability [218]:
k≤

bs + b
.
Ts
2 + Td

(4.76)

This criterion states that virtual damping b increases the range of stable virtual
wall stiffnesses for an uncoupled system. When coupled to a human operator, the
stability margins are even further increased, because the human biomechanics
add damping [215] and because common human interaction patterns do not
provoke instability [114]. The same holds for interaction with a real incision
point.
Position sensor quantization cannot create instability, but it can lead to
persistent, low-amplitude oscillations, or limit cycles [114]. Some amount
of Coulomb friction cs is necessary to dissipate the energy in these oscillations.
Using passivity analysis, Abbott et al. derived a condition for k such that
energy generation from quantization errors is prevented [219]:
k≤

2cs
.
∆s

(4.77)

All these approaches have in common that they lead to the definition of a
critical stiffness, which can be combined to replace (4.38) by:
k ≤ min

bs + b 2cs
,
Ts
∆s
2 + Td

!
.

(4.78)

Joint space mapping
In equation (4.39), the energy leak in the task space is compared to the available
dissipation in the joint space, based on the Jacobian J . As the used passivity
criterion considers energy leaks due to sampling, J needs to be constant over the
duration of the sampling period for the criterion to hold. In practical conditions,
this is approximately the case, because of the high sampling rate with haptic
devices. Moreover, the low velocities in surgical scenarios (see Section 3.2.1)
also ensure that J is relatively constant over the sampling period. Finally, if
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a haptic system with a singularity-free design is used, such as the Virtuose
devices (see Section 3.3), rapid changes in J are prevented.
Similarly, when quantization errors are concerned, J has to be constant over
the quantization interval. If imprecise tip position measurement methods are
used, this condition might not be met and the energy leaks could be wrongly
estimated, especially upon deep instrument insertion. However, with improved
tip position measurement methods, such as the one introduced in Section 4.3,
this issue can be mitigated.
Parameter tuning
The hybrid AW/PW control strategy yields an analytical solution for the
maximum stable stiffness k̂. This analytical solution provides theoretical insight
in the parameters that affect stability. If the most general stability condition
(4.78) is used, the physical damping bs and the Coulomb friction cs for each joint
are among these parameters. For practical applicability, accurate numerical
values of these physical properties of the haptic system are required, which are
not easily obtained. It is more convenient to experimentally tune the available
stiffness for each joint separately, directly producing the diagonal matrix K a ,
which is used by the AW/PW controller. This approach makes abstraction of
the underlying physical properties of the system.
An adequate value for the virtual damping b of the VF also needs to be
determined. As pointed out above, the passivity criterion is overly conservative
for the stability of real haptic displays. The less conservative stability condition
from (4.76) indicates that the maximum stable stiffness can be raised by
increasing the virtual damping. However, this only true up to an optimal
value b̂, which is a complex function of the parameters bs , ms , Ts , Td , ωs [114].
As accurate numerical values might be missing for these parameters, b̂ can be
most effectively obtained through manual tuning.
Another parameter that can be introduced is a safety factor on the maximum
stable stiffness k̂. Such safety factor creates excess passivity and thus provides
robustness against the limitations of the models that were employed to derive
the analytical solution of the AW/PW control strategy. As explained in the
above, some of these limitations extend the stability margins (e.g., unmodelled
energy dissipation at the incision), while others narrow these margins (e.g.,
unmodelled energy injections from stiffness variation). As the net result of these
unmodelled effects cannot be computed, the safety factor needs to be manually
and experimentally tuned.
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Conclusions

Figure 4.19 summarizes the contributions from this chapter in a fulcrum-aware
parallel comanipulation control scheme for BW manipulators. First of all, the
scheme includes the EKF for estimating the fulcrum position pf based on the
instrument pose T p , which equals the end effector pose T ee and is computed
from the joint angles q. This method has been shown to be particularly
interesting for its noise rejection capabilities. Additionally, it was shown that
EKF was responsive to changes in the fulcrum position and able to attract the
fulcrum estimate towards the instrument axis, even for stationary instruments.
To verify if the instrument is actually inserted through an incision point, it is
recommended to also add the fulcrum detection method from Dong et al. [132].
The second important element in the control scheme is the fulcrum refinement
block. Fulcrum estimation methods from literature do not take full advantage
of the fact that the fulcrum estimate should coincide with the instrument axis in
laparoscopy. With the proposed fulcrum refinement method, fulcrum estimation
methods can be upgraded to incorporate this knowledge, yielding a refined
fulcrum estimate p0f .
Thirdly, an instrument tip position estimation method is included, which
combines the instrument pose T p with the fulcrum estimate p0f to produce
the distal tip position pd . It is demonstrated that incorporation of fulcrum
knowledge provides a means to obtain precise, accurate and high-bandwidth
estimates of the tip position, as the method reduces the effect of measurement
noise, measurement delays and systematic errors that other methods suffer
from. Thus, the proposed tip position estimation method is of particular use
for haptic control schemes.
The final contribution of this chapter is the hybrid AW/PW impedance control
strategy. It is shown that the lever ratio a has large impact on stability
when rendering distal VFs with an impedance-controlled comanipulator, a
phenomenon referred to as the fulcrum effect. To deal with this problem,
two fulcrum-aware control strategies exist: AW control, where the wrist can
generate moments, and PW control, where this is not the case. It is established
that the fulcrum effect adversely affects the stability of these controllers upon
deep instrument insertion, and more so for PW control than for AW control.
Conversely, shallow insertion is favourable for PW control and, to a lesser
extent, also for AW control. To compensate for the shortcomings of the
separate strategies, a hybrid AW/PW control strategy was proposed. It exploits
knowledge of the fulcrum to optimize how actuator effort is distributed over
a number of redundant actuators, resulting in an extended Z-width and thus
more stable distal VF rendering capacities. Based on weighting factors that
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Figure 4.19: Fulcrum-aware parallel comanipulation control scheme for BW manipulators, including the EKF-based
fulcrum estimation method, the fulcrum refinement approach for tip position estimation and the hybrid AW/PW
impedance controller for rendering VFs at the distal instrument tip.
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distribute the effort between the actuators, a proximal instrument wrench wp
is computed, which is finally converted to joint torques τ and combined with
the forces from the human operator τ h to act on the BW comanipulator.
The proposed fulcrum-aware parallel comanipulation control scheme for BW
manipulators embodies a synergistic approach towards comanipulation in
laparoscopy. The surgeon can simply insert the instrument, attached to the BW
comanipulator, through the incision and after some small motions, typically
taking less than 5 seconds, the fulcrum will be localized, which fully completes
the set-up procedure. With this control method, the fulcrum is no longer an
obstacle from a robotics point of view, but rather an asset that augments the
measurement and control capabilities.
For the controller to provide meaningful robot assistance, a model of the
environment is still necessary, on the basis of which a reference input p∗d can be
determined. In the following chapters, two scenarios where such model can be
synergistically obtained with instrument-embedded sensors are elaborated.

Chapter 5

Enhancing Contactless
Surgery through Synergistic
Robot Assistance
This chapter is based on the journal publication “Haptic Guidance based on
All-Optical Ultrasound Distance Sensing for Safer Minimally Invasive Fetal
Surgery” [141], published in the Journal of Medical Robotics Research.
This chapter studies how synergistic assistance can improve outcomes in
laparoscopy. This topic is approached from the perspective of contactless laser
therapy for the twin-to-twin transfusion syndrome (TTTS), which was described
in Chapter 3. Laser therapy for TTTS is an interesting use case, because of
the heavy cognitive load during these interventions. Poor visibility, limited
manipulation options, fragile anatomical structures and extreme requirements
in terms of instrument handling are responsible for this heavy mental load. To
alleviate this burden, a synergistic guidance system can provide support, in
such a way that the surgeon can focus on more high-level cognitive tasks.
In contactless surgery, haptic support is typically realized through forbidden
region virtual fixtures (FRVFs) that protect the concerned delicate anatomical
structures. Chapter 4 already developed an approach to render such virtual
fixtures (VFs), but it did not consider their intraoperative modelling and
localization. This latter aspect forms an important problem on its own and
constitutes the core of this chapter. First, the relevance of such intraoperative
models for contactless surgery is illustrated. Then, it is established that it is not
evident to obtain such models in dynamic and deformable environments, like the
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uterus. This is even more challenging if the strict limitations on the fetoscopic
instruments are to be respected and the additional burden for the surgeon is to
be kept at a minimum. To deal with these issues, the third part of this chapter
introduces a fiber-based distance sensing technology, along with a surgeonfriendly method for environment reconstruction. The proposed approach allows
for anatomical modelling, only relying on intraoperatively acquired data. All
contributions are integrated and the feasibility of their practical usage is verified
in a set of simulations and experiments.

5.1

Comanipulation in contactless surgery

TTTS procedures constitute a form of laser therapy, where the instrument tip
cannot make any physical contact with the targeted anatomical structures. This
type of procedures is very well suited to be enhanced with FRVFs, which produce
virtual contacts at the instrument tip. FRVFs can protect surrounding tissue and
can give haptic feedback to the surgeon. Additionally, in contactless therapy
the instrument tip has some liberty to freely move. The available freedom
can be exploited to achieve a more accurate and versatile laser aim, provided
that the instrument has adequate distal dexterity. This type of instrument
handling enhancement (autonomy level 1) can be accomplished with synergistic
comanipulation techniques, as is detailed next.

5.1.1

Parallel comanipulation for accurate distance control

During laser therapy, the distance between the laser and the targeted anastomosis
on the placenta needs to be accurately monitored by the surgeon. The technical
requirements from Table 3.2 point out that a small lasering distance of about
10 mm with respect to the placental surface yields an optimal focus for the
laser beam. When ablating from a larger distance, the laser beam is attenuated
too much, rendering the therapy inefficient. For smaller distances, there is an
increased risk of puncturing the placenta, which would cause bleeding and could
lead to early termination of the intervention. Additionally, the ablation site
might be overexposed [220].
To help the surgeon maintain an optimal lasering distance of 10 mm, it is
proposed to set up an FRVF over the placental surface. This way, the placenta
is protected from the sharp tip of the slender surgical instrument. Simultaneously,
the surgeon can haptically perceive the correct laser distance. This is valuable,
as the 2D visual information in the turbid amniotic fluid provides only poor
depth perception. The stiffness of the FRVF should be tuned such that it is
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perceived in between soft guidance and contact with a rigid wall. This way, the
surgeon effectively feels the assistance, without having to sacrifice all control,
as he/she can still overrule the FRVF and approach the placenta more closely
if he/she so desires. The haptic cues are expected to raise the situational
awareness of the surgeon, thus promoting safety and performance, in terms of
both accuracy and completion time.
An overview of the envisioned parallel comanipulation approach is given in
Figure 5.1. The surgeon and the robotic manipulator control the surgical
instrument together. The manipulator resists motions that would move the
instrument inside forbidden regions, which are computed on-the-fly. The parallel
comanipulator is able to provide other forms of assistance as well, for instance
motion damping for filtering the physiological tremor of the surgeon and gravity
compensation for reducing the surgeon’s fatigue, especially when holding the
fetoscope in awkward postures.

5.1.2

Serial comanipulation for accurate orientation control

Another performance metric in TTTS is the orientation of the laser with respect
to the placental surface. As is mentioned in Table 3.2, the angle of incidence of
the laser beam ideally equals 90°. With anteriorly placed placentas, reaching
good lasering angles may be hard to achieve. In case the surgeon has to settle
for a suboptimal inclination angle, laser performance may be limited, potentially
causing incomplete coagulation. Especially for thicker vessels, this can be a
problem [221].

Figure 5.1: Parallel comanipulation setup for fetal laser therapy, with a robotic
comanipulator that helps the surgeon maintaining a constant distance to the
placental surface.
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Serial comanipulation of the distal tip of the fetoscope is proposed as a
solution to improve the laser orientation with respect to the placental surface.
Figure 5.2 visualizes this solution for the case of serial microautonomy, but
serial microtelemanipulation could be applied as well. Important challenges
here involve the design of the instrument and user interface, as well as the user
perception. However, these elements are not the focus of this chapter and are
not further discussed. Yet, they very well complement the haptic assistance
and the placenta modelling methods that follow in the next sections.

5.2

Haptic distance control strategies

There are different options to implement haptic assistance that prevents the
distance between the instrument tip and the placenta from falling below the

Figure 5.2: Serial comanipulation setup for fetal laser therapy, with an
autonomously bending instrument tip that helps the surgeon maintaining a
perpendicular orientation with respect to the placental surface.
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threshold dth of 10 mm. The simplest approach is direct distance control, while
more a sophisticated FRVF-based distance control method operates with a
virtual model of the environment. Both strategies are detailed below.

5.2.1

Direct distance control

The most straightforward approach to protect the placenta uses direct distance
measurements. This is illustrated in Figure 5.3.a. This method relies on a
distance sensor, oriented along the instrument direction i, that measures the
distance d from the instrument tip pd to the intersection point with the placental
surface pm , such that:
pm = pd + di.

(5.1)

The distal instrument tip is extended with a virtual spring of stiffness k and
rest length dth , oriented along i, while the placenta is considered to be infinitely
stiff. Whenever the virtual end pv of this spring touches the placental surface,
the spring compresses and pushes the instrument back. The haptic guidance
force f d that is applied on the distal tip is:

i

i
pd

pd
k

n

pv

h

φ
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hv

pm

k
(a)

(b)

Figure 5.3: Two strategies for haptically controlling the distance between the
placental surface and the instrument tip: (a) direct distance control, preventing
the elastically-suspended virtual tip pv from penetrating a rigid wall, and
(b) FRVF-based distance control, preventing the rigidly-suspended pv from
penetrating an elastic wall.
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f d = 0,
f d = (d − dth )ki,

for d ≥ dth ,
for d < dth .

(5.2)

Denoting h as the height of pd above the placenta:
h = (pd − pm ) · n = kpd − pm ki · n = di · n

(5.3)

and ϕ as the inclination angle of the instrument with respect to the placenta:
ϕ = acos(i · n),

(5.4)

the distance measurement can be written as:
d=

h
.
cos ϕ

(5.5)

Hence, f d is proportional to 1/ cos ϕ. This results in undesirable behaviour when
cos ϕ → 0, i.e., when the instrument is almost parallel to the placental surface.
In such case, small changes in ϕ yield large, abrupt changes in d and therefore
in f d , which is disturbing to the operator. Moreover, this implementation
interferes with the intention of the operator, as the haptic guidance force is
oriented along the instrument axis i. This means that f d has a component
parallel to the placental surface, which would move the instrument tip in an
unnatural way over the placenta plane.

5.2.2

FRVF-based distance control

A better approach to help surgeons keep a fixed distance with respect to
the placental surface employs FRVFs. This approach virtually displaces the
instrument tip to the position pv , as if it were rigidly attached to the distal tip
with a rod of length dth :
pv = pd + dth i.

(5.6)

When the virtual tip pv touches the placental surface, modelled as a virtual
elastic wall of stiffness k, the wall pushes back with a force:
f v = 0,
f v = −hv kn,

for hv ≥ 0,
for hv < 0,

(5.7)
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where hv is the height of pv above the placental surface:
hv = (pv − pm ) · n.

(5.8)

This strategy corresponds to an FRVF that keeps the virtual tip outside the
forbidden region at a distance dth above the placental surface and is shown in
Figure 5.3.b. It avoids the problematic dependency of the force on 1/ cos ϕ.
At the same time, the haptic guidance force is restricted to the direction n,
resulting in an intuitive wall feeling that does not hinder functional motion
parallel to the placental surface. The implementation relies on an environment
model for determining the local placenta normal n. Once such model is available,
the control strategy from Chapter 4 can be readily applied by substituting
pd , f d for their virtually displaced equivalents pv , f v .
The requirement for a local model of the placental surface makes FRVF-based
distance control more involved to implement than direct distance control. This
is especially true in dynamic and deformable environments with limited options
for exteroceptive sensors, as is the case in fetal procedures. However, aside from
the better haptic experience, the availability of a surface model has a number of
advantages that further justify the effort that is needed to construct a surface
model from raw measurements. The following advantages can be identified:
• Measurement delay compensation: If there is a time delay between the
exteroceptive and proprioceptive sensors, the surface modelling method
can incorporate this time delay, provided that the time delay is small with
respect to the environment dynamics. The model is updated by delayed
sensor measurements and the haptic guidance takes place with respect to
the constructed model.
• Measurement bandwidth enhancement: If the exteroceptive sensors have
a lower bandwidth than needed for haptic rendering, i.e., < 1 kHz, the
produced surface model can be used to provide guidance at the highbandwidth haptic update rates of the manipulator proprioception.
• Measurement gap bridging: If the exteroceptive sensors miss measurement
samples, because of unpredictable or ill conditions, the haptic controller
can still continue working with the model obtained so far.
• Measurement outlier rejection: If the raw exteroceptive measurements
would be used, outliers in the measurement data could cause jumps in the
guidance. With an appropriate surface modelling approach, such outliers
can be more effectively rejected.
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Virtual fixture modelling for contactless surgery

VF-based haptic assistance requires a model of the VF as well as a stable
haptic controller that implements this model. The latter aspect was already
studied in Chapter 4, with a focus on the specific challenges in laparoscopy.
Modelling and localizing the VF is a distinct necessity that requires special
attention. Dedicated approaches are typically required, depending on the area
of application. On the one hand, this is caused by the nature of the environment
and the instrumentation. On the other hand, the method also needs to take
into account the synergy conditions in surgery: the modelling process has to
minimally interfere with the workflow of the surgeon. This section presents
a novel method to obtain an intraoperative anatomical model in contactless
surgery, while accounting for synergy by automating most of the modelling
procedure. The method is elaborated based on the technical requirements in
TTTS therapy.

5.3.1

Intraoperative virtual fixture modelling approaches

A number of existing approaches for intraoperative modelling and localization
of VFs are discussed here, based on relevant literature. It is then clarified
that these are not applicable for generating FRVFs in fetal surgery and that a
dedicated approach has to be developed.
VF modelling in static, rigid environments
In their most simple form, surgical haptic assistance schemes can be implemented
based on preoperative models. Such approach works well when there is little
variation between preoperatively acquired data and the intraoperative reality. It
suffices to relate the tracked instrument pose to the pose within the preoperative
dataset through a registration procedure (see Section 2.4.1). Thus, an estimate
of the distance to fragile or critical anatomical zones can be obtained. Haptic
schemes can be planned in the preoperative stage. This alleviates the need for
direct observation of the dangerous zones and allows the surgeon to use more or
less traditional instruments which do not need to be equipped with dedicated
exteroceptive sensors. Orthopaedic surgeons and neurosurgeons have been early
adopters of such safety-enhancing, preplanned haptic assistance. A range of
commercial robotic systems in these disciplines builds upon this technology, as
was discussed in Section 1.3.1. An important synergy-related challenge for these
systems is to limit the intrusiveness of the registration step.
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VF modelling in microsurgery
When working close to (or below) the boundaries of human motion capability,
haptic guidance schemes have proven valuable, preventing involuntary motions
and tremor from damaging the structures. Due to the limited accuracy
of external imaging modalities and the impossibility of getting registration
errors sufficiently low, one cannot rely on preoperative data in such scenarios.
Intraoperative exteroceptive measurements are thus essential. For example,
for eye-surgery, Becker et al. generate VFs with submillimeter accuracy.
They propose the use of surface reconstruction from an external stereo
microscope [222]. Balicki et al. showed in earlier work how the distance
between a needle and the retinal surface can be measured and controlled based
on common path OCT (CP-OCT) via a fiber that is integrated inside the
needle [223].
VF modelling in deformable environments
If the targeted tissue is soft and deformable, one cannot only rely on preoperative
models either to derive useful assistive functionality. In such cases, the
availability of real-time intraoperative sensing becomes a prerequisite for
guidance. A noteworthy example of this is brain surgery, where brain shift
and tissue resection should ideally be compensated for [224]. To this end, the
deformation process can be modelled and non-rigid registration is used to match
rich preoperative data with intraoperative images [225]. By doing so, detailed
intraoperative information becomes available for navigation and guidance. An
alternative approach is to estimate the error from the measured deformation
and reshape a predefined FRVF accordingly [226, 227]. In yet other approaches,
preoperative data is not used at all. Instead, guidance information is generated
purely from intraoperative measurements. For example, Nakazawa et al. suggest
generating an FRVF by delineating it with dedicated instrument motions, prior
to the actual therapy [228]. Also in the context of liver surgery, robotic systems
are hindered by tissue deformation and require appropriate measures in order
to safely use the available data. As an example, Song et al. employ locally rigid
registration between intraoperative US and preoperative images to realize an
image guidance system for this context [229].
VF modelling in dynamic environments
Haptic assistance has also been proposed for dynamic environments that
move and/or deform, e.g., in the presence of physiological motion. For
proper functioning, the haptic scheme must adjust in phase with the dynamic
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phenomenon. This calls for real-time measurement of the environment. Beating
heart surgery forms an inspiring example. By adjusting a VF to move
synchronously with the heartbeat, control over the relative motion between
instrument tip and cardiac wall can be obtained [230, 231]. The dynamic VF
can for instance be defined based on a point cloud streamed from an external
stereo camera [73]. Bebek et al. employ multiple sonomicrometry crystals
placed inside the body to measure the motion of the beating heart [232]. 3D US
has also been proposed for dynamic distance feedback in this application [233].
The limited sampling frequency and processing delay of 3D US limits the
quality of haptic guidance schemes that can be set up. This shortcoming
can be overcome by exploiting the periodicity of the heartbeat [234, 233].
Ren et al. suggest registering preoperative data of an entire period of the heart
cycle to the intraoperative scene and using feedback from electrocardiography
(ECG) to determine the phase in real time. By doing so, this approach
circumvents intraoperative distance measurements of the environment [235].
Francoise et al. provide an example for applying VFs with a non-periodically
moving environment, in the context of bone milling [117].
VF modelling in the uterine environment
Referring to the discussed works, fetal surgery embodies a particularly difficult
case for accurate intraoperative modelling. It suffers from several complications
that are not present in other surgical areas and hence requires specific attention.
The uterus is unstructured, deformable and dynamic; the amniotic sack is further
populated by free-floating bodies (fetuses). Damage to a fetus, the placenta, the
amniotic sac, or to the mother is to be avoided at all times. Numerous factors,
such as the position of the mother, affect the shape of the uterus. Within
this highly variable environment, slender and sharp instruments have to be
navigated with millimetre precision for treating fragile structures. As argued
before, this all happens under very poor visibility due to the turbid amniotic
fluid and the limitations imposed by current small-diameter fetoscopes.
It is clear from these arguments that preoperative data has very little use in
fetal therapy. Approaches based on visual servoing from the fetoscopic view
are not straightforward either, as the vision and depth perception are of poor
quality. Often there are too few anatomical landmarks in view. 3D abdominal
US imaging can be used for distance sensing, but it requires segmentation that
is difficult to automate. The achievable update rates and precision are also
too low for haptic guidance, limiting the effectiveness of guidance schemes that
rely on this data source. Stereo cameras or other sensors are typically too
bulky so that they do not fit within the 3 mm outer diameter of the fetoscope
(see Table 3.2). Fiber-based distance sensors form a good option as they can
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be readily integrated into slender instruments. While CP-OCT has a limited
sensing range, all-optical ultrasound (AOUS) has been found to provide a more
acceptable range for the same small form factor. Additionally, the update rates
for AOUS distance sensing are only limited by the switching time of the exciting
laser, so that distance can be measured at rates above 1 kHz. Also, amniotic
fluid has proven to be a good medium to transfer US waves. For these reasons,
it is proposed here to use AOUS for distance sensing in fetal surgery.

5.3.2

All-optical ultrasound distance sensor

AOUS is an emerging technology, well-suited for highly miniaturized US devices,
because it employs optical fibers with a diameter of just a few 100 µm. For this
work, a custom fetoscope prototype has been developed, embedding an AOUS
sensor, a therapeutic laser fiber and pneumatic actuators for enhanced distal
dexterity. This fetoscope is shown in Figure 5.4. The design and validation of
these pieces of hardware have been led by Devreker et al. and Colchester et al.,
the respective authors of [236] and [142], where more information about similar
devices can be found. The following paragraphs provide more details on their
result.

Handle with
button interface

Bendable distal tip

AOUS ﬁbers

Laser ﬁber

Distal actuator pressure line

Light guide

Figure 5.4: Fetoscope prototype with embedded AOUS distance sensor. (Figure
adapted from [237].)
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Sensor principle
AOUS generates sound at the coated tip of an optical fiber via the photoacoustic
effect. Light incident on the coating material is absorbed and the ensuing
temperature rise causes a pressure change which propagates as a sound
wave [238]. To receive the reflected sound, interferometric methods can be
used, such as the Fabry-Pérot hydrophone [239]. The AOUS device that was
used in this work consists of two optical fibers, as detailed in [240, 241]. In
brief, the transmitter comprises a 300 µm core diameter fiber coated with a
CNT/PDMS composite to generate sound. The receiver comprises a single
mode fiber coated with a concave Fabry-Pérot cavity [242]. The device is
interrogated using the system described in [240]. It comprises two lasers: a
SPOT-10-500-1064 Q-switched Nd:YAG laser1 with a pulse width of 2 ns, pulse
energy of 20 µJ, and repetition rate of 100 Hz, to generate US, and a Tunics
T100S-HP CL tunable continuous wave laser2 to interrogate the hydrophone.
The tunable laser was connected to the hydrophone via a circulator allowing
the reflection of the Fabry-Pérot cavity to be monitored with a photodiode.
The low frequency signal (< 50 kHz) from the hydrophone was used to track its
optimum bias point and was digitized at 16 bits with a sample rate 1 MS/s. The
received US signal was digitized at 100 MS/s and 14 bits. For the digitization of
the respective signals a PCI-6251 and PCI-51423 were used. In order to measure
the distance to the target surface, the received signal u(i), indexed with the
sample index i, was compared to an empirically tuned threshold function uth (i):
5
uth (i) = 0.003 + .
i

(5.9)

The index ith of the first returned value above the threshold was converted to
the actual distance measurement m̃, based on the time-of-flight principle:
m̃ =

ith vs
,
2fs

(5.10)

with fs = 10 MS/s the sample rate, vs the speed of sound and
ith = min{i : u(i) > uth (i)}.
1 Elforlight

(Daventry, UK); http://www.elforlight.com
(Quebec, Canada); https://www.exfo.com
3 National Instruments (Austin, USA); http://www.ni.com
2 EXFO

(5.11)
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This way false readings were avoided at close distance, where cross-talk from
sound transmitted directly to the receiver was high. The US data was displayed
in real time as an M-mode image at 100 Hz, along with the distance.
Sensor validation
In order to validate the distance measurements provided by the US device, a
series of experiments was carried out. As a placenta model, a gel wax phantom
was used, because of its realistic acoustic properties [243]. The AOUS distance
sensor was brought in close vicinity and then axially moved away from the
surface using a 1D motorized translation stage, in a series of movements each
consisting of 5 mm travel at 0.5 mm/s, followed by a rest period of 5 s. To
investigate the influence of the inclination angle ϕ between the placenta normal
and the AOUS fiber, this protocol was repeated with ϕ set to 0°, 15° and 30°.
No further angles beyond 30° were used, as the signal return at 30° was already
too poor for distance estimation. The recorded distances per inclination are
visualized in Figure 5.5.

Distance measurement [mm]

The accuracy of the measured distance is dependent on the accuracy of the
estimate of the speed of sound, which is well known for water and human tissues,
including amniotic fluid [244]. For the presented measurements, a value of
1500 m/s was used for vs . When perpendicular to the phantom surface, the
furthest distance that could be measured was 45 mm. Beyond this, the received
signal was not strong enough to be distinguished from noise. The maximum
Inclination φ
0°
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30°

40
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Time [s]

Figure 5.5: Validation of AOUS distance sensor for different sensor inclination
angles ϕ. The vertical lines in the graphs correspond to drops in the received
signal, because it was indistinguishable from noise.
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achievable distance quickly reduced for higher fiber inclination angles: at 15°,
the maximum distance that could be reliable measured was around 25 mm and
at 30°, there was insufficient signal for distance measurements.
In addition to controlled distance sensing at specific angles, a single vessel
phantom was also scanned. The probe was laterally moved above the phantom
surface at an inclination angle of ϕ = 0°, an average distance of 10 mm and
a constant speed of 0.5 mm/s. The highest portion the vessel surface and the
surrounding phantom were easily resolved (Figure 5.6). However, the gradual
height increase at the vessel edges was poorly resolved and there was a gap
in the recorded distance. This was expected, given the poor quality of the
reflected signal for large inclination angles, which was described in the previous
experiment.
Ultrasound reflection
From the experimental results, it was established that two types of reflection
occur for the US waves that the AOUS sensor generates. This duality affects
the interpretation of the measured distance m̃ when the instrument is inclined
(ϕ 6= 0). On the one hand, particles in a medium cause diffuse reflection,
scattering the US wave in all directions. When a highly concentrated US wave
is directed at the placental surface, such diffuse reflection will produce axial
distance measurements d˜ = m̃, along the line of sight of the AOUS probe. On
the other hand, specular reflection occurs on smooth surfaces. If the emitted
US is very diffuse, the probe will register the strong specular reflections and
the AOUS distance sensor yields height measurements h̃ = m̃ of the probe with
respect to the surface. Both scenarios are sketched in Figure 5.7. If the US
wave is not optimized for either of these behaviours, an intermediate value is
˜
measured, i.e., h̃ = d˜cos ϕ ≤ m̃ ≤ d.
To improve the sensor characteristics for measuring at a non-zero inclination
angle, optimizations are possible. For tissues that show highly diffuse reflection,
the power that is concentrated in the axial US wave has to be maximized,
˜ Conversely, if the tissue is very smooth, the
improving the measurement d.
power in the US wave has to be spread uniformly in all directions. This gives
˜
a stronger signal for measuring h̃, with the additional advantage that h̃ ≤ d,
which reduces the influence of acoustic attenuation. The best of both worlds
can be achieved if the distance sensor is combined with serial comanipulation
techniques that maintain ϕ = 0 (Section 5.1.2). In such case, all power can be
concentrated in the direction where specular reflection occurs. The developed
AOUS distance sensor generates a concentrated US wave and thus primarily
relies on the diffuse US reflection type to yield axial distance measurements.
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Figure 5.6: (a) Schematic representation of a scan over a vessel phantom. (b)
Single US A-line, corresponding to 25 s in (c), showing the distance threshold
(solid red). The reflected signal is visible at a depth of around 7 mm. (c)
M-mode US image of the scanned vessel. (d) Measured distance to the phantom
surface.

5.3.3

Extended Kalman filter for placental surface modelling

The AOUS distance sensor only provides point measurements, which are subject
to noise and outliers. A dedicated modelling approach is required to turn these
point measurements into a model that is usable as an FRVF. Such modelling
approach is not synergistic if it expects the surgeon go through an extensive
data collection protocol. Therefore, an EKF-based surface modelling algorithm
is proposed here that is able to generate a placenta model on the fly, while the
surgeon performs his/her normal interventional tasks.
The EKF assumes that the sensor provides axial distance measurements d˜ along
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Figure 5.7: Impact of US reflection on AOUS distance sensing: (a) diffuse
reflection yields axial distance measurements d˜ for concentrated US waves, and
(b) specular reflection yields probe height measurements h̃ for diffuse US waves.
i. Adaptations that would be needed for perpendicular distance measurements
h̃ are provided in Appendix D. The EKF adopts a stationary, planar model to
locally approximate the placental surface, as is shown in Figure 5.8. This model
is fully defined by its normal n and a point pm , located on the placental surface
at the intersection with i. The placenta pose, expressed in an external world
reference frame {w}, can then be described by the homogeneous transformation
T m:
Tm


Rm
=
0

 
pm
Rm
=
1
0


pd + di
,
1

(5.12)

which incorporates (5.1). The rotation matrix Rm is defined as:

Rm = m1

m2


n

(5.13)

and captures the orientation of the placenta as an orthonormal frame composed
of the unit vectors m1 , m2 , n. Note that for m1 and m2 , any two mutually
orthogonal units vectors in the plane of the placenta model, perpendicular to
n, can be taken. Following this reasoning, it is thus sufficient to know n for
obtaining a valid Rm .
Equations (5.12)–(5.13) show that T m can be estimated from knowledge of pd ,
i, d and n. The distance sensor provides raw measurements for d, while the
comanipulator, holding the sensorized instrument, provides estimates for pd
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Figure 5.8: Approximation of the placental surface by a plane with normal
n. The distance sensor measures the distance d from the instrument distal tip
pd along the instrument direction i until the intersection with the placenta at
position pm . The instrument is drawn for time steps k − 1 and k.
and i, with the techniques from Section 4.3. However, n, and more generally
Rm , cannot be directly measured, because a single 1D distance measurement
for a single instrument pose does not contain any information on the placenta
orientation. To determine n, measurements for multiple instrument poses need
to be collected. Provided that the instrument motion is sufficiently rich, with
components along m1 and m2 , it becomes possible to estimate n accurately.
As it is not synergistic to enforce a predefined rich motion pattern to acquire
information on n, the proposed EKF has been designed to avoid such intrusive
step. It estimates n based on any incoming measurement and updates
the estimate at each time instant. Sensor data is here combined with the
measurement history that is contained in the previous estimate of the placenta
pose T m . A built-in model of a planar placenta helps the EKF to retain an
estimate of n in case the instrument motion is insufficiently rich. In addition to
solving the problem that n is not directly observable from the measurements,
the EKF also helps to refine all measurements, making the plane estimation
more robust against noise and outliers.
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EKF description
Recapitulating equations (4.19)–(4.20), a state vector xk , a prediction model
g(), a prediction noise vector k , a measurement vector z k , a measurement
model h() and a measurement noise vector δ k need to be defined to fully specify
an EKF. These components are elaborated below.
The state vector is defined as:

xk = vdx ,k

vdy ,k

vdz ,k

αk

α̇k

βk

β̇k

φk

γk

dk

T

.

(5.14)

This vector contains all parameters necessary for a complete state description.
This includes
the linear velocity of the distal instrument tip v d =


vdx vdy vdz , as knowledge of the change in the tip position is required.
Furthermore, it contains i and n, parametrized as the altitude and azimuth
angle pairs (α, β) and (φ, γ), respectively:
T

,

(5.15)

T

.

(5.16)


i = cos α cos β

cos α sin β

sin α


n = cos φ cos γ

cos φ sin γ

sin φ

Finally, the orientation change of the instrument is included in the state vector
as (α̇, β̇) and the distance to the placenta as d.
If an instrument motion with a constant velocity and a stationary, locally planar
placenta are assumed, all prediction functions can be straightforwardly defined,
except for d. Referring to Figure 5.9, this transition can be modelled as follows:

dk =

(pd,k − pm,k−1 ) · nk−1
hk
=
,
cos ϕk
−ik · nk−1

(5.17)

=

(−dk−1 ik−1 + v d,k−1 ∆T ) · nk−1
,
−ik · nk−1

(5.18)

with ∆T the time between time step k − 1 and k. In analogy with (5.15), it
follows that ik can be expressed as:


cos(αk−1 + α̇k−1 ∆T ) cos(βk−1 + β̇k−1 ∆T )
ik =  cos(αk−1 + α̇k−1 ∆T ) sin(βk−1 + β̇k−1 ∆T )  .
sin(αk−1 + α̇k−1 ∆T )

(5.19)
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Figure 5.9: Representation of the distance prediction, showing the instrument
direction i and the associated axial distance measurement d˜ at two consecutive
time steps k − 1 and k. The representation is a projection onto a plane parallel
to nk−1 and ik .
The above summarizes to the following prediction model:








g(xk−1 ) = 








vdx ,k−1
vdy ,k−1
vdz ,k−1
αk−1 + α̇k−1 ∆T
α̇k−1
βk−1 + β̇k−1 ∆T
β̇k−1
φk−1
γk−1
(−dk−1 ik−1 +v d,k−1 ∆T )·nk−1
−ik ·nk−1









.








(5.20)

All predictions are assumed to be affected by Gaussian prediction noise. While
for most state parameters, the standard deviation of the noise is assumed to
be constant and independent of the other states, for a pair of azimuth-altitude
angles the standard deviation of the azimuth depends on the current value of
the altitude angle, such that the orientation noise does not favour any particular
direction. This is elaborated in Appendix B and applies to all pairs (α, β),
(α̇, β̇) and (φ, γ). The exact value of the standard deviations needs to be tuned
in function of the expected disturbances.
The measurement vector contains the measured values, denoted by a tilde ˜,
for all states, except for φ and γ, as no direct measurements of the placenta
normal can be obtained. The proprioceptive sensors in the haptic manipulator,
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optionally combined with the techniques from Section 4.3, produce measurements
for the instrument direction ĩ and the instrument twist vector t̃d :

t̃d = ṽdx

ṽdy

ṽdz

ω̃dx

ω̃dy

ω̃dz

T

(5.21)

,


T
with ω̃ d = ω̃dx ω̃dy ω̃dz the measured angular velocity of the instrument in
the world reference frame {w}. The distance sensor embedded in the instrument
˜ The measured altitude angle α̃ and azimuth angle β̃ can be obtained
provides d.

T
from ĩ = ĩx ĩy ĩz as:



α̃ = atan2 ĩz ,

q

ĩ2x

+


ĩ2y

(5.22)

,


β̃ = atan2 ĩy , ĩx .

(5.23)

To avoid jumps in β̃ when the 0 ↔ 2π border is crossed, β̃k has to be unwrapped
0
to β̃k0 , by comparing it to its previous value β̃k−1
:
0
0
β̃k0 = β̃k−1
− π + ((β̃k − β̃k−1
+ π)

mod 2π),

(5.24)

with mod the modulo operator.
˜ and azimuth angle β̇˜ is derived
The change in the measured altitude angle α̇
0
from the adapted instrument twist t̃d , which is obtained after subtracting the
rotation component about ĩ from t̃d , as the instrument rotation about its own
axis does not contribute to a change in the instrument altitude or azimuth
angles:
˜ = ω̃d0 sin β̃ − ω̃d0 cos β̃,
α̇
x
y

(5.25)

β̇˜ = ω̃d0 z .

(5.26)

This yields the following measurement vector:
h
z k = ṽdx ,k

ṽdy ,k

ṽdz ,k

and thus a simple measurement model:

α̃k

˜k
α̇

β̃k0

β̇˜k

d˜k

iT

(5.27)
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h(xk ) = vdx ,k

vdy ,k

vdz ,k
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αk

α̇k

βk

β̇k

dk

T

.

(5.28)

The lack of measurements for φ and γ will be accounted for by the mechanics
of the EKF. Thus, with the EKF, the unknown n can be determined without
directly measuring it.
For the measurement noise, the same remarks hold as for the prediction noise.
All measurements are assumed to be affected by Gaussian noise. For the
˜ the standard deviation of the azimuth
˜ β̇),
azimuth-altitude pairs (α̃, β̃) and (α̇,
angle is again dependent on the current value of the altitude angle. The exact
value of the standard deviations needs to be tuned in function of the sensor
characteristics.
EKF simulation
A simulation was set up to validate the surface estimation algorithm. In the
simulation, an instrument tip is programmed to make small, realistic oscillatory
motions with respect to a planar, inclined surface. These motions had an
amplitude in the range of 10 mm and a frequency not exceeding 1 Hz. The
measurements are sampled with a frequency of 1 kHz and Gaussian noise is
introduced on all measured values. For the initialization of the state estimates
vdx ,0 , vdy ,0 , vdz ,0 , α0 , α̇0 , β0 , β̇0 , d0 , the first measured values were used. This is
not possible for the initial φ0 and γ0 , so a value needs to be manually specified
here.
The simulation was repeated several times, for varying instrument motion
patterns, noise variances, φ0 and γ0 . Results for a representative simulation
run, with φ0 and γ0 artificially set to a 45° error, are shown in Figure 5.10.
From Figure 5.10.a-c, it follows that the offset for the estimate of the normal
was reduced to a few degrees in about 2 seconds. Figure 5.10.d indicates that a
reliable distance measurement can be obtained thanks to the filter, despite the
large measurement noise of the simulated distance sensor.
The simulation results show the ability of the EKF to quickly and robustly
identify the placenta pose. Depending on the choice of the instrument motion
pattern, the placenta orientation, the noise and the initialization, the results
differed, but still robustly converged to the ground truth. Only when φ
exceeded 75°, i.e., when the instrument was almost parallel to the placental
surface, the EKF experienced convergence problems. In this configuration,
small disturbances in the instrument pose result in large jumps in the measured
distance, introducing large discrepancies between the predicted and the measured
distance. Therefore, situations where the instrument is almost parallel to the
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Figure 5.10: Representative simulation results for validating the EKF for
placental surface model estimation. In (a) and (b) the estimation of the altitude
φ and the azimuth γ of the placenta normal n is visualized, respectively. The
angular error in the estimation of n with respect to the ground truth ngt is
shown in (c). This error is defined as acos(n · ngt ). The estimated distance is
depicted in (d).
placenta are to be avoided, e.g., using serial comanipulation or instruments with
an adequate fixed curvature.
The prediction model in the EKF assumes a stationary, locally planar placental
surface. The standard deviations σφ and σd in this model noise can be tuned to
make the EKF sensitive to deviations from this assumption. In Figure 5.11, a
periodic placental surface motion at 0.3 Hz was implemented with an amplitude
of 2 cm, which overestimates respiration-related motions. When high-quality
distance measurements were assumed, compared to the distance predictions,
the error in the EKF distance estimate was orders of magnitude smaller than
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the amplitude of the motion (Figure 5.11.a). However, a trade-off has to be
made for σφ : the higher the uncertainty on the placenta orientation, the faster
the convergence of the EKF to the ground truth orientation, but the lower the
precision on the estimate of n due to unmodelled surface motion. This effect of
σφ on the precision can be seen in Figure 5.11.b.
To test the effect of a non-planar placenta, the EKF was simulated for an
instrument moving over a placenta with a curvature of 1/200 mm−1 . From the
results in Figure 5.12.a, it is clear that the EKF has potential to provide a local
approximation of curved surfaces, even though it internally models a planar
surface. The delay in adapting to the surface curvature can be reduced by
increasing the standard deviation σφ of the noise on the orientation prediction
of n. However, increasing the prediction uncertainty comes at a cost: the error
on the orientation estimate increases in the unobservable direction, i.e., the
direction perpendicular to the instrument motion, as the higher uncertainty
makes the estimate less stable. This is visible in Figure 5.12.b, which depicts
the increase in the error on the unobservable component of n, for growing
prediction uncertainties.

5.3.4

Placental surface modelling experiments
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The combination of the AOUS distance sensor and EKF for on-the-fly
modelling of the placental surface was experimentally tested next. To this
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Figure 5.11: The response of the EKF to unmodelled placenta motion: (a)
the surface motion and the corresponding error on the distance estimate, and
(b) the error on the estimate of the surface orientation n when the prediction
uncertainty is varied with respect to a reference value σφ .
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Figure 5.12: The response of the EKF to unmodelled placenta curvature: (a)
the EKF estimate for the surface angle when the instrument is moved over
a curved reference surface, and (b) the error on the estimate of the surface
orientation in the unobservable direction. In both graphs, the different curves
correspond to different prediction uncertainties, with respect to a reference
value σφ .
end, the fetoscope prototype from Figure 5.4, equipped with the AOUS
device, was mounted on and calibrated to the Virtuose6D comanipulator (see
Section 3.3.1), making it possible to acquire the instrument direction and twist
at 1 kHz from the proprioceptive sensors of the comanipulator. The distance
sensor reported axial distance measurements at 100 Hz. The measurements
from the Virtuose6D and the distance sensor were synchronized up to 1 ms.
Table 5.1 summarizes the values of the tuned standard deviations used in the
EKF.
An operator was asked to move the fetoscope at a close distance over a perfectly
flat surface. Due to the current constraints for sensing the distance under an
angle, he was asked not to exceed a 10° angular misalignment between the
instrument axis and the surface normal during all experimental runs. Such a
perpendicular orientation is also desirable from a clinical perspective and can
in practice be achieved through proper serial comanipulation techniques.
The results of a representative experiment are shown in Figure 5.13, providing
an impression of the evolution of the altitude angle, azimuth angle, surface
orientation error and distance measurements. The algorithm was every time
able to estimate the orientation of the placenta normal n in about 20 seconds,
even though it started from a very poor initialization with a 70° error on φ0 and
γ0 . With a better, supervised initial guess, the convergence time can be reduced.
As soon as the estimation of the normal converged, the filter was capable of
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Table 5.1: Employed standard deviation values for the prediction noise and the
measurement noise in the EKF during in-silico experiments.
Prediction noise

Measurement noise

σvdx
σvdy
σvdz
σα
σα̇
σβ
σβ̇
σφ
σγ
σd

σvdx
σvdy
σvdz
σα
σα̇
σβ
σβ̇
σφ
σγ
σd

10 mm/s
10 mm/s
10 mm/s
σα̇ ∆T
2°/s
σβ̇ ∆T
σα̇ / cos α
40°
σφ / cos φ
1 mm

0.6 mm/s
0.6 mm/s
0.6 mm/s
1°
10°/s
σα / cos α
σα̇ / cos α
1000 mm

reliably rejecting the outliers in the distance measurements (Figure 5.13.d).
Note that the amplitude of the noise on the distance measurements was rather
low compared to the one used in the simulation.

5.4

Haptic assistance experiments

Building upon the modelling techniques from Section 5.3, this section presents
experimental results that demonstrate the functionality of the proposed
FRVF-based haptic assistance approach, with intraoperative placental surface
modelling. The experimental setup is shown in Figure 5.14: an operator and the
Virtuose6D comanipulate a sensorized fetoscopic instrument in a synergistic
fashion, above the surface of a placenta mock-up, inside a water tank. The water
provides a medium for propagation of the US waves, similar to the amniotic
fluid inside the uterus. For convenience, a replica of a placenta was made. This
custom-made mock-up was more or less planar and was made out of gel wax
for its good US reflection properties [243]. No prior knowledge on the pose of
the placenta was programmed in the haptic controller.
In all following experiments, the stiffness parameter k for the virtual wall
protecting the placental surface was set to 0.9 N/mm, in order to have a
protective layer that is a good compromise between the operator being in
control and the guidance giving corrective cues. The threshold distance was set
at dth = 12 mm such that sufficient resistive force was generated by the time the
instrument tip reached the clinically relevant 10 mm distance to the placenta.
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Figure 5.13: Representative experimental result for the proposed placental
surface modelling approach. In (a) and (b), the respective estimations of the
altitude angle φ and azimuth angle γ of the surface normal n are shown, and
(c) indicates the angular estimation error of n with respect to the ground truth.
The filtered and raw distance measurements are depicted in (d).

5.4.1

Feasibility of haptic assistance

A series of experiments was set up to verify the feasibility of the haptic assistance
system for providing an additional safety measure during fetal interventions.
In the experiments, an artificial situation was created where the operator was
asked to move towards the surface carelessly, simulating inattention. A scenario
without and with haptic assistance were considered. Without assistance, the
operator would always come into contact with the surface (Figure 5.15.a), while
with assistance the involuntary motion of the operator was successfully countered
in such a way that the operator could eventually retract the instrument without
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Instrument handle

Instrument
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Figure 5.14: Experimental setup for haptic assistance validation.
inflicting any harm to the placenta (Figure 5.15.b).
A subsequent experiment showed the operator moving around near the placental
surface in a relatively rough manner. Figure 5.15.c shows how also here the
haptic guidance managed to protect the placenta at all times. This indicates
the feasibility of the haptic assistance.

5.4.2

Task performance with haptic assistance

The impact of the protective haptic assistance on the performance of a laser
ablation task in TTTS treatment was experimentally evaluated next. In order
to verify the performance improvement of the proposed guidance scheme, a
comparison was made between visual versus haptic guidance. To simplify the
task, the operator was presented with a very much idealized scenario, when
compared to the clinical conditions. Figure 5.14 depicts how the operator has
a clear, sideways view upon the instrument and a cross-sectional view upon
the placenta. In clinical practice, the surgeon never has such a good view

162

ENHANCING CONTACTLESS SURGERY THROUGH SYNERGISTIC ROBOT ASSISTANCE

30

Distance [mm]

25
20
15
10
5
0

10 mm threshold
Measurement
0

2

8

6

4

10

Time [s]
30

25

25

Distance [mm]

Distance [mm]

(a)
30

20
15
10
5
0

2

4

15
10
5

10 mm threshold
Measurement
0

20

6

8

10

12

0

10 mm threshold
Measurement
0

5

10

15

20

Time [s]

Time [s]

(b)

(c)

25

30

35

40

Figure 5.15: Instrument-placenta distance as a function of time. Graphs (a)
and (b) show the distance when the operator moves carelessly towards the
surface, respectively without and with haptic assistance. In (c), the operator
moves around near the placental surface in a relatively rough fashion, while the
haptic controller ensures sufficient clearance between the instrument tip and
the placenta.
that allows him/her to gauge the distance between the instrument tip and the
placental surface. It is anticipated that if beneficial effects can be shown in such
an idealized scenario, the real, more challenging scenario would benefit even
more from haptic guidance.
The Solomonization phase of the laser treatment essentially corresponds to a
line-tracing task, as is described in Section 3.1.1. To replicate Solomonization,
the operator was asked to move the instrument tip across the placental surface,
following an ideally straight line from point A to point B and back (see
Figure 5.16). Both points have the same elevation above the placenta replica,
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so that ideally the operator would maintain a constant distance of 10 mm to the
surface. The primary objective for successful task completion was maintaining
the right distance (performance). Time was a secondary objective. Three
participants were asked to participate in this task. The participants had no
prior experience with haptic feedback. Each of the three operators executed
this task three times with haptic assistance and three times without it. In cases
with haptic assistance, the surface had a slight curvature of 1/400 mm−1 , thus
challenging the system to cope with an imperfect surface.
While the number of experiments/participants is too low for statistical analysis,
it is already possible to provide a number of insights. Figure 5.17 shows
representative results for the line-tracing task without and with assistance.
Table 5.2 summarizes the results over the different experiments. It can be seen
that the haptic assistance substantially improved the task completion time and
the capability of the operator to maintain the targeted 10 mm distance.

5.4.3

Physiological motion compensation through haptic assistance

The capability of the haptic assistance approach for coping with a moving
placenta was also investigated. A setup was created where a planar placenta
mock-up moved up and down at the respiration frequency of 0.3 Hz, with a largely
exaggerated amplitude of 5 cm. The fetoscopic instrument was comanipulated
above this surface, together with the Virtuose6D. A robust laser distance
sensor of the type Baumer OADM 12I6460/S35A4 was attached to the
distal end of the instrument. This commercial sensor is incompatible with
the intrauterine conditions, but facilitates separating the limitations of the
AOUS distance sensor from the influence of the placenta motion on the haptic
guidance.
The EKF was set with a relatively large certainty for the distance measurement,
compared to the distance prediction. Additionally, the prediction model noise
on the surface normal n was tuned to a low value to stabilize n against the
unmodelled placenta dynamics. The side effect of setting σφ to this low value
was that it took a relatively long time for n to converge. Figure 5.18 gives
representative results that show how the FRVF-based distance control aids to
keep the distance to the moving placental surface within safe boundaries. While
the amplitude of the placenta motion was high as 5 cm, it can be seen from
the figure that the deviation with respect to the controlled threshold distance
dth = 12 mm did not exceed 5 mm, keeping a safe clearance of at least 7 mm
between the placental surface and the instrument tip.
4 Baumer

(Frauenfeld, Switzerland); https://www.baumer.com
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Figure 5.16: Definition of the line-tracing task. The operator is asked to move
the instrument from point A to point B, while maintaining a constant distance
of 10 mm to the placental surface.
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Figure 5.17: Results of the line-tracing task in a representative experimental
run: (a) distance to surface when tracing a line without haptic assistance and
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Table 5.2: Results of the line-tracing task, with the task completion duration
and the error with respect to the 10 mm target distance. The employed metrics
are: root-mean-square error eRMS averaged over the different runs, minimum
error emin over all runs, maximum error emax over all runs, average minimum
error ēmin over the runs and average maximum error ēmax over the runs.
Haptic
assistance

Distance
data source

Duration
[s]

eRMS
[mm]

emin
[mm]

emax
[mm]

ēmin
[mm]

ēmax
[mm]

No
Yes
Yes

Raw
Raw
EKF-filtered

21.7
14.5
14.5

3.0
1.2
1.0

-8.2
-2.4
-1.9

14.8
5.8
5.1

-4.6
-1.3
-0.6

6.6
2.5
1.9
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Figure 5.18: The distance between the instrument tip and a periodically moving
placental surface, with an FRVF-based haptic distance controller softly enforcing
a separation of dth = 12 mm. This way, the clinically relevant threshold of
10 mm is only violated by a small amount.

5.5

Discussion

The experiments demonstrated a successful integration of the presented distance
sensing modality, the placental surface modelling algorithm and haptic assistance
within a phantom-based experimental environment. The system provided
effective haptic assistance to the operator, protecting the delicate placental
surface, while allowing free motion along the surface. From Figure 5.15, it can
be deduced that the created virtual wall, with a stiffness of k = 0.9 N/mm,
is sufficiently perceivable to alert an unwary operator and to effectively avert
otherwise dangerous impacts. At the same time, the operators reported that
the assistance was subtle enough not to interfere with their intended motion
along the surface and that it could be overridden if required.
For the completion of a line-tracing task, at a prescribed distance from the
placental surface, the FRVF proved to be advantageous as well. Figure 5.17
illustrates that the provided assistance enabled the operator to obtain a more
accurate and smooth distance control. From the results in Table 5.2, one can
see that the completion time for the task was reduced by 1/3 thanks to the
guidance, while at the same time the distance errors were reduced by 2/3. These
results indicate that haptic assistance may have significant added value for this
type of applications.
The distance sensor combined with the placental surface modelling algorithm
suffices to provide on-the-fly assistance solely based on data acquired in real
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time (and a non-specific planar placenta model). This is necessary for fetal
procedures, as the environment is so dynamic and deformable that preoperative
models have only very limited value and an accurate registration of this data
is practically impossible. Figure 5.13 indicates that for a flat surface the
orientation and distance can be successfully estimated. The convergence time
for this estimation is larger than for the simulated case of Figure 5.10. Given the
volatile nature of the environment, slow convergence can be problematic as well.
In this experiment, the slow convergence can be attributed to, amongst others,
the rudimentary characterization of the measurement noise, the uncertain US
reflection type, the lower frame rate of the distance measurements (100 Hz vs.
1 kHz) and to inaccuracies in the calibration of the instrument tip position with
respect to the end effector of the haptic manipulator. On the other hand, it is
encouraging to see that the EKF still converges to satisfactory results despite
these factors. It should be stressed that such robustness is extremely important.
The assumption of the stationary, locally planar placental surface in the EKF
prediction model may be too limited for more realistic situations, even though
it was shown that the EKF is already able to handle deviations from that
model. The main limitation here is the trade-off between the responsiveness
to deviations from the model on the one hand, and the stability and precision
of the estimated surface orientation on the other hand. The latter aspect is
especially important, because the orientation is never observable in directions
orthogonal to the instrument motion. A first extension that can improve the
robustness to deviations from the prediction model is the incorporation of direct
orientation measurements, e.g., through approaches that exploit the lighting
pattern in available endoscopic images, such as [186]. Alternatively, the EKF
state vector and prediction model can be expanded with a higher order surface
model and parameters that characterize the periodic motion.
In order to evaluate the axially measuring AOUS distance sensing in a fair
manner, a tissue mimicking gel wax phantom was used as the target. With
this material, signals were detected at distances up to 45 mm from the surface.
An even larger range could be achieved by increasing the sensitivity of the
hydrophone, for example, by increasing the sensor thickness. Improvements in
US generation may additionally lead to increased range. Unfortunately, the
angle between the probe and the surface had a dramatic effect on the recorded
signal. This was thought to be due to the specular nature of the reflection
from the surface. The used surface was smooth and therefore diffuse scattering
was limited. For a diffuse reflector, it is likely that that received signal would
improve at larger angles.
Because of these problems with the reliability of the distance sensor under
large angles, the current work adopted the simplification that the instrument is
kept approximately perpendicular to the placental surface. In clinical practice,
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this is not possible, because the fulcrum point dictates the orientation of the
instrument. Improvements are possible by adapting the directionality of the
US wave [245]. As Figure 5.7 illustrated, more focused US waves give the
line of sight distance. Conversely, when omnidirectionality of the probe is
pursued, the perpendicular distance is measured, even at large angles. It is also
possible to equip the instrument with local DoFs at the tip and control the tip
curvature in order to realize continuous perpendicularity. This is interesting
for both sensing and therapeutic purposes. Lastly, in the software, the surface
modelling approach has to take into account the directionality of the US beam.
A combination of these approaches can lead to more robust performance of the
system in all situations, including these with a large instrument inclination.
The quality of the distance measurement mainly depends on four things:
systematic offset due to delays in the system, the speed of sound estimate,
the US resolution, and jitter. The systematic offset can be measured and
accounted for. The speed of sound is well characterized in many biological
tissues, including amniotic fluid [244]. The US resolution is dependent on the
US bandwidth of the system. For the employed system, the probe resolution
was 60 µm in the axial direction. This could be improved by creating higher
bandwidth devices. However, the resolution already exceeds the requirements.
Finally, jitter gives small temporal displacements in the signal, caused by
timing jitter in the system, the laser, electronics, etc. This was measured to be
10 ns, corresponding to a distance of 7.5 µm. In all, the quality of the distance
measurements exceeds the requirements for maintaining a virtual wall and
assistance in surgery, and the distance measurement accuracy is more likely to
be affected by imperfect calibration of the sensor with respect to the robotic
system.
Occasionally the signal of the distance sensor dropped. In order to differentiate
a null signal, i.e., no distance measured from an actual signal, a negative value
was assigned to null signals. In this way, they could be easily distinguished
from data and allow distance tracking even with an unstable US signal. Surface
estimation was still possible even when large parts of the data points were being
dropped, e.g., when the sensor was out of range. For the experiments, the US
frame rate was limited to 100 Hz due to the need to monitor the M-mode US
image. Improvements to the software would allow distance measurement at a
rate of more than 1 kHz.
If AOUS distance sensing is used at the same time as conventional US from
outside the body, US transmitted by the piezoelectric array is received on the
distance sensing device. However, device synchronization could be implemented
to avoid US interferences. An additional feature of the technology used for
the distance sensing probe is that it could also potentially be used for device
tracking in conjunction with traditional US imaging [246].
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Conclusions

This chapter tackled the intraoperative modelling of anatomical structures for
generating distal FRVFs, applied to the case of TTTS therapy. By combining
the obtained model with the controller from Chapter 4 for implementing distal
VFs, effective haptic assistance can be realized, warranting safety and improving
performance while operating on delicate structures. The resulting, synergistic
comanipulation approach functions without any requirement of prior knowledge
on the environment.
It was argued that a haptic system that monitors the distance between the
tip of a surgical instrument and its fragile surroundings indeed necessitates an
FRVF-based distance controller for the best haptic experience and for robustness,
rather than a controller based on direct distance measurements. To generate
data for the required model, a distance sensing technology was employed that
is compatible with the stringent requirements in fetal surgery: all-optical
ultrasound distance sensing. This technology allows the surgeon to capture
data on the uterine environment on the fly. An extended Kalman filter was
then designed that employs the collected data to model the placental surface
in real time, thus localizing the FRVFs for haptic assistance. All elements
were separately and jointly tested to verify their functionality and feasibility.
The experimental results show that hazardous situations can be countered and
procedural skills can be improved for novice users. The obtained system satisfies
most of the desired characteristics, as listed in Table 3.2, but the range and
accepted angles for the distance measurement still have to be improved. The
responsiveness to unmodelled motion and curvature of the placenta may need to
be increased as well. This can be realized with a more comprehensive prediction
model in the Kalman filter, or by employing other available exteroceptive data,
such as the endoscopic images. These images can also serve for other applications
of synergistic robot assistance, of which an example is elaborated in the next
chapter.

Chapter 6

Tracking Instruments with
Synergistic Endoscope
Guidance
This chapter focuses on assistive techniques for endoscope guidance. Endoscope
guidance is a necessity in all laparoscopic interventions, because endoscopes
have a limited field of view (FoV). As such, the endoscope needs to be moved to
keep the relevant instruments in its view. The surgeon usually does not have a
free hand to do so, as most laparoscopic interventions are bimanual. Therefore,
a human camera assistant is usually present to manipulate the endoscope.
However, the cost-effectiveness of a human assistant for this job is questionable.
Additionally, a human camera assistant takes up valuable space around the
surgical table and also suffers from fatigue, which adversely impacts image
stability, especially during long interventions.
In order to eliminate the need for a human camera assistant and to optimize
image stability, many different endoscope holders (EHs) have been designed
in the past [247]. These EHs are mostly passive, lockable devices that can
fixate the endoscope in a given pose. With such systems, the surgeon has to
free one or both hands to reposition the endoscope, making EHs unsuitable
for interventions that require regular view changes. As a countermeasure,
robotic endoscope holders (REHs) have been proposed, where the surgeon is
provided with a dedicated control interface for adjusting the endoscope pose
without needing to release his/her instruments. Surprisingly, these REHs have
not yet obtained a widespread acceptance, despite the multitude of available
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systems [247].
The first part of this chapter zooms in on the existing methodologies for
robotic endoscope guidance and their shortcomings. It subsequently proposes
an alternative, synergistic guidance strategy which includes both supervised
autonomy and comanipulation aspects. One of the objectives of this guidance
strategy is to make sure that the relevant laparoscopic instruments stay inside
the endoscopic view. This constitutes a visual servoing (VS) problem, of which
the control aspects are discussed in the second part of this chapter. Classical
VS approaches are extended to comply with the constraints imposed by the
fulcrum. These extended VS approaches build upon the fulcrum detection
techniques from Chapter 4 and provide the reference input for the fulcrumaware control techniques from that same chapter. In general, VS methods rely
on a perception component that can extract relevant information from camera
images. Therefore, non-intrusive image-processing routines for detecting and
modelling laparoscopic instruments are introduced in the third part of this
chapter. These instrument tracking algorithms can be applied directly on the
available endoscopic images and yield the required exteroceptive data for the
VS controller. In the last part of this chapter, the feasibility of the synergistic
endoscope guidance approach is verified in a scenario that has fetal surgery
mind, although the approach is versatile enough to be applicable to other cases
as well.

6.1

Robotic endoscope guidance

The most skilled assistants for endoscope guidance are trained surgeons, as
they are familiar with controlling laparoscopic instruments through an incision
point and they are able to determine the endoscope position that yields the
desired view for each phase of the surgical procedure. Yet, even with such
highly qualified assistants, regular communication is still required to align
the intentions of the main surgeon and the assistant. If a human camera
assistant, with high-level cognitive capabilities, is already unable to entirely
foresee the intentions of the surgeon, it is unrealistic to pursue fully autonomous
robotic endoscope guidance. However, also when not fully autonomous, robotic
endoscope guidance still has the potential to lower the OR staff time, reduce
the intervention cost, eliminate fatigue, improve the image stability, increase
ergonomics, prevent hand-eye coordination problems and free up cognitive
capacity of the surgeon. These elements make it worthwhile to investigate the
potential of robot assistance and the associated autonomy levels for endoscope
guidance. The two extremities of the autonomy spectrum are presented in this
section: REHs and autonomous endoscope guidance. Afterwards, a synergistic,
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hybrid approach is put forward, which is realistic in terms of the cognitive
capacities of current robotics. Moreover, it is tailored for easy clinical adoption,
as it does not disrupt the workflow of the surgeon.

6.1.1

Robotic endoscope holders

REHs can be considered as telemanipulation systems, with autonomy level 0, for
controlling the view of endoscopes. They feature a dedicated interface for direct
control that lets the surgeon adjust the endoscope view from a distance, without
physical contact with the robotic device. Many different control interfaces
have been proposed, including joystick control, pedal control, voice control,
gaze control and head gesture control [248]. Telemanipulation systems for
laparoscopy, such as the da Vinci, also exhibit REH functionalities, which
can be controlled through master-slave operation. Many special-purpose REHs
have been designed, but only few of them got some amount of clinical traction.
Notable examples are the AESOP, Freehand 1.2 and ViKY, all of which
are especially liked because of their relatively low intrusiveness in terms of size
and/or installation procedure [249, 30, 33].
A common drawback of REHs is that they result in intermittent operation. The
surgeon either focuses on manipulating his/her instruments or on positioning
the endoscope. This can be attributed to the very basic instruction set at
the disposal of the surgeon. The control interface typically offers six simple
instructions: zoom in/out and move left/right/up/down. With such instruction
set, concurrent control of the endoscope and the instruments is very difficult.
Simultaneously performing these operations also increases the mental workload
of the surgeon, which might adversely affect interventional outcomes [247].
Additionally, these simple instructions can only activate one DoF at a time,
which leads to inefficient control [250].

6.1.2

Autonomous endoscope guidance

Autonomous endoscope guidance systems strive for resemblance to human
camera assistance by replacing the unfavourable intermittent manual operation
of REHs with continuous autonomous functionality. The challenge for
autonomous guidance is to determine the optimal endoscope positioning strategy,
based on instrument tracking data, available models and the current state of
the intervention.
The simplest autonomous endoscope guidance tracks the distal instrument tip
in available 2D endoscopic images. Here, the 2D coordinates of the tip are
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used to center it in the endoscopic image [251, 252]. This way, the distance
between the endoscope and the instrument, which corresponds to the endoscope
zoom level, is left uncontrolled. Other approaches circumvent the lack of depth
information on the tip position by relating the inter-instrument distance to the
zoom level [253, 254], an approach that is limited to scenarios with multiple
visible instruments. The usability of such approaches is doubtful. Works such
as [255, 256] found that the zoom level is important for effective endoscope
positioning. When the 3D instrument tip position is available, more effective
guidance strategies are thus possible. In [257, 258], rule-based strategies are
applied, where the control mode switches between single-instrument tracking or
tracking of a point that is a function of all visible instrument positions. All these
approaches perform a simple task under discrete supervision of the surgeon and
thus belong to autonomy level 2.
If a predefined model of the surgery is available and if the current surgical
phase can be recognized, the control strategy can be extended to be predictive
rather than just reactive [259]. Examples of such knowledge-based methods
are described in [260, 261, 262, 263, 247]. These methods pursue endoscope
guidance at the highest autonomy levels, with an empty instruction set for
the surgeon. Theoretically, these methods are promising, but in practice the
extensive effort to create models for each type of surgery, and the robustness of
the models and of the surgical phase recognition can be problematic.

6.1.3

Synergistic endoscope guidance

A realistic and practical approach finds a compromise that maximizes conditions
where supervised (task) autonomy is feasible, but leaves space for situations
where human intelligence is beneficial. This type of switching is already the
clinical reality for commercial REHs. For instance, it has been reported in [264,
265] that the robot needs to be abandoned in favour of a human camera
assistant in about 6% of the documented procedures with the SOLOASSIST
REH. However, for these REHs, this switch is considered as a failure of the
system. Instead, in this chapter, a synergistic guidance strategy is introduced
that is optimized for dual operation: it enables an easy switch between a
context-aware supervised autonomy mode and a human-robot comanipulation
mode.
Besides these control modes, the robotic system for synergistic endoscope
guidance also has to conform with the design criteria as described in Chapter 2.
It needs to boast mechanical backdrivability, a large workspace and a small
footprint, enabling unencumbered manipulation by a human operator. Elaborate
installation and alignment procedures have to be avoided. This can be realized
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by selecting a plug-and-play BW manipulator such as the Virtuose6D and by
designing the controllers according to propositions in Chapter 4. By satisfying
these criteria, it is possible to substantially lower the barriers for adopting an
endoscope guidance system.
Supervised autonomy mode
It was argued before that REHs feature a very basic instruction set for the
surgeon and that autonomous endoscope guidance strategies try to fully relieve
the surgeon of controlling the endoscope. Here, a supervised autonomy mode is
proposed that seeks the middle ground between these extremities through the
introduction of an advanced instruction set for the surgeon. Fully automating
camera guidance is unrealistic, as even a trained human camera assistant cannot
always foresee the intentions of the surgeon. With an advanced instruction set,
the surgeon can instruct the robot as he/she would instruct a human camera
assistant. The robot then has to autonomously execute this advanced task
(autonomy level 2). With this type of autonomy, the problem of intermittent
instrument and endoscope handling can be eliminated, an issue REHs suffer
from.
A relevant instruction set would need to contain context-aware instructions, for
example: ‘follow my right instrument’, ‘center the camera above my instruments’,
‘zoom in on that last suture’, or ‘hold the camera stationary’. As the instruction
set can be arbitrarily large, in this chapter only instructions that target
instrument tracking are elaborated.
In many cases, the optimal endoscope view is one that focuses on one or
multiple instruments. This can be realized by guiding the endoscope based on
contextual information on the position of the instrument tip with respect to the
endoscope. Here, the functional distinction between endoscope motions in the
image plane and along the viewing direction has to be taken into account: the
former determine the center of attention in the endoscope view, while the latter
regulate the zoom level. These correspond to different endoscope guidance
instructions of the surgeon.
Endoscope guidance in the image plane In the image plane, important
endoscope guidance instructions of the surgeon aim to keep the relevant
laparoscopic instrument(s) inside the FoV. In case only one instrument is
present, with its tip at position s, a possible instruction could be to center
s inside the FoV, as is illustrated in Figure 6.1, top. When two (or more)
instruments are present, more instructions are possible. The surgeon might
want to center one specific instrument, or a point in between the instruments,
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depending on their relative importance. In this latter case, a relative dominance
factor wd ∈ [0, 1] could be assigned to the instruments. Suppose that there are
two instruments, with the left instrument detected at position sl and the right
instrument at position sr . The guidance rule could then take:
s = sl + wd (sr − sl )

(6.1)

as the feature of interest to be matched to the desired position s∗ at the center
of the FoV. This is visualized in Figure 6.1, bottom.
When the guidance would be implemented to continuously track s, the view
would never come to a standstill, which may be disturbing for the surgeon.
As a solution, a position hysteresis can be implemented. Figure 6.1 shows the
principle of position hysteresis based on three zones in the endoscope FoV: a
target zone A, a transition zone B and a violation zone C. Whenever s moves
from zone B to zone C, the endoscope guidance will be activated. The guidance
will then stay active until s reaches zone A. Afterwards, the FoV will be kept
stable, until s again crosses the border between zone B and zone C.
Endoscope guidance along the viewing direction In clinical situations, the
most given instruction to the camera assistant is to zoom in or out. This
happens at discrete moments, for instance when the surgeon wants to get an
overview of the scene or when he/she wants to inspect the quality of a knot
he/she is tying. These actions cannot be foreseen by an autonomous system, as
they are always commanded by the surgeon. Therefore, it is important that a
separate zooming instruction is available.
When no zooming instruction is issued, the endoscope guidance along the viewing
direction can be implemented to keep the feature of interest s at a desired
depth z ∗ with respect to the endoscope. Zooming in or out then corresponds to
changing z ∗ , while respecting the current guidance objective in the image plane.
To avoid that the endoscope continuously moves to maintain the desired depth,
position hysteresis can be added along the viewing direction, similarly to the
position hysteresis in the image plane.
Comanipulation mode
During certain interventions or certain interventional phases, it is possible that
the advanced instruction set is still too limited or that it is too difficult to obtain
the required contextual information for automating the endoscope guidance.
For these more complex guidance scenarios, the endoscope guidance system
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Figure 6.1: Supervised autonomy mode for endoscope guidance in the image
plane. The guidance objective is to track a feature of interest s such that it
coincides with the desired position s∗ . When only one instrument is detected,
s corresponds to the position of the tip of this instrument (top). When two
instruments are detected, at positions sl and sr , s takes on a position on the
line between sl and sr , depending on the relative instrument dominance factor
wd , which is here set to 0.75 (bottom). The target zone A, transition zone B
and violation zone C of the position hysteresis approach are indicated as well.
can be designed to enable a natural transition to a human camera assistant.
When a mechanically backdrivable manipulator is used, as is suggested here,
a comanipulated endoscope control mode is automatically available as well,
without any changes to the hardware. As such, the human assistant can simply
take over, thus replacing the intelligence formerly provided by the instrument
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tracking rules implemented in the supervised autonomy mode.
In the comanipulation mode, the robotic device can still add valuable
functionalities. The comanipulator can for instance prevent fatigue by providing
gravity compensation. This can help to improve the stability of the endoscopic
video. The robot can further stabilize the video against tremor, by adding
an amount of damping to the endoscope motions. When necessary, the
comanipulator can also block all endoscope motions, after it has been adequately
positioned. Such behaviour is similar to that of a passive EH. This way, the
camera assistant has the possibility to do other tasks in the OR as well, or the
surgeon can (intermittently) do the camera manipulation him/herself.
Another aspect where the comanipulator can provide assistance is horizon
stabilization. With endoscopes, it is important that the image horizon stays
stable, and typically as much as possible aligned with horizontal plane.
Deviations disturb the surgeon’s perception of what is up and down and thus
affect performance [266, 267]. If the comanipulator has an active DoF to roll
the endoscope about its longitudinal axis, this DoF can be used to stabilize
the horizon. This can either be a parallel or serial comanipulation feature,
depending on whether the camera assistant holds the endoscope after or before
the active DoF. Note that a non-robotic alternative can also orient the captured
image.
More advanced navigation guidance can be implemented as well, as the
supervised autonomy mode and the comanipulation mode are not mutually
exclusive. If the provided endoscope guidance is soft, it can be employed as
a GVF that can be overruled by the camera assistant when judged necessary.
Simultaneously, the camera assistant can familiarize him/herself with the robotic
system and/or endoscope manipulation skills in general. It is also possible to
record a memory of waypoints to which the system can later easily return,
similarly to the autonavigation functionality used in robotic microscopes [268].
This modularity of the different modes makes the proposed endoscope guidance
highly synergistic.

6.2

Visual servoing for endoscope guidance

When, in supervised autonomy mode, the current position of the tracked feature
of interest s does not coincide with its desired position s∗ in the endoscope
view, VS is necessary to mitigate the error. VS approaches that have been
applied for this application are discussed in this section, after which the problem
is generalized and a suitable VS control approach for synergistic endoscope
guidance is formulated.
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Visual servoing approaches

In the field of VS, two classical approaches exist: image-based visual servoing
(IBVS) and position-based visual servoing (PBVS). To be applicable to endoscope
guidance, an extension to these methods is necessary, because the camera motion
is constrained by the presence of the fulcrum point. In IBVS, this has been done
by modifying the interaction matrix, which relates image space and Cartesian
space velocities, such that it incorporates the kinematic constraint of the fulcrum
point [251] or such that it directly describes the mapping between the image
space and joint space of an LCM-type or RCM-type REH [252, 269]. As these
IBVS approaches only account for the VS error in the 2D image plane, they
do not control the zoom level of the endoscope. A decoupled depth controller
can augment the IBVS method to overcome this issue [31]. PBVS approaches
require an inverse kinematics algorithm that computes the desired robot pose,
given the desired endoscope view and knowledge of the fulcrum position. This
approach has been applied in [270, 271].
All above approaches lack generality and the formulations do not allow for
inclusion of oblique-viewing endoscopes, even though such endoscopes are
commonly used in laparoscopic procedures. Moreover, according to [259],
oblique-viewing endoscopes are the most challenging to control for a camera
assistant. This indicates the need for a general formulation of the VS problem
in endoscope guidance, which considers the presence of the fulcrum, as well as
oblique-viewing endoscopes.

6.2.2

Fulcrum-aware visual servoing

A VS controller determines the required camera motion for achieving the desired
endoscope view. When this camera is an endoscope, used for laparoscopy, the
VS method needs to take into account the fulcrum constraint, as well as the
endoscope geometry. Figure 6.2 visualizes a general endoscope geometry, along
with the frames of interest. The fulcrum frame {f } is defined at the fulcrum,
as is common for REHs. The z-axis of {f } is the inward-pointing normal of the
body wall. A frame {d} is connected to the distal tip of the straight part of
the endoscope shaft, with its z-axis pointing along the shaft axis. The camera
frame {c} is offset and rotated with respect to {d}. The offset can account for
a bendable tip and/or for stereo camera lens separation, and the rotation for
oblique-viewing endoscopes. Note the notations that are employed throughout
this chapter. For a transformation from a frame {j} to a frame {i}, the notation
T ij is used, consisting of a rotation Rij and a translation pij . For all kinematic
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variables, the reference frames are indicated with a trailing superscript1 . In
its most general format, this endoscope description represents an endoscope
with an oblique-viewing camera that is offset with respect to the axis of the
endoscope shaft, such as the articulating 3D videoendoscope ENDOEYE FLEX
3D2 . When pdc = 0, it becomes an idealized oblique-viewing endoscope. If also
Rdc = I, it describes a basic straight-viewing endoscope.
Starting from this endoscope model, four different VS approaches for endoscope
guidance are detailed below: image-based visual servoing (IBVS), image-based
visual servoing with decoupled depth control (IBVS+DC), 3D image-based visual
servoing (3D IBVS) and position-based visual servoing (PBVS). All approaches
aim to determine the motion v dd of the distal endoscope tip that matches the

T
position s = x y z
of the feature of interest with its desired position
 ∗

∗
∗ T
∗
s = x y z
, while accounting for the fulcrum. All methods assume
that the endoscope has three active DoFs that can realize any linear velocity v dd .
The endoscope roll DoF is further assumed to be controlled externally to the VS
1 For

the features s and errors e in the camera frame, the trailing superscript
omitted for brevity.
2 Olympus (Tokyo, Japan); https://www.olympus-global.com
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Figure 6.2: Definition of the reference frames for a general endoscope
representation. The fulcrum frame {f } is located at the fulcrum point, the
distal tip frame {d} at the end of the straight endoscope shaft and the camera
frame {c} at the end of the endoscope. The image produced by the endoscope
is also shown, along with the projections of the feature of interest s and its
desired position s∗ , and with the image coordinate vectors (xi , y i ).
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controller, such that a fully determined endoscope motion can be obtained. For
the surgeon, it is important that the roll angle controller stabilizes the camera
horizon. Typically, the most intuitive way to realize this is by constraining the
camera horizon to stay in the horizontal plane.
Image-based visual servoing (IBVS)
IBVS aims to determine the camera motion that moves the 2D projection of
the 3D feature point s to its desired position in the image plane. The 2D
projection of s is obtained by expressing it in normalized camera coordinates.
For a normalized camera, the focal length is one and the origin is located in the
optical center of the camera [272]. Thus, the 2D projection sn of the feature
point s is:

sn = xn

yn

T


= x/z

y/z

T

(6.2)

.

Alternatively, when no 3D information is available, the x- and y-coordinates of
s in the normalized image space can be obtained directly from its image space

T
position u = u v and the intrinsic camera parameters:

sn = xn

yn

T


= (u − cx )/fx

(v − cy )/fy

T

,

(6.3)

with fx , fy the focal length parameters and cx , cy the offset parameters.
Classically, the relation between the camera twist tcc and the 2D feature point
velocity ṡn is expressed by the interaction matrix L2D [273]:
ṡn = L2D tcc ,

(6.4)

where
L2D


−1/z
=
0

0
−1/z

xn /z
yn /z

x n yn
1 + yn2


−(1 + x2n ) yn
.
−xn yn
−xn

(6.5)

In this equation, z is typically replaced by z ∗ if depth information is
unavailable [273]. Further, this equation assumes that the camera has six
DoFs, while for endoscope guidance, only three are available. To incorporate
the fulcrum constraints, first the camera twist tcc needs to be mapped to the
distal tip twist tdd :
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tcc = J cd tdd ,

(6.6)

where J cd is the well-known expression for a twist transformation:
J cd

 c
Rd
=
0


−Rcd [pdc ]×
.
Rcd

(6.7)

The operator [ ]× is the operator for the skew-symmetric matrix. The fulcrum
constraint introduces a coupling between the linear tip velocity v dd and angular
tip velocity ω dd and can be expressed as:
tdd = J d v dd ,

(6.8)

with the mapping J d as defined in (4.68):

1
J d = 0
0

0
1
0

0
0
1

0
−1/li
0

1/li
0
0

T
0
0 ,
0

(6.9)

and the inserted endoscope length li = kpfd k. Combining (6.4)–(6.9) yields the
modified interaction matrix L02D :
L02D = L2D J cd J d .

(6.10)

This matrix is a generalized form for the modified interaction matrix presented
in [251].
As is customary in VS, the error in the normalized image space is expressed as
en = sn − s∗n

(6.11)

and the control law enforces an exponential decay of the error:
ėn = −λen ,

(6.12)

characterized by the time constant τ = 1/λ. For a constant s∗n , this yields the
desired endoscope tip velocity:
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ėn = ṡn = L02D v dd = −λen ,
⇒ v dd = −λL0+
2D en ,

(6.13)
(6.14)

0
with L0+
2D the Moore-Penrose pseudo-inverse of L2D .

Image-based visual servoing with decoupled depth control (IBVS+DC)
IBVS is insufficient to control the 3D position of the endoscope: only the
position in the image plane is controlled. A decoupled depth controller can be
added to control the third DoF. This was proposed in [31] and is generalized
here.
The current depth is denoted by z and the desired depth by z ∗ . The depth
controller expresses the kinematic relation between the camera twist and the
change in the depth as:
ż = Lz tcc ,

(6.15)

where

Lz = 0

0

−1

−y


x 0 .

(6.16)

To reduce the depth error ez = z − z ∗ concurrently with the image-space error
en , a similar reasoning as with IBVS can be followed, yielding:

    

 0 
 
ėn
ṡn
L2D c
L2D d
e
d
=
=
J d J d vd =
v d = −λ n ,
ėz
ż
Lz
L0z
ez
⇒

v dd

 0 +  
L
en
= −λ 2D
.
L0z
ez

(6.17)
(6.18)

3D image-based visual servoing (3D IBVS)
Instead of decoupling the control in the image plane from the depth control, the
3D feature s can also be used directly to define the 3D motion of the endoscope.
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This requires a 3D interaction matrix L3D , which can be derived from the
kinematic equations of motion for the stationary 3D point s in the moving
camera frame {c}:
ṡ = −v cc − ω cc × s = L3D tcc ,

(6.19)

with

L3D = −I


[s]× .

(6.20)

As before, the modified interaction matrix L03D can be obtained by including
the offset of the distal tip frame with respect to the camera frame, as well as
the fulcrum constraint. The desired endoscope tip velocity that ensures an
exponential decay of the error e = s − s∗ follows from:

ė = ṡ = L3D J cd J d v dd = L03D v dd = −λe,
⇒ v dd = −λL0+
3D e.

(6.21)
(6.22)

Position-based visual servoing (PBVS)
PBVS identifies the camera pose, with respect to an external reference frame,
that produces the desired view upon the 3D feature s and moves the camera
towards this pose. The camera pose is constrained to three DoFs due to the
presence of the fulcrum point and the separate horizon stabilization. Finding
the desired camera pose, taking into account its kinematic constraints, involves
solving the inverse kinematics for the endoscope system as defined in Figure 6.2.
The kinematics of this endoscope can be described in function of three joint
variables (θ1 , θ2 , li ). Based on these variables, any endoscope pose can be
reached by applying successive operations in a forward kinematics chain. When
these joint variables are set to zero, the endoscope system is in a configuration
where the fulcrum frame {f } coincides with the distal tip frame {d}, while
the camera frame {c} is offset by pdc and rotated by Rdc = Rx (α), with α the
oblique viewing angle of the endoscope. Starting from this configuration, θ1
rotates {d} about its y-axis, then θ2 rotates it about its x-axis and finally li
translates it along its z-axis. This leads to the following forward kinematics
equations, expressed in the reference frame {f }:
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∗

T fc ŝ = T fc ŝ∗
∗

= T fd T dc ŝ∗

(6.23)



Ry (θ1∗ )Rx (θ2∗ ) 0 I
=
0
1 0

li∗ ez
1



Rx (α) pdc ∗
ŝ .
0
1

The trailing asterisk ∗ designates a desired value, different from the current value,
which lacks the asterisk. The hat ˆ signifies the homogeneous representation
of a 3D vector. Equation (6.23) constitutes a system of three equations in the
unknowns (θ1∗ , θ2∗ , li∗ ). Appendix E derives the analytical solution to this inverse
kinematics problem.
The solution of the inverse kinematics yields the desired position of the distal
∗
endoscope tip pfd :

li∗ sin θ1∗ cos θ2∗
=  −li∗ sin θ2∗  ,
li∗ cos θ1∗ cos θ2∗


pfd

∗

(6.24)

which straightforwardly leads to the position error of the distal tip, expressed
in the fulcrum frame {f }:
∗

ef = pfd − pfd .

(6.25)

When an exponential error decay is required, the desired endoscope velocity
becomes:
v fd = ėf = −λef

(6.26)

and can be expressed in the frame {d} as:
v dd = −λRdf ef .

6.2.3

(6.27)

Visual servoing simulation

A simulation was implemented to validate all four methods: IBVS, IBVS+DC,
3D IBVS and PBVS. Figure 6.3 (top) presents a comparison between the
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methods for an endoscope guidance problem a with a 30° oblique-viewing
endoscope and a 90° FoV. Figure 6.3 (middle) shows the same comparison for a
30° oblique-viewing endoscope with a wide-angle 120° FoV. In all simulations,
the feature of interest s enters the FoV from a side and the VS controller moves
the endoscope to center s within its FoV. The trajectories described by the
endoscope tip are shown in the graphs, as well as the initial and final endoscope
poses.
Comparison of visual servoing approaches
From the graphs, it is clear that IBVS differs from the other approaches: it does
not attain the desired depth z ∗ in the final endoscope pose. Moreover, IBVS
also does not guarantee a constant depth z. Consequently, z will drift towards
undesired depths over time. In some situations, this can be counteracted by
separately controlling li to stay constant. However, in a general case, and
especially with oblique-viewing endoscopes, this yields behaviour that fails to
maintain a constant zoom level. IBVS is thus unsuitable for endoscope guidance
and 3D information about the feature of interest is a requirement.
Both IBVS+DC and 3D IBVS linearize the VS problem in the camera frame.
This enables a desired exponential decay of the targeted errors, but does not
produce a well-controlled endoscope motion in Cartesian space. It can be seen
from the graphs that the trajectories for these methods deviate from the straight
trajectory that is accomplished by PBVS, in particular for the scenarios with
larger initial errors. As space is limited in laparoscopy and the environment
delicate, the straight trajectory of PBVS is favourable over the alternatives.
IBVS typically yields more accurate VS results than PBVS, because the feedback
loop in IBVS-based methods can mitigate camera calibration errors (excluding
stereo calibration errors). However, most endoscope guidance strategies aim
to maintain the feature of interest in a specific region of the endoscopic image
(cf. position hysteresis), rather than at an exact image coordinate. The
importance of the higher accuracy of IBVS is thus tempered by this regionbased control objective: small calibration inaccuracies are acceptable. Therefore,
and in contrast to the claims in [251], it can be argued that the predictability
of a straight VS trajectory is more important than the VS accuracy. This
argumentation makes PBVS the preferred approach for endoscope guidance,
especially when large initial errors exist.
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Figure 6.3: Comparison of the simulated endoscope tip trajectories for endoscope
guidance with different fulcrum-aware VS approaches. In this simulation, a
30° oblique-viewing endoscope was used, with a 90° FoV (top) and a 120° FoV
(middle and bottom). Its initial and final pose are drawn. In the final pose, the
feature of interest s is in the desired position with respect to the camera. The
trajectories are drawn for a case with small initial depth error (left) and a large
initial depth error (right).

186

TRACKING INSTRUMENTS WITH SYNERGISTIC ENDOSCOPE GUIDANCE

Hybrid PBVS and 3D IBVS
If the accuracy of PBVS would need to be enhanced, it is possible to apply a
hybrid VS method. PBVS can be used until the error drops below a certain
threshold and from there, the VS switches (gradually) to an IBVS-based
approach for refinement. If this switching is applied when the error has grown
sufficiently small, the curved nature of the tip trajectory in IBVS+DC and 3D
IBVS will be less pronounced. The choice between IBVS+DC and 3D IBVS
depends on the desired error decay. If the Cartesian error should decay according
to the specified time constant, 3D IBVS should be selected in the refinement
step. Conversely, if it is desired that the image-space error decays with the given
time constant, irrespective of the Cartesian space implications, IBVS+DC is the
refinement method of choice. In experiments that are not further documented
here, it was observed that 3D IBVS provided a more predictable and thus
more desirable endoscope behaviour. Therefore, the hybrid combination of
PBVS and 3D IBVS was selected as the preferred VS approach to be used
in the endoscope guidance experiments that are presented in the next section.
Figure 6.3 (bottom) shows the simulated performance of this hybrid approach,
which gradually transitions from PBVS to 3D IBVS when the error ken k in the
normalized image space goes from 0.6 to 0.3.

6.3

Instrument tracking for endoscope guidance

The supervised autonomy mode of the synergistic endoscope guidance approach
requires a perception component to acquire contextual information on the
surgical instruments that need to be tracked. In this section, a number of
existing approaches are evaluated for their synergistic value and one of these
state-of-the-art approaches will be selected for the application at hand. This
approach will be extended for scenarios with multiple instruments and for
compatibility with stereo cameras. Thus, the 3D positions of the instrument
tips can be retrieved straight from the endoscopic images, for use with the VS
approaches from Section 6.2.

6.3.1

Intraoperative instrument tracking approaches

Many works in literature that deal with autonomous endoscope guidance focus
on the perception aspect. If the instruments are mounted on an external robotic
system [271, 262] or monitored by an external tracking system [256, 274], it
is straightforward to obtain the desired perception data, provided all systems
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are correctly registered and calibrated. However, if one strives to minimize
the impact on the already established surgical workflow, such approaches are
unfavourable. Moreover, the assumption of correct registration and calibration
is optimistic, as errors easily propagate.
From this viewpoint, it is more convenient to use the endoscope as a sensor, as
this is freely available exteroceptive hardware. In earlier works, instruments
have been tracked in the endoscopic images by adding simple colour markers to
the instruments [251, 253, 254]. Depth perception becomes possible when these
markers are combined with stereo endoscopes [275, 276] or with complex markers
of a specific known geometry [261, 269]. As equipping instruments with custom
markers is cumbersome and hampers clinical adoption, other efforts focused
on markerless tracking. In [252, 260], 2D markerless tracking is described,
while in [257, 277] geometric information, such as the instrument diameter and
the trocar position, is added to obtain markerless 3D tracking. Alternatively,
markerless instrument tracking can be applied to stereo endoscopes to obtain
the 3D instrument tip position [278].
The above markerless instrument tracking approaches are based on classical
computer vision techniques. More recent instrument segmentation techniques
based on deep learning have been shown to outperform aforementioned
traditional computer vision and thus provide state-of-the-art results for
instrument tracking [279]. However, such techniques have not yet been integrated
with robotic endoscope guidance approaches. Therefore, it is proposed here to
adopt a real-time CNN-based instrument segmentation method [280, 281] and
to extend this method to yield the 3D positions of all instrument tips that are
detected in images coming from a commercial stereo endoscope.

6.3.2

Image-based instrument tracking

In close collaboration with Herrera et al., the authors of the adopted CNNbased instrument segmentation method [280, 281], a multi-step image processing
pipeline was developed for image-based instrument tracking. As input, the
pipeline takes raw images of a stereo endoscope and as output it provides
the 3D tip positions of the visible instruments. It also labels the detect tips
according to the instrument they belong to, i.e., the left or right instrument
in a bimanual laparoscopic application. The steps in the image processing
pipeline consist of instrument segmentation, skeletonization, graph construction,
tool tip identification, stereo matching and stereo reconstruction. These steps
are explained below and illustrated with results from real endoscopic images
(Figure 6.4), but first, the imaging hardware and preprocessing procedure are
detailed.
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Imaging hardware and preprocessing procedure
The stereo camera and endoscopy module that were used for the image-based
instrument tracking were the TIPCAM1 S 3D ORL and the IMAGE1 S
D3-LINK3 . The TIPCAM is a 30° oblique-viewing stereo endoscope with a 90°
FoV. This endoscope was selected, because its small 4 mm diameter is important
for compatibility with fetal therapy. At the same time, the small diameter
caused reduced imaging quality, which called for a robust instrument tracking
algorithm. The endoscopy module produced images at 60 fps, with a resolution
of 1920 × 1080 pixels. These images contained the left and right image in an
interlaced fashion. Deinterlacing the odd and even image lines thus yielded
the left and right images at a resolution of 1920 × 540 pixels. These images
were grabbed from the endoscopy module with the Epiphan DVI2PCIe Duo4
frame grabber. After deinterlacing, the left and right images were both upscaled
to a 1920 × 1080 resolution, as to avoid degrading the depth information that
is contained in the horizontal lines of stereo images. The images were then
undistorted and rectified, using the parameters produced by the stereo camera
calibration procedure that is available in OpenCV5 . Figure 6.4.a shows the
undistorted, rectified left input image.
Instrument segmentation
The CNN for real-time instrument segmentation, developed by Herrera et al. [280,
281], was trained to segment the surgical instruments in a bimanual laparoscopic
task. The training data set consisted of 555 left and 555 right images, which
were captured with the TIPCAM from different viewpoints and under different
lighting conditions. There were 470 true negatives among the training images.
All other images were carefully manually labelled. For speeding up the realtime instrument segmentation, the images were cropped and downsampled
to a 256 × 256 resolution. The resulting neural network produced a binary
segmentation mask, classifying instrument pixels as foreground and all other
pixels as background. The network obtained a 73% accuracy on a testing data
set consisting of 70 images. The accuracy is here defined as the intersectionover-union [282], averaged over the two classes. In Figure 6.4.b, a successful
instrument segmentation is shown.
3 Karl

Storz (Tuttlingen, Germany); https://www.karlstorz.com
video (Ottawa, Canada); https://www.epiphan.com
5 Open Source Computer Vision Library; https://opencv.org

4 epiphan
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.4: Image processing pipeline for image-based instrument tracking: (a)
undistorted, rectified input image, (b) binary instrument segmentation mask,
(c) instrument skeletonization, (d) graph-based tool tip detection, with the left
and right instruments labelled in yellow and green, respectively, and (e)–(f)
stereo matching result in left (e) and right (f) image.
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Skeletonization
For the left image, the binary segmentation mask was further processed to extract
the pixels that corresponded to instrument tips. Under the assumption that
no more than two instruments can be present in a bimanual laparoscopic task,
the two largest connected components in the segmentation mask were selected,
if multiple connected components were present. These connected components
were transformed into a skeleton, via medial surface axis thinning [283]. Ideally,
each skeleton should form a line with a single bifurcation at the point where
the graspers of the laparoscopic instrument open. However, in practice, the
skeletons were not always as clean. Also, in some cases the instruments crossed,
producing more complex skeletons, as is the case in Figure 6.4.c. To handle
these cases, additional graph-based processing steps were implemented.
Graph construction
To construct graphs from the produced skeletons, the skeletons were parsed with
the algorithm from [284], putting nodes, connected by edges, at all bifurcations
and at branch ends. The resulting graphs were further optimized by grouping
nodes that were in close vicinity of each other, as well as nodes that were
concentrated around the same entry point of the skeleton in the circular
endoscopic image. All remaining entry points of the skeleton in the circular
endoscopic image were labelled as entry nodes. The obtained edges and nodes
are marked with lines and circles, respectively, in Figure 6.4.d.
Tool tip identification
Based on the produced graphs, the tool tips of the left and/or right instrument
had to be identified. Each visible instrument could have up to two tool tips,
one for each grasper arm, and typically had one entry node. As the graphs
of both instruments could intersect, a graph processing step was necessary to
separate the individual instruments. To this end, all leaf nodes in the graphs
were considered as tip candidates. For each tip candidate, the most likely entry
node in the same graph was selected, by evaluating the traversed path towards
this node. The most likely entry node was the one towards which the traversed
path in the graph was the smoothest. After completing this step, each tip
candidate was associated with an entry node. For each entry node, the two most
distant tip candidates were retained. Irresolvable cases were discarded, e.g.,
when more than two entry nodes with associated tip candidates were present.
At this stage, the instrument intersections were resolved: each instrument was
characterized by one entry node and at most two tip nodes. As a last step,
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the instruments were labelled as left or right, depending on their relative entry
directions into the endoscopic image. The results of the tool tip detection and
instrument labelling are visualized in Figure 6.4.d.
Stereo matching
For each detected instrument tip ul in the left image, the corresponding pixel
ur in the right image needed to be found for stereo reconstruction. As explained
in Appendix F, the corresponding pixel can be found on the same horizontal
line in the right image. To locate ur , a region around ul was selected in the left
image, and the best matching region in the right image was found along the
horizontal direction, using the template matching functionalities of OpenCV.
The horizontal shift between the two matching regions corresponded to the
disparity dx , which is required for stereo reconstruction. The matched templates
of the regions around the instrument tips are depicted in Figure 6.4.e for left
and in Figure 6.4.f for the right image.
For performance purposes, the search distance for the template matching was
upper bounded. From the camera calibration parameters and equation (F.2), it
was found that dx = 100 pixels at a depth z = 1 cm. Because smaller depths
were irrelevant for the camera guidance, the search distance was thus limited to
100 pixels.
Stereo reconstruction
To convert the image space position ul of a detected instrument tip and
disparity dx into the 3D feature point s, an EKF for stereo reconstruction was
implemented. The EKF is valuable here, because of its capacity to reduce the
noise on the 3D position estimates and to bridge potential measurement gaps.
As before, the EKF consisted of a state vector xk , a prediction model g(), a
prediction noise vector k , a measurement vector z k , a measurement model
h() and a measurement noise vector δ k . These components are defined below.
For clarity, the reference frame of the feature point s is every time explicitly
indicated.
The state vector consists of the feature position sc in the camera frame {c},
and the feature velocity ṡf in the reference frame {f }:
xk =


sck
.
ṡfk



(6.28)
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The prediction model assumes that the feature position sc in the camera frame
is affected by the velocity ṡf of the feature itself and by the camera twist tcc ,
which is provided as an external input. It further assumes that the feature
velocity ṡf shows an exponential decrease (reduction factor λs < 1) in the
stationary frame {f }:
"

xk =

g(xk−1 , tcc,k )

#
sck−1 + ∆T (Rcf ṡfk−1 + L3D (sck−1 )tcc,k )
+ k =
+ k ,
λs ṡfk−1
(6.29)

with the 3D interaction matrix L3D (sc ) defined as in (6.20).

The measurement vector contains the image coordinates ul = ul
the disparity dx :

z k = ul

vl


vl of s and

(6.30)


dx .


T
To relate these measurements to the feature position sc = x y z in the
state vector, the measurement model incorporates the stereo reconstruction
equations that are elaborated in Appendix F:
+ cx
z
 ykkfy

 zk + cy 
bc fx
zk
x
z k = h(xk ) + δ k =

k fx


+ δk ,

(6.31)

where fx , fy , cx , cy are the intrinsic camera parameters and bc the camera
baseline, i.e., the distance between the optical centers of the left and right
camera.
Finally, the noise vectors k and δ k need to be set according to the respective
uncertainties on the prediction model and the sensor readings. With all these
elements set, the EKF produces the sought estimate for the feature position s
in its state vector, which can be used by the VS controllers.

6.4

Endoscope guidance experiments

To verify the feasibility of the proposed synergistic endoscope guidance approach,
the supervised autonomy mode and the comanipulation mode were separately
tested. The supervised autonomy mode was used to automate the endoscope
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handling during a validated practical exercise for training bimanual laparoscopic
skills. The comanipulation mode was applied in an in-vivo simulation of a fetal
MMC intervention, performed on a rabbit. Both experiments are described in
this section, along with the results.

6.4.1

Supervised autonomy mode

The LASTT6 method is a validated practical exercise to assess a trainee’s
competence level in laparoscopic psychomotor skills that are relevant for
gynaecological endoscopy [285]. One of the LASTT training exercises focuses
on bimanual coordination. In this exercise, the trainee has to pick up a coloured
push pin with his/her non-dominant hand, pass it to his/her dominant hand and
place it a target zone of the corresponding colour (Figure 6.5). This process has
to be repeated for six differently coloured push pins and the total completion
time should not exceed five minutes.
During the LASTT exercise, another trainee is normally responsible for guiding
the endoscope, where he/she tries to keep the relevant instruments centered
in the view. To verify the feasibility of the supervised autonomy mode, this
responsibility is here taken over by a robotic system. The performance of the
supervised autonomy mode is evaluated in the following.
Description
An experimental campaign was set up with the LASTT training model. The
setup for these experiments is shown in Figure 6.6. The LASTT model was
placed in a laparoscopic box trainer. Two laparoscopic instruments, as well
as the TIPCAM stereo endoscope were inserted through keyhole openings
in the box trainer. Note that this endoscope is also compatible with fetal
interventions, because of its small 4 mm diameter. The trainee was asked to do
the bimanual LASTT exercise by manipulating the two laparoscopic instruments,
while receiving visual feedback on a 3D monitor in front of him/her. This screen
is not visible in Figure 6.6. The Virtuose6D comanipulator was used to
automate the motions of the TIPCAM.
A total of eight participants performed the LASTT exercise with synergistic
endoscope guidance. All participants got 5–10 minutes to familiarize themselves
with the task and the supervised autonomy mode of the endoscope guidance.
After that, each participant did the exercise 5 times. Six participants were
6 Laparoscopic

Skills Training and Testing, European Academy of Gynaecological
Surgery (Leuven, Belgium); https://europeanacademy.org
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Figure 6.5: The LASTT exercise for training bimanual coordination [285].
The trainee has to grasp a push pin of a specific colour with his/her nondominant hand, pass it to his/her dominant hand and place it in the circle of
the corresponding colour. The exercise is completed when a pin has been placed
in each of the six coloured circles. During this exercise, the endoscope needs to
be guided as to keep the relevant instruments in the view.

Virtuose6D

Tipcam
Laparoscopic
instruments

LASTT model

Figure 6.6: Experimental setup for verifying the feasibility of the supervised
autonomy mode for synergistic endoscope guidance.
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novices to laparoscopy. Two of them were already trained to the plateau of their
learning curve with the LASTT exercise and synergistic endoscope guidance,
before taking part in the experimental campaign. From here on, these two
novices will be referred to as plateau novices. The other four novices will be
called novices. The last two participants were trained laparoscopic surgeons
and will be hereafter referred to as surgeons.
The endoscope guidance controller implemented the hybrid PBVS and 3D IBVS
algorithm, with a transition between both VS approach when the error ken k
in the normalized image space decreased from 0.6 to 0.3. The desired position

T
of the feature of interest was set as s∗ = 0 0 z ∗ , with z ∗ = 8 cm. The
endoscope tip was controlled to track a trajectory towards its desired position
at a maximum velocity of 2 cm/s. This trajectory was implemented as a soft
GVF, with a stiffness of 0.3 N/mm. The low velocity and stiffness were found
to provide smooth and predictable endoscope motions and were also necessary
because there was a delay of 340 ms on the measurements s. The employed
frame grabber was responsible for 230 ms of this delay and the other 110 ms
came from the image-based instrument tracking method from Section 6.3.2. A
measurement rate of 9 Hz was reached.
Position hysteresis was added in the image plane and along the viewing direction.
In the image plane, the target zone A occupied the first 40% of the radius of
endoscopic image, the transition zone B the next 20% and the violation zone C
the remaining 40%. Along the viewing axis, a large target zone of 3 cm in both
directions around z ∗ was selected. The violation zone started at a distance of
5 cm with respect to z ∗ . The EKF for stereo reconstruction (see Section 6.3.2)
was used to fill in missing data up to 1 s after the last received sample. When
the instruments were lost from the view for more than 10 seconds, the endoscope
was manually reset to a central home position.
Results
It was found that the most valuable advanced instruction for the supervised
autonomy mode was to track the dominant instrument during the LASTT
exercise. For all participants, this corresponded to the right instrument.
Whenever the non-dominant instrument was relevant, the dominant instrument
was equally important. Tracking a feature in between the two instrument
turned out to be inconvenient, because the participant easily forgot about
his/her non-dominant hand, moving it unconsciously to the side of the view.
This adversely affected the quality of the autonomous endoscope positioning.
Therefore, the feature of interest s was set as the tip of the dominant, right
instrument. This guidance rule was maintained in an always-on fashion during
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the entire length of all experiments. The participants did not use any zooming
instructions, as the FoV was sufficiently wide for the LASTT task and no highly
precise manipulations were required.
Figure 6.7 shows the measured position s of the right instrument tip, during
a representative 60 s sample of one of the experiments. A distinction is
made between the radial position in image plane (Figure 6.7, top) and the
position along the viewing direction (Figure 6.7, bottom). It can be seen that
measurement data was very noisy and that it was affected by large jumps,
outliers and measurement gaps. The EKF was able to bridge the smaller
measurement gaps, but appeared unable to smoothen the data or to remove
the outliers. Because of the low quality of the measurement data, it turned
out to be difficult for the endoscope guidance controller to keep the endoscopic
image stable. Outliers regularly jumped into the violation zone of the position
hysteresis schemes, unnecessarily activating the instrument tracking behaviour
and thus keeping the endoscope in motion for most of the time. The low gain
of the GVF controller and the large measurement delay also contributed to the
slow oscillatory motions that the endoscope described.
Despite these challenging control conditions, the experiments yielded a number
of promising results. Most importantly, all participants were able to successfully
complete the LASTT exercise with the proposed autonomous instrument
tracking. Figure 6.8 shows the task completion time for all participants, which
averaged to 172 s over all 40 experiments. Only in one experiment, the threshold
time of 300 s was exceed, and this was an outlier. For the plateau novices,
the completion time was relatively stable over the five exercises, whereas for
the other novices and for the surgeons, a learning effect could be seen. For
these participants, the average time at the exercise number 1 decreased from
209 s to 144 s at exercise number 5, disregarding the outlier at 308 s. These
results indicate that the autonomous instrument tracking provided predictable
behaviour which the participants learned to use.
To navigate to locations outside of the FoV, the participants had to position
their dominant instrument in the violation zone at the border of the endoscopic
image. The endoscope guidance then autonomously responded by moving the
center of the endoscopic view towards the instrument tip. If the participant
further continued to maintain his/her instrument in the shifting violation zone,
the endoscope guidance would continue to track the instrument. Figure 6.9
visualizes the response time of the endoscope guidance, defined as the time
between the moment when the instrument enters the violation zone and the
moment when the instrument reappears in the target zone. As temporary
measurement outliers can be erroneously interpreted as very fast responses
of the endoscope guidance, all response times below 1 s were excluded from
Figure 6.9. The results in the figure suggest that the endoscope guidance was
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Figure 6.7: The measured position s of the right instrument tip, during a
representative 60 s sample. The position measurement is decomposed into its
radial image plane position, expressed as a percentage of the radius of endoscopic
image (top), and into its depth along the viewing direction (bottom). The
boundaries of the position hysteresis zones are also indicated.
able to quickly respond to violations. In the image plane, the average response
time was 2.95 s. For the viewing direction, a similar reasoning can be made.
The average response time in this direction was 2.11 s. The outliers above 10 s
mostly corresponded to cases where the endoscope guidance had difficulties to
track the instrument, e.g., when the participant moved his/her instrument too
fast or when the image-based instrument tracking method from Section 6.3.2
provided invalid measurements. In most of these outlier cases, the participant
was still able to re-establish correct tracking behaviour after some time. Only
three times, the endoscope had to be manually brought back to a home position,
because the instrument was lost from the view for more than 10 seconds. Here,
the natural transition to the comanipulation mode proved valuable.
The effectiveness of the autonomous instrument tracking to keep the instrument
out of the violation zone is visualized in Figure 6.10. This figure shows the
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Figure 6.8: The completion time for the LASTT exercise. The evolution of the
task completion time for all participants is presented in (a), grouped for novices,
plateau novices and surgeons, from top to bottom. Box plots of the completion
times per participant category are displayed in (b).
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Figure 6.9: The response time of the autonomous instrument tracking, defined
as the time between the moment when the instrument enters the violation
zone and the moment when the instrument reappears in the target zone. The
response times are shown separately for the guidance in the image plane and
the viewing direction.
distribution of all recorded the instrument tip positions with respect to the target
zone, transition zone and violation zone. It can be seen that the instrument tip
mostly resided inside the target zone, both in the image plane and along the
viewing direction. In the image plane, the relative presence of the instrument
tip in the target zone was 46%, in the transition zone 23% and in the violation
zone 31%. Along the viewing direction, these respective percentages were 66%,
22% and 12%.
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Figure 6.10: The distribution of the tip position for the dominant instrument
during all recorded experiments: (a) 2D histogram representing the tip position
in the normalized image plane and (b) 1D histogram representing the tip positing
along the viewing direction. The boundaries of the position hysteresis zones are
also indicated.

6.4.2

Comanipulation mode

As indicated in Chapter 3, fetal MMC repair is a form of fetal therapy where the
surgeon needs to suture a tiny patch onto the back of a fetus to cover a spinal
defect. This intervention is highly demanding for the camera assistant, because
of the confined intrauterine workspace and the entailing limited FoV. To keep the
instruments in view, constant endoscope motions are required. Additionally, the
surgery involves regular zooming actions and suture inspections. The proposed
supervised autonomy mode for endoscope guidance is insufficiently sophisticated
during the largest part these interventions. The endoscope handling requires
a higher level of cognition, which can be provided by a human assistant. Yet,
a comanipulator can provide valuable assistance to alleviate a number of the
burdens for the surgeon and the assistant during the meticulous manipulations
in MMC repair.
Description
An in-vivo rabbit experiment was set up, simulating an MMC procedure. During
this intervention, a tiny patch needed to be sutured onto the stomach of the
rabbit, in such a way that it formed a watertight seal. This involved careful
suturing of the entire circumference of the patch, as illustrated in Figure 6.11.
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The circular suture was subdivided into two hemispherical sections, the first of
which was sutured without and the second with synergistic endoscope guidance.
In Figure 6.12, it can be seen that the endoscope enters the rabbit from between
the arms of the surgeon and that the screen is placed in front of the surgeon. This
configuration optimally avoids mislocation of the screen and misorientation of
the instrument movements [14], but leaves very little space for a comanipulator
to hold the endoscope. To deal with these space constraints, the large workspace
and the versatile placement options of the Virtuose6D were exploited. The
robot was mounted on a wheeled cart that could be readily repositioned. When
located behind the surgical team, the comanipulator could hold the endoscope
from below, accessing the surgical field between the surgeon and the camera
assistant, which is shown in Figure 6.12 (bottom). This way of setting up the
comanipulator caused minimal interference with the habitual workflow and
postures of the surgical team, as Figure 6.13 illustrates.
The supportive capabilities provided by the comanipulator were principally
aimed at stabilizing the endoscopic view. It provided motion damping to
reduce tremor and compensated the weight of the endoscope to prevent fatigue.
Furthermore, horizon stabilization was provided to suppress undesired rolling
motions of the endoscopic view. Finally, a pedal-triggered blocking mode was
implemented, allowing the camera assistant to fixate the endoscope view and
even to release the endoscope to free his hands. For quantitative assessment
of these functions, all endoscope motions were recorded with Aurora EMT
system.

Figure 6.11: Patch suturing task simulating an MMC intervention on a rabbit
stomach.
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Figure 6.12: Overview of the space occupancy during a simulated MMC
intervention on a rabbit and the integration of a comanipulator for synergistic
endoscope guidance.
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Figure 6.13: Comparison of a simulated MMC intervention on a rabbit without
(left) and with (right) a comanipulator for synergistic endoscope guidance.
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Results
With the proposed system, the surgeon and camera assistant were able to
carry out the MMC intervention in a familiar fashion, without compromises or
restrictions, even though the experience was different in a number of respects.
First of all, the camera assistant reported that the gravity compensation of the
endoscope effectively eliminated his fatigue, as he did not have to switch hands,
like he would usually do. Furthermore, the damping raised his awareness of
endoscope motions, but simultaneously felt unnatural. He also indicated that
MMC interventions are too dynamic for the blocking mode to be functional
during the procedural steps. However, the blocking mode turned out to be
particularly useful to keep the camera in place when the camera assistant had
to carry out another task, as otherwise the surgeon would have to release one
instrument to hold the endoscope or extra staff would be required.
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From the perspective of the surgeon, the image stability was noticeably better
thanks to the damping and the horizon stabilization. This subjective observation
was also supported by the data from the endoscope motion tracking during
each hemispherical suture. The mean velocity of the endoscope decreased by
17% and the mean acceleration by 24%. The smoothness, quantified by the
spectral arc length [286], also went up by 14%. Furthermore, there was a clear
reduction in the contribution of the higher frequencies in the motion profile of
the endoscope handle and the roll angle of the endoscopic image, as is shown in
Figure 6.14. Because image stability is critical during fine manipulations, these
results suggest that a comanipulation mode can be beneficial for endoscope
guidance, even at its lower level of robot autonomy.
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Figure 6.14: Power spectral density of the endoscope handle motion (left) and
of roll angle of the image horizon (right).
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Discussion

The proposed synergistic endoscope guidance approach provides a supervised
autonomy mode and a comanipulation mode. The experimental results
of the supervised autonomy mode indicate that autonomous instrument
tracking provides the surgeon with control over the endoscopic view, thus
enabling laparoscopic solo-surgery. The trained surgeons among the experiment
participants expressed that they were intrigued by the possibilities that similar
control over the camera view would offer during real interventions. The surgeons
also indicated that it would be beneficial to expand the instruction set for the
supervised autonomy mode with a command to bring the endoscope back to a
safe home position.
Although the experiments show that solo-surgery was possible with autonomous
endoscope guidance, a number of elements would need to be improved to enhance
the image stability. The quality of the image-based instrument tracking was
the main issue that prevented image stability. The quality of the tracking data
could be enhanced by improving the CNN-based segmentation. The employed
CNN was trained with a data set of 1110 image. This is a relatively small
amount given the large variability in the images, originating from factors like
the substantial Gaussian noise in the images, the variable lighting conditions,
the specular reflections on the metallic parts, the large depth variations, and
the occurring instrument overlaps. A larger set of training images could thus
lead to better segmentation results.
The stereo matching also needs to be robustified, especially because the
properties of the TIPCAM were very demanding for good stereo reconstruction.
Due to the small camera baseline (bc = 1.6 mm), the depth reconstruction was
highly sensitive to variations in the obtained disparity dx . As can be seen from
Figure 6.15, at z = 10 cm, the depth resolution is about 1 cm and dx is just
10 pixels. Around z = 20 cm, dx becomes as small as 5 pixels and the depth
resolution even increases to 4 cm. To improve the depth resolution, template
matching with subpixel accuracy could be implemented. The stereo matching
could be further robustified by checking the coherence between left-to-right and
right-to-left stereo matching. As the Gaussian noise in the images affects the
precision of the stereo matching, a more finely tuned EKF or another filter
could be adopted to realize a smoother evolution of the 3D reconstruction.
Regarding the endoscope guidance controller, the outlier handling needs to be
improved. During the experiments, outliers regularly jumped into the violation
zones, after which the VS controller immediately responded by trying to center
this outlier position in the target zone. Because of this, the endoscope rarely
came to a standstill, but rather described slow, oscillatory motions. Yet, these
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Figure 6.15: The reconstructed depth z as a function of the disparity dx for the
TIPCAM stereo endoscope.
motions did maintain the instrument tip in its target zone. Better outlier
rejecting in combination with a delayed response to outliers could improve the
endoscope behaviour. The controller performance could be further optimized
with a faster frame grabber and more efficient image processing. This would
reduce the delay in and increase the rate of the feedback from the image-based
instrument tracking, thus enabling a higher controller gain and endoscope
velocity.
On a system level, a rigorous comparative study between human and autonomous
endoscope guidance could provide more insight in relative performance of the
alternatives. Besides the task completion time, also other performance metrics
could be measured, such as the stability of the image, the smoothness of the
motions, the idle time of the endoscope guidance, the number of view corrections,
or the average position of the instruments in the view. Also, the transition
between the supervised autonomy mode and the comanipulation mode could be
further investigated.
The in-vivo rabbit experiments with the comanipulation mode suggest an added
value of the comanipulator for both the camera assistant and the surgeon.
For the camera assistant, the most important advantages were the reduced
fatigue and the created opportunity to do other OR tasks, while the robot
was set to maintain a fixed position. The surgeon principally benefited from
the enhanced image stability, which limited the disturbances when executing
meticulous manipulations.
For this comanipulation mode to be practically useful, the intrusiveness of
the system has to be kept as low as possible. The BW architecture of the

206

TRACKING INSTRUMENTS WITH SYNERGISTIC ENDOSCOPE GUIDANCE

Virtuose6D ensures minimal intrusiveness at the deployment stage. However,
the workspace size and system footprint might be inadequate for certain
interventions or might need to be optimized on an intervention-specific basis.

6.6

Conclusions

This chapter dealt with robotic endoscope guidance, an application that pursues
laparoscopic solo-surgery by eliminating the need for a human camera assistant.
Different approaches to replace the human camera assistant have been discussed.
REHs present an approach where the surgeon is put in control of the endoscope
through a dedicated interface. It was argued that the current state-of-theart REHs lead to inefficient control over the endoscope, owing to the limited
and very basic instructions that the surgeon can give to these systems. The
alternative approach that relieves the surgeon of controlling the endoscope
by fully automating the endoscope guidance was considered to be (currently)
infeasible. This was attributed to the many remaining challenges on cognition
level and to the inability of an autonomous endoscope guidance system to
predict the instantaneous desires of a surgeon.
A synergistic endoscope guidance method was proposed next. This method
aimed to achieve high levels of synergy by closely adhering to the established
practices with a human camera assistant. It featured two modes: a supervised
autonomy mode and a comanipulation mode. The rationale behind the supervised
autonomy mode was to provide the surgeon with more advanced instructions
for commanding the robotic endoscope guidance system, comparable to the
instructions he/she would issue to a human camera assistant. As an example,
instructions were elaborated for autonomously tracking laparoscopic instruments.
Both endoscope-based VS methods and a dedicated image processing pipeline
were developed. The comanipulation mode was introduced as a fallback mode
for scenarios when the supervised autonomy mode would be too constraining. In
comanipulation mode, a human camera assistant had to take over the endoscope
guidance on decision level, while still being supported on manipulation level.
In contrast to non-robotic endoscope guidance, in comanipulation mode the
camera assistant had the opportunity to temporarily do other tasks in the
operating room, by blocking the endoscope in position. A smooth transition
between both modes was enabled by the backdrivable, wristed architecture of
the comanipulator. Both modes were separately validated to assess their added
value. The autonomous instrument tracking functionalities of the supervised
autonomy mode were shown to enable solo-surgery in a validated bimanual
coordination exercise. However, the image stability still required improvement.
Potential avenues to achieve a more stable view were elaborated.

Chapter 7

General Conclusions and
Directions for Future Work
Surgery has gone through a series of generations that have been enabled by
technological advancements. Today, robot technology is gaining more and more
importance in difficult surgical interventions. Thanks to robotics, surgeons
obtain enhanced manipulation skills. Robotic surgery improves the accuracy and
precision of the manipulations of the surgeon and provides access to additional
motion degrees of freedom inside the body of the patient. Robotics also has
the potential to reduce the invasiveness of certain interventions, shorten the
learning curve of difficult surgical specialities and optimize the ergonomics for
the surgeon. However, the embodiment of these assets widely differs in robotic
systems across the surgical disciplines.
This dissertation zoomed in on robotics in laparoscopy. It investigated how
a synergistic relation between the surgeon and the robot can be hampered or
facilitated by the design on the robotic system. Synergy is considered to be
amplified when the surgeon can experience greater benefits of a robotic system
without having to make compromises. From this point of view, a number
of important design guidelines for synergy were established and applied to
the particularly demanding discipline of fetal therapy. Forthcoming technical
challenges were tackled and two relevant laparoscopic use cases were extensively
elaborated.
In the following, the main conclusions and contributions of this dissertation are
summarized. Finally, directions for future work are given.
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GENERAL CONCLUSIONS AND DIRECTIONS FOR FUTURE WORK

Conclusions and contributions

In this work, commercial and emerging robotic laparoscopy systems were
evaluated for their level of synergy. All of these systems were telemanipulation
systems that manage to improve the dexterity, comfort and learning curve
of the laparoscopic surgeon. However, they do not exploit the capabilities of
robots to be ‘labourers’, according to the literal meaning of the word, which
could take over part of the responsibilities of the surgeon. Instead, they only
replicate the motions that are still executed by the surgeon. At the same time,
these systems are intrusive towards the surgeon and surgery, even though the
emerging systems strive to reduce this intrusiveness. The telemanipulation
systems introduce distance between the surgeon and the patient, disturb the
clinical workflow and practices, and entail significant costs, while evidence of
their clinical benefit is still lacking. The evaluation of these systems led to the
conclusion that there are open opportunities to increase the synergy level of
robotic systems for laparoscopy.
Four important design guidelines for achieving synergy in robotic laparoscopy
were introduced and elaborated. Firstly, the synergistic value of comanipulation
was discussed. It was argued that a proper combination of parallel and serial
comanipulation functionalities can yield the same advantages as telemanipulated
laparoscopy, while allowing for extended robot capabilities, without introducing
undesirable distance between the surgeon and the patient.
Secondly,
the importance of mechanical backdrivability for unencumbered instrument
comanipulation in laparoscopy was stressed. Mechanical backdrivability has
additional practical advantages, but does restrict the stiffness of the haptic
assistance that the system can offer. Thirdly, robot design approaches were
compared regarding the intrusiveness of their deployment, with a focus on the
impact of the fulcrum point. Backdrivable, wristed systems were found to
handle the fulcrum constraint most naturally, when properly controlled. Finally,
challenges concerning the intrusiveness of robot perception were addressed. It
was suggested to maximize the use of proprioceptive data, as well as data from
instrument-embedded sensors, as those limit the number of preparatory steps
for the surgeon.
Taking into account the formulated design guidelines, the opportunities for
synergistic robot assistance were explored for the clinical speciality of fetal
surgery. This is a highly demanding clinical discipline that comes with very
stringent constraints for assistive robot technology. For wider deployment to
more general clinical scenarios, some of these constraints can be relaxed. A list
of valuable robot capabilities and a set of synergy conditions for fetal surgery
were composed based on literature, recommendations from clinical experts and
data from intraoperative recordings. It was stated that the synergy conditions
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cannot be fulfilled with a telemanipulation system. Therefore, a commercial
haptic manipulator was selected to function as a comanipulation system that
satisfied all functional and technical requirements for robot assistance in fetal
therapy.
Based on the above premises, novel techniques to harmonize surgeon and robot
were developed. The main research contributions can be listed as follows:
1. A virtual reality simulator was developed for the fetal intervention
that treats the twin-to-twin transfusion syndrome, a lethal complication
that can occur during monochorionic-diamniotic twin pregnancies. This
simulator was subjected to a validation campaign that proved its face
validity and content validity for surgeon training purposes. With the
simulator, both general fetoscopic navigation skills as well as specific
procedural skills can be practised. This simulation environment has been
used throughout and outside of this dissertation to explore ideas, prototype
designs and validate developments.
2. The fulcrum effect in laparoscopy was described and mathematically
formalized. The fulcrum effect is known to invert and scale motions
in laparoscopy, depending on the insertion depth of the laparoscopic
instrument. However, it has not been reported as much that the fulcrum
effect also distorts the haptic perception of interactions at the distal
end of the instrument. Based on the mathematical fulcrum model,
it was shown that this distortion affects both the magnitude and the
direction of mechanical impedances, from distal to proximal side. The
ensuing challenges for generating assistive distal guidance forces with a
comanipulator were also explained.
3. A novel method for estimating the position of the fulcrum point was
proposed. Knowledge of the fulcrum position is crucial for all robotic
laparoscopy systems. However, there is a significant difference in the
intrusiveness of the existing methods for obtaining this information.
Oftentimes, a manual alignment procedure is involved. In contrast, the
proposed method is able to obtain the fulcrum position in a non-intrusive
way, because it employs readily available proprioceptive data. Additionally,
it exploits the properties of an extended Kalman filter to outperform other
proprioception-based, state-of-the-art methods in terms of noise rejecting
and responsiveness to fulcrum motions. These properties were confirmed
in a representative simulation.
4. Two fulcrum-based techniques were developed to counter performance
issues that would otherwise occur in haptic controllers for synergistic
backdrivable, wristed comanipulation systems. As such, these techniques
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turn the presence of the fulcrum point into an asset. The first technique
focuses on measurement of the distal tip position of a laparoscopic
instrument. It incorporates fulcrum knowledge to augment the accuracy,
precision and bandwidth of these tip measurements. The second technique
optimizes controller stability for rendering assistive distal guidance
forces. While the fulcrum effect is in the first place responsible for
the stability issues that affect stable rendering of distal guidance forces,
it is demonstrated that it is simultaneously possible to take advantage
of fulcrum knowledge to boost the stability of haptic controllers. Both
techniques were validated in a series of experiments. Finally, they were
finally combined into a fulcrum-aware haptic control framework.
5. Contactless surgery was treated as a first application where synergistic
haptic assistance is beneficial. To concretize this use case, the stringent
requirements for treating the twin-to-twin transfusion syndrome were
adopted. During this contactless laser intervention, a constant distance
has to be maintained with respect to the environment, i.e., the placenta. It
was suggested to provide haptic assistance to facilitate accurate distance
control and explained why an environment model would be necessary to
realize a convincing haptic experience. Taking into account the limited
sensing possibilities in fetal therapy, a synergistic placenta modelling
approach was developed that utilized single-point distance measurements,
which could be acquired on the fly, via an instrument-embedded all-optical
ultrasound sensor. This modelling method was validated and its limitations
regarding curved and dynamic environments were documented. Finally,
this modelling method was combined with the earlier described haptic
control framework for a series of user experiments on a placenta mock-up.
The experiments demonstrated the feasibility of the synergistic haptic
assistance to warrant safety and improve performance during contactless
interventions in delicate surroundings.
6. Robotic endoscope guidance was elaborated as a second use case to
illustrate synergistic robotic surgery. In this application, the objective is
to replace the human camera assistant in laparoscopy by a system that
can be controlled by the surgeon, thus enabling solo-surgery. A synergistic
endoscope guidance strategy was proposed, consisting of a supervised
autonomy mode and a comanipulation mode. The supervised autonomy
mode was designed to resemble the human camera assistant, who can
understand and execute advanced instructions from the surgeon. One such
instruction was selected and implemented: tracking a certain instrument
in the endoscopic view. The perception component of the implementation
ensured synergy by solely relying on available endoscopic images, in which
the instruments were autonomously identified. The detected instrument
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positions were then used to control the endoscope via a fulcrum-aware
visual servoing approach, which was built on top of the earlier described
fulcrum-aware haptic controller. When necessary, the supervised autonomy
mode could be overridden by a human camera assistant, who could then
continue to control the endoscope in the comanipulation mode. The
comanipulation mode represented a backup mode for surgical phases where
the supervised autonomy mode was infeasible. In this mode, the robotic
system contributed by enhancing the image stability, by reducing the
fatigue of the assistant and by allowing the assistant to temporarily release
the endoscope to do other tasks. Both endoscope guidance modes have in
common that they try to uphold the established practices of the surgeon.
In a series of user experiments, conducted with a validated bimanual
coordination exercise for laparoscopy, in combination with fetoscopic
hardware, the feasibility of solo-surgery with the supervised autonomy
mode was successfully demonstrated, although the image stability could
still be improved. The feasibility and improved image stability of the
comanipulation mode were verified during an in-vivo intervention on a
rabbit, simulating a fetal procedure.
In conclusion, the concept of synergy in robotic surgery has been extensively
investigated in this dissertation. While synergistic systems are favourable for
surgeons, development of such systems comes with additional challenges for
engineers. Important challenges relate to the fulcrum point in laparoscopy.
These challenges have been rigorously treated, resulting in a general control
framework that is able to synergistically handle and even leverage the presence
of the fulcrum point. To demonstrate the practical value of this framework,
it has been adopted in two applications, related to fetal surgery. As both
applications required specific contextual knowledge on the surgical environment,
dedicated synergistic perception approaches were developed and integrated with
the framework. The feasibility of synergistic robotic surgery was finally verified
for both applications.

7.2

Future directions

The principal long-term perspective of this dissertation is to abandon the nonsynergistic telemanipulation systems that are the current standard in the field
of robotic laparoscopy. To this end, this dissertation centralized synergy while
developing important guidelines, robot control strategies and approaches towards
robot perception. These developments aim to enable lower intrusiveness and
enhanced robot capabilities in future systems for robotic laparoscopy. The low
intrusiveness is expected to facilitate clinical acceptance. The enhanced robot
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capabilities are believed to improve clinical outcomes, leading to proven costeffectiveness of robotic laparoscopy. However, the advanced robot capabilities
can potentially also slow down the clinical translation, as technological readiness
might be harder to achieve.
For the developments in this dissertation, the technological readiness level is
to be further increased. The feasibility of the developed approaches has been
verified, but rigorous validation campaigns are still to be conducted for the
proposed clinical use cases. The most important step towards such validation
is to robustify the developments to accommodate to real clinical conditions.
Additionally, or alternatively, certain constraints might be relaxed or lifted by
assuming a target surgical discipline that is less demanding than fetal therapy.
In the following, a number of future directions are described to robustify the
robot control strategy and robot perception, with more realistic clinical scenarios
in mind. A number of suggestions for yet unexplored types of synergistic robot
assistance are given as well.

7.2.1

Future directions for synergistic robot control

Throughout this dissertation, a lot of attention was devoted to the interaction
between backdrivable comanipulation systems and the fulcrum point. Suggestions were already given for future directions to bring these developments, which
were designed in a controlled laboratory environment, closer to clinical reality.
Some of these suggestions should be highlighted again:
• In real clinical scenarios, nothing is fully rigid. For the fulcrum-related
models, this means that both the fulcrum point and the laparoscopic
instruments are compliant. While the developed algorithms already take
into account the compliance of the fulcrum point, the flexible nature
of the laparoscopic instruments has not been explicitly studied. Yet,
laparoscopic instruments are prone to bending due to interaction forces at
the fulcrum, especially in fetal surgery, where instruments have very small
diameters. The implications of this flexibility in terms of fulcrum position
measurement, tip position measurement and fulcrum-aware haptic control
are to be further investigated. Fiber-based shape sensing could provide
an outcome if substantial instrument deformation occurs.
• The employed fulcrum models assume that no friction forces occur at
the fulcrum during axial instrument motions and that the fulcrum point
behaves as an ideal mechanical lever. However, for real incisions, there
is substantial friction between the instrument and the trocar. Moreover,

FUTURE DIRECTIONS

213

due to the thickness of the body wall, resistive moments counteract the
pivoting motions of the instrument about the fulcrum point. The impact
of these effects has to be modelled and if necessary accounted for, for
instance by feedforward control.
• The developed fulcrum-aware haptic control strategy for rendering assistive
virtual guidance forces at the distal instrument tip adhered to an exact
mechanical model of the fulcrum effect. This posed signification limitations
on the stability margins for the haptic controller. However, it was argued
that haptic perception is an inaccurate sense. Therefore, it might be
possible to relax the severe implications of the fulcrum effect, without
deteriorating the haptic experience of the assistive virtual guidance forces
for the user. User experiments are necessary to quantify the allowable
virtual interference with the physical fulcrum effect, as well as the impact
of such modifications on the efficacy of the distal virtual guidance.

7.2.2

Future directions for synergistic robot perception

The ambition to minimize the intrusiveness of robot perception towards the
surgeon is not obvious. It requires the robotic system the deal with raw incoming
data that cannot be enriched via cognitive capabilities of a human. If the raw
data is further of a low quality, e.g., due to a limited choice of usable sensors,
as is the case in fetal therapy, extracting reliable models from the raw data
presents a highly demanding job. Thus, there is a strong interest in options to
enhance the robustness of the sensors and the modelling method. For the two
elaborated clinical use cases in this dissertation, some starting points for future
research are:
• An all-optical ultrasound distance sensor was employed to collect linear
distance measurements between the tip of a fetoscopic instrument and the
placenta. Although this sensing modality is compatible with the conditions
in fetal surgery, in its current state it is insufficiently robust for clinical
use. This sensor would need to be enhanced in terms of the maximum
measurable distance, the allowable range of inclination angles with respect
to the placental surface and its susceptibility to temperature-related drift.
• The intraoperative placenta modelling approach assumed a simplified
model of a stationary and planar placental surface. Although it was
shown that the method was responsive to deviations with respect to
this oversimplification, it is necessary to extend the placenta modelling
approach with a more comprehensive model that incorporates periodic
surface motions and local curvature. Additionally, the placenta modelling
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approach could be robustified by incorporating knowledge that can
be extracted from the available fetoscopic images, such as the surface
orientation.
• The image-based instrument tracking algorithm for endoscope guidance
was based on a convolutional neural network for segmenting laparoscopic
instruments in endoscopic images. Most of the time, this network
succeeded to recognize (a part of) the laparoscopic instruments, even
though the background was very cluttered. However, to make these
segmentation results adequate for safe endoscope guidance, its robustness
will need to be improved. A considerably larger training data set for the
neural network could lead to the required reliability upgrade. Methods
to facilitate or even automate the creation of labelled training data sets
would be of considerable value here, especially given that each change in
the appearance of objects in the endoscopic view might call for additional
training data. Besides these improvements on the front of the neural
network, also more elaborate filtering techniques to reduce noise and
reject outliers could improve the quality of the image-based instrument
tracking and thus the performance of the endoscope guidance that builds
upon this data.

7.2.3

Future directions for other types of synergistic robot
assistance

While this dissertation mainly focused on parallel comanipulation, another
robotic approach with great potential for synergy is serial comanipulation. The
potential of this type of synergistic assistance has only been lightly touched
upon in this dissertation. Two opportunities of serial comanipulation in fetal
surgery that deserve future attention are:
• During the treatment of the twin-to-twin transfusion syndrome, the efficacy
of the laser therapy is not only dependent on the lasering distance, but is
also subject to the relative inclination angle between the laser beam and
the placental surface. Because rigid fetoscopic instruments have insufficient
distal degrees of freedom for accurate control over the laser angle, research
efforts in the field of fetal therapy have been devoted to the development
of fetoscopic instruments with a bendable distal tip. To guarantee an
optimal laser angle with such instruments, the use of serial comanipulation
functionalities that automate the tip bending are expected to be valuable.
Such functionalities require information on the placenta orientation, which
is available from the placenta modelling approaches in this dissertation,
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and would benefit from further progression thereof. Besides the modelling
aspects, the implications of autonomous tip bending for the coordination
and sense of direction of the surgeon need to be studied, as the viewing
direction of a fetoscope is affected by distal tip bending.
• Serial comanipulation techniques can be used to control the camera horizon,
by rolling the endoscope around its longitudinal axis. Note that similar
effects can also be obtained by post-processing the acquired endoscopic
images. While it is known that a stable camera horizon is important
as to not disturb the surgeon, the absolute angle of the camera horizon
might be tuned according to a certain objective. With straight-viewing
endoscopes, it is generally preferable for the surgeon’s sense of direction
to align the camera horizon with the floor. However, with oblique-viewing
endoscopes this objective might differ, as the viewing angle interferes in
the relation between the proximal hand motions of the surgeon and the
distal endoscope view. Bendable tip fetoscopes present a particularly
challenging case of oblique-viewing endoscopes, because their viewing
angle can vary over time. It would be interesting to map the relation
between the absolute angle of the camera horizon, the viewing angle of
the endoscope, and the sense of direction of the surgeon. Based on this
information, serial comanipulation techniques could provide navigation
assistance by optimizing the absolute angle of the camera horizon such
that the most intuitive hand-eye coordination is obtained at all times.

Appendix A

Virtuose6D Kinematics
This appendix describes the kinematics of the Virtuose6D1 . It first illustrates
the workspace of the manipulator, and then defines the kinematic relations of
the robot: the forward kinematics, the inverse kinematics and the differential
kinematics.

A.1

Workspace

The workspace of the Virtuose6D is shown in Figure A.1. The operational
workspace is defined as a cube of side 450 mm and is located in the center of the
workspace envelope. The extremities of the workspace envelope are bounded by
a volume of 1330 × 575 × 1020 mm3 .

A.2

Kinematic relations

This section derives the kinematic relations of the Virtuose6D. To facilitate
the description of the kinematics, consider Figure A.2 for the naming convention
of the components of the Virtuose6D. The relevant kinematic parameters and
their values are expressed in Table A.1. Note that the elevation angle of the
wrist can operate in two different ranges. When the handle of the wrist points
away from the turret, the Virtuose6D is in the normal wrist mode, and when
it is directed towards the turret, it is in the inverted wrist mode. To switch
1 Haption

(Laval, France); https://www.haption.com
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Figure A.1: Workspace of the Virtuose6D: the workspace envelope is indicated
in yellow, and the cubical operational workspace in red. (Figure adapted
from [167].)
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between both modes, a small mechanical modification is necessary. For surgical
comanipulation applications, the inverted wrist mode provides most dexterity
and is thus preferred.

A.2.1

Forward kinematics

The forwarding kinematics of a robot aim to determine the pose of the robot
end effector as a function of the joint angles q. This can be expressed by a
transformation T w
ee (q) that defines the relative pose of the robot end effector
elbow
axis
elbow
arm
forearm
shoulder
axis

elevation
axis
handle
axis
wrist

azimuth
axis

turret

base
axis

Figure A.2: Names of the components of the Virtuose6D. (Figure adapted
from [167].)
Table A.1: Kinematic parameters of the Virtuose6D.
Name
Base angle
Shoulder angle
Elbow angle
Azimuth angle
Elevation angle
Handle angle
Arm length
Forearm length
Radial elbow offset
Axial elbow offset

Symbol

Normal wrist

Inverted wrist

q1
q2
q3
q4
q5
q6
a2
d4
a3
d3

-45° – 45°
-90° – 0°
0° – 90°
-160° – 160°
-65° – 55°
-110° – 150°
500 mm
500 mm
20 mm
42.5 mm

-45° – 45°
-90° – 0°
0° – 90°
-160° – 160°
-235°– -135°
-110° – 150°
500 mm
500 mm
20 mm
42.5 mm
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frame, denoted by {ee}, with respect to the robot reference frame, denoted by
{w}.
The Denavit-Hartenberg (DH) convention defines intermediate link frames {i},
as well as links i between consecutive link frames {i − 1} and {i}, to derive the
forward kinematics in a systematic way [287]. Each link is associated with a set
of DH parameters (ai , αi , di , θi ), which define the link transformation matrix:


cθi
sθi
i−1
T i (qi ) = 
0
0

−sθi cαi
cθi cαi
sαi
0


ai cθi
ai sθi 
,
di 
1

sθi sαi
−cθi sαi
cαi
0

(A.1)

where the shorthand notations sψ and cψ are adopted to represent sin ψ and
cos ψ, respectively.
For the Virtuose6D, the DH link frames are shown in Figure A.3, where
{w} = {0} and {ee} = {6}, and the values for the DH parameters are listed in
Table A.2. The forward kinematics of the Virtuose6D can now be formulated
as:

0
Tw
ee (q) = T 6 (q) =

6
Y

T ii−1 (qi ).

(A.2)

i=1

A.2.2

Inverse Kinematics

The inverse kinematics of a robot deal with solving the joint angles q from a
given end effector pose T w
ee . While the forward kinematics straightforwardly lead
to a unique solution, obtaining a closed-form solution to an inverse kinematics
problem is much more complex, or even impossible. In general, there are

Table A.2: DH parameters for the Virtuose6D.
Link i

ai

αi

di

θi

1
2
3
4
5
6

0
a1
a2
0
0
0

−π/2
0
−π/2
π/2
π/2
0

0
0
−d3
d4
0
0

q1
q2
q3 − π/2
q4
q5 + π/2
q6

KINEMATIC RELATIONS

221

z6
x6
base
z0
x0

elbow

shoulder
z1

z2

x1

x3
x2

z3

a2
d3

z4

x4

z5

x5

d4

a3
azimuth

elevation

handle

Figure A.3: Virtuose6D link frames, following the DH convention.
also multiple solutions, especially as the number of DoFs of the robot goes
up. Despite its six DoFs, the Virtuose6D does have a closed-form inverse
kinematics solution, owing to its specific kinematic structure, consisting of an
anthropomorphic arm in series with a spherical wrist. Moreover, knowledge of
the joint limits enables elimination of most inadmissible solutions, up to the
point where only the wrist mode, i.e., normal wrist or inverted wrist, needs to
be input to obtain a unique solution.
To find the closed-form solution, the inverse kinematics can be decoupled into
two subproblems. The first problem independently tackles the position of the
spherical wrist to find q1 , q2 , q3 . The second problem then continues from that
solution to find the wrist orientation. The position subproblem is only concerned
w
with the translational part pw
ee of T ee . From (A.2), it is known that

pw
ee



 
px
a2 c1 c2 + d3 s1 + a3 c1 s23 + d4 c1 c23
= py  = a2 s1 c2 − d3 c1 + a3 s1 s23 + d4 s1 c23  .
pz
−a2 s2 + a3 c23 − d4 s23

(A.3)

The angle q3 can be solved from the squared norm of the wrist position:
p2x + p2y + p2z = a22 + a23 + d23 + d24 + 2a2 (a3 s3 + d4 c3 ).

(A.4)

This equation has two solutions in q3 , but only one solution is within the joint
limits:
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q3 = π − asin

p2x + p2y + p2z − a22 − d24 − d23 − a23
p
2a2 a23 + d24

!

− atan2(d4 , a3 ).

(A.5)

With a solution for q3 , it is possible to solve q2 from the z-coordinate of the
wrist position in (A.3). This yields two solutions for q2 , but again one of them
can be discarded because it violates the joint limits. The retained solution is:

q2 = π − q3 − asin

!

pz
p

(−a2 c3 − d4 )2 + (a2 s3 + a3 )2

− atan2(a2 s3 + a3 , −a2 c3 − d4 ).

(A.6)

The last joint angle that determines the wrist position can be computed from
the y-coordinate in (A.3), by plugging in q2 and q3 and eliminating the solution
that exceeds the joint limits:

q1 = asin

!

pz
p
(a2 c2 + a3 s23 + d4 c23 )2 + d23

− atan2(−d3 , a2 c2 + a3 s23 + d4 c23 ).

(A.7)

For the orientation subproblem, which deals with the spherical wrist, DH link
frame {3} will serve as the reference frame. To this end, the rotational part of
(A.2) needs to be split at frame {3}, producing two rotation matrices:


c1 s23
i
0

s1
Rw
=
R
=
R
(q
)
=
3
3
i−1 i
i=1
c1 c23
3
Y

R3ee



s1 s23
−c1
s1 c23


c23
0 ,
−s23

s4 s6 − c4 s5 c6
= R36 =
Rii−1 (qi ) = −c4 s6 − s4 s5 c6
i=4
c5 c6
6
Y

s4 c6 + c4 s5 s6
−c4 c6 + s4 s5 s6
−c5 s6

(A.8)

c4 c5
s4 c5  .
s5
(A.9)
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The known end effector rotation Rw
ee can now be expressed in frame {3}:

T w
R3ee = Rw
3 Ree


rxx
= ryx
rzx

rxy
ryy
rzy


rxz
ryz  .
rzz

(A.10)

Equating (A.9) and (A.10) leads to expressions for the wrist joint angles.
However, a distinction needs to be made depending on wrist mode. For the
normal wrist, the wrist joint angles are:

q4 = atan2 (ryz , rxz ) ,

q5 = atan2 rzz ,

q


2 + r2
rxz
yz ,

q6 = atan2 (−rzy , rzx ) ,

(A.11)
(A.12)
(A.13)

and for the inverted wrist, they become:

A.2.3

q4 = atan2 (−ryz , −rxz ) ,

(A.14)

q


2 + r2
q5 = atan2 rzz , − rxz
yz ,

(A.15)

q6 = atan2 (rzy , −rzx ) .

(A.16)

Differential Kinematics

The differential kinematics express the linearized relationship between the joint
2
velocities q̇ and the end effector twist tw
ee . This relationship is represented by
the Jacobian matrix J r of the robot:
tw
ee = J r (q)q̇.
2 The

(A.17)

twist is here defined as the concatenation of the end effector linear velocity v w
ee and



w
wT
angular velocity ω w
ee : tee = v ee

T
ωw
ee

T

.
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Because of the kineto-statics duality, this matrix also relates the end effector
3
wrench ww
ee to the joint torques τ :
τ = J Tr (q)ww
ee .

(A.18)

When the DH parameters are available, a systematic procedure such as in [133]
can be applied to obtain the Jacobian matrix. For the Virtuose6D, this matrix
is structured as a block lower triangular matrix, because a change in the wrist
orientation does not affect the linear velocity of the anthropomorphic arm:


J aa
Jr =
J wa

0



J ww

,

(A.19)

with

J aa


−a2 s1 c2 − d4 s1 c23 − a3 s1 s23 + d3 c1
=  a2 c1 c2 + d4 c1 c23 + a3 c1 s23 + d3 s1
0
(−a2 s2 − d4 s23 + a3 c23 )c1
(−a2 s2 − d4 s23 + a3 c23 )s1
−a2 c2 − d4 c23 − a3 s23

J wa


0
= 0
1


J ww

3 The

−s1
c1
0

c1 c23
= s1 c23
−s23


(−d4 s23 + a3 c23 )c1
(−d4 s23 + a3 c23 )s1  ,
−d4 c23 − a3 s23


−s1
c1  ,
0

(A.20)

(A.21)

−s1 c4 + c1 s23 s4
c1 c4 + s1 s23 s4
c23 s4


(s1 s4 + c1 s23 c4 )c5 + c1 c23 s5
(−c1 s4 + s1 s23 c4 )c5 + s1 c23 s5  .
c23 c4 c5 − s23 s5

(A.22)

w
wrench is here defined as the concatenation of the force f w
ee and moment mee exerted



wT
by the end effector: ww
ee = f ee

T
mw
ee

T

.

Appendix B

Gaussian Orientation Noise
Model
This appendix models Gaussian noise on a direction vector i. The vector i
represents a point on a unit sphere, as in Figure B.1.a and is parametrized by
an altitude-azimuth angle pair (α, β), according to:

i = cos α cos β

cos α sin β

sin α

T

(B.1)

.

Gaussian noise on i should affect its orientation to an equal amount in all
directions, independently of the current orientation. In the parameter space of
z

z
i(_π
,β)
2

i(α,β)
α

x

α
i(0,β)

x
β

β

Figure B.1: Parametrization of the direction vector i, based on the altitudeazimuth angle pair (α, β) (left), with two extreme cases for α indicated (right).
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i, this means that there should be an equal change in the orientation of i for
Gaussian noise on α and for Gaussian noise on β.
The change of i upon small changes of α and β is expressed by its differential:
di =

∂i
∂i
dα +
dβ,
∂α
∂β

(B.2)

and its total orientation change, expressed in radians, corresponds to kdik,
because of the unit length of i. Thus, a small variation δα causes a constant
orientation change equalling:
q
∂i
δα = |δα| sin2 α cos2 β + sin2 α sin2 β + cos2 α = |δα|, (B.3)
kδiα k =
∂α
while a small variation δβ results in an orientation change that depends on the
current value of α:

kδiβ k =

q
∂i
δβ = |δβ| sin2 α cos2 β + sin2 α sin2 β + cos2 α = |δβ| cos α.
∂α
(B.4)

Equating (B.3) and (B.4), and assuming that the small variations δα and
δβ are caused by additive Gaussian noise, respectively modelled by the
probability distributions N (0, σα2 ) and N (0, σβ2 ), yields the condition for
direction-independent Gaussian orientation noise on i:
N (0, σα2 ) = N (0, σβ2 ) cos α = N (0, σβ2 cos2 α),

(B.5)

or
σβ =

σα
.
cos α

(B.6)

This result can be intuitively verified by considering the extreme cases where
α = 0 and α = π2 , which are shown in Figure B.1.b. In the former case,
variations in α and β produce equal orientation changes of i. However, in the
latter case, only a change in α produces an orientation change of i, while a change
in β just controls the direction of that orientation change. As the Gaussian
orientation noise model imposes that no particular direction is favoured, β has
to be uniformly distributed in this case, i.e., σβ → ∞.

Appendix C

Wrist Weighting Factor
Optimization
In this appendix, an analytical solution to the optimization problem (4.64) is
derived. This implies finding the minimum of the function:
f (wx , wy ) = v Tq K −1
a vq .

(C.1)

As a first step, let w and W be:

w = [wx
W =I

wy
1wT ,

1]T ,

(C.2)
(C.3)


T
with I the identity matrix, 1 = 1 1 1 , and
the operator of the
Schur product. Next, the dependence of J p on W is made explicit. Starting
from (4.34), this yields:
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wx
Jp =  0
0

0
wy
0

0
0
1


wx
=0
0

0
wy
0


0
1 0 0
0 0 1 0
1
0 0 1


0
+ 0
0

0
0
0

0
−wy lo + lo
0

0
0
0

0
lo
0

−lo
0
0

wx lo − lo
0
0
0
−lo
0

lo
0
0


0
0 ,
0

(C.4)


0
0
0


0
0 ,
0

= W T J p,w + J p,c .

(C.5)
(C.6)

Inserting (C.6) into (4.59) gives:

v q = J Tr (J Tp,w W + J Tp,c )J Tf Rd ez ,

(C.7)

= J Tr J Tp,w W J Tf Rd ez + J Tr J Tp,c J Tf Rd ez ,

(C.8)

= J Tr J Tp,w I

1wT J Tf Rd ez + J Tr J Tp,c J Tf Rd ez eTz w,

(C.9)

= J Tr J Tp,w I

1(J Tf Rd ez )T w + J Tr J Tp,c J Tf Rd ez eTz w,

(C.10)

= (J Tr J Tp,w I

1(J Tf Rd ez )T + J Tr J Tp,c J Tf Rd ez eTz )w,

(C.11)

= Cw.

(C.12)

This result can be substituted in (C.1):

f (wx , wy ) = (Cw)T K −1
a Cw,

(C.13)

= wT C T K −1
a Cw,

(C.14)

= wT Qw.

(C.15)

It can be seen that (C.15) describes a bivariate quadratic function of the form:
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f (wx , wy ) = Awx2 + Bwx wy + Cwy2 + Dwx + Ewy + F,

(C.16)

where


A
Q = B/2
D/2

B/2
C
E/2


D/2
E/2 .
F

(C.17)

If B 2 − 4AC < 0, the function f (wx , wy ) forms an elliptic paraboloid which
has a minimum if A > 0. In practice, both conditions are satisfied and the
minimum of f is located at:

ŵx =

BE − 2CD
,
4AC − B 2

(C.18)

ŵy =

DB − 2AE
.
4AC − B 2

(C.19)

These expressions for the optimal wrist weighting factors form the solution
to the optimization problem (4.64). The maximum passive wall stiffness k̂
becomes:
k̂ = f (ŵx , ŵy )−1 .

(C.20)

Appendix D

Extended Kalman filter for
Placental Surface Modelling
with Perpendicular Distance
Measurements
An EKF for placental surface modelling was developed in Section 5.3.3. The
design of that EKF assumed the availability of a distance sensor providing
distance measurements d˜ along the axis i of the surgical instrument. This way,
each measurement yielded a point pm on the placental surface, based on which
the EKF was able to determine the locally valid placenta pose T m .
In this appendix, an EKF is described that makes a different assumption for the
distance sensor: the sensor generates distance measurements h̃ along the normal
n of the placental surface. Instead of a collection of points on the placental
surface, these perpendicular distance measurements yield a collection of spheres
that are tangential to the placental surface, contacting it at an unknown point
p⊥
m . As can be verified from Figure D.1, the pose of the placenta can here be
defined as:
Tm =


Rm
0

 
Rm
p⊥
m
=
0
1


pd − hn
.
1

(D.1)

and is fully defined as soon as pd , h and n are known. This is a simplification
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with respect to the scenario with an axial distance sensor, where expression (5.12)
for the placenta pose also relied on i. As such, a less involved EKF suffices when
perpendicular distance measurements are available. The state vector becomes a
truncated version of (5.14):

xk = vdx ,k

vdy ,k

vdz ,k

φk

γk

hk

T

.

(D.2)

If again a constant instrument tip velocity and a stationary, locally planar
placenta model are adopted, only the prediction of h needs to be further
detailed. It can be seen from Figure D.1 that:
hk = (pd,k − p⊥
m,k−1 ) · nk−1 = (hk−1 nk−1 + v d,k−1 ∆T ) · nk−1 .

(D.3)

Therefore, the prediction model, simplified compared to (5.20), can be written
as:



vdx ,k−1


vdy ,k−1




v
dz ,k−1

.
g(xk−1 ) = 

φ
k−1




γk−1
(hk−1 nk−1 + v d,k−1 ∆T ) · nk−1

(D.4)

The measurement vector and the measurement model are also cropped with
respect to (5.27)–(5.28):

ik
ik-1

pd,k-1
p⟂m,k-1

vd,k-1
hk-1

pd,k

nk-1
⟂
pm,k

hk

Figure D.1: Representation of the distance prediction, showing the instrument
direction i and the associated perpendicular distance measurement h̃ at two
consecutive time steps k − 1 and k. The representation is a projection onto a
plane parallel to nk−1 and ik .
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z k = ṽdx ,k

ṽdy ,k

ṽdz ,k

h̃k

T

,

(D.5)


h(xk ) = vdx ,k

vdy ,k

vdz ,k

hk

T

.

(D.6)

Finally, the same remarks concerning the noise vectors k and δ k apply here.
This means that the standard deviations in the noise models for φ and γ have
to be interrelated according to the analysis in Appendix B, such that Gaussian
orientation noise is obtained that does not favour any particular direction.

Appendix E

Inverse Kinematics Solution
to Fulcrum-Aware PositionBased Visual Servoing
This appendix shows how to solve the inverse kinematics problem (6.23)
analytically, in order to obtain (θ1∗ , θ2∗ , li∗ ). This problem has four possible
solutions. To select the appropriate solution, it is important that the z-axis of
{f } is defined as the inward-pointing normal of the body wall.
As a first step, (6.23) should be rewritten as:


fx (θ1∗ , θ2∗ , li∗ )
∗
f (θ1∗ , θ2∗ , li∗ ) = fy (θ1∗ , θ2∗ , li∗ ) = T ic ŝ∗ − T ic ŝ = 0.
fz (θ1∗ , θ2∗ , li∗ )

(E.1)

Next, li∗ needs to be extracted from each expression in (fx , fy , fz ), yielding the
∗
∗
∗
respective expressions (li,x
, li,y
, li,z
). Equating
∗
∗
li,x
= li,z

(E.2)

and rewriting the result, eliminates θ2∗ and an expression of the form
a1 sin θ1∗ + b1 cos θ1∗ = c1
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emerges, with a1 , b1 , c1 constants. Solving this for θ1∗ yields two supplementary
angles, of which the solution with the smallest absolute value should be retained.
∗
When the expression li,y
is substituted in fx and fz , and both are squared and
summed according to:

∗ 2
∗ 2
fx (θ1∗ , θ2∗ , li,y
) + fz (θ1∗ , θ2∗ , li,y
) = 0,

(E.4)

the dependence on θ1∗ cancels out. Simplifying this equation leads to:
a2 cos2 θ2∗ + b2 cos θ2∗ + c2 = 0,

(E.5)

with a2 , b2 , c2 constants. This is a quadratic equation in cos θ2∗ . The solution
with the smallest |θ2∗ | is to be retained, but the sign of θ2∗ still needs to be
confirmed.
It is now possible to determine li∗ , by plugging the known θ1∗ and |θ2∗ | into one
of the expressions (fx , fy , fz ). For numerical stability, fy should be used if
| sin θ2∗ | > 21 , fx if | sin θ1∗ | > 12 , and fz otherwise.
As the final step, the two unused expressions within (fx , fy , fz ) need to be
evaluated to determine the sign of θ2∗ . If they do not evaluate to 0 for θ2∗ = |θ2∗ |,
then θ2∗ has to be negative and li∗ needs to be recomputed with the new θ2∗ .

Appendix F

Stereo Reconstruction
This appendix explains 3D reconstruction based on images from a stereo
camera. It starts from a simplified stereo camera model that can be obtained
by performing a stereo camera calibration procedure. Such calibration results in
undistorted and rectified images. Undistorted images are images where straight
lines appear straight. Rectified images are images of which the epipolar lines el
and er coincide, because the image planes have been made coplanar and put at
the same vertical height. Figure F.1 shows this stereo camera model.
s

z

xi,l
Left
image plane

yi,l

c

ul

yi,r

el

ur

er

c

Right
image plane

fx

fx
ol

xi,r

or

bc

Figure F.1: Representation of a calibrated stereo camera. The stereo camera,
with optical centers ol and or , observes a point s, which is detected at a position
ul in the left image plane and at a position ur in the right image plane.
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Suppose that the stereo camera observes a feature s and that this feature is
detected at a position ul in the left image. To reconstruct the 3D position of
s, this same feature needs to be detected in the right image. With rectified
images, the problem of finding the matching feature position ur in the right
image is simplified to a linear search over the horizontal epipolar line er , as
can be seen from Figure F.1. This simplification is an important advantage of
image rectification.

T

T
Once ul = ul vl and ur = ur vr have been found, the 3D position of
s can be reconstructed from the disparity dx , i.e., the horizontal offset between
the corresponding points in the two images:
dx = ul − ur .

(F.1)


T
If s = x y z is expressed with respect to the optical center ol of the left
camera, the depth z follows from the geometric relations in Figure F.1 and the
rules of similar triangles:
z=

bc
bc
bc
fx =
fx =
fx ,
(ul − cx ) + (cx − ur )
ul − ur
dx

(F.2)

with bc the camera baseline distance between the optical centers ol and or ,

T
c = cx cy the center pixel of the image and fx the focal length. In a similar
way, the x- and y-coordinates of s can be derived:

x = (ul − cx )

z
,
fx

(F.3)

y = (vl − cy )

z
,
fy

(F.4)

where fy is the y-direction equivalent of the focal length fx . These last equations
correspond to the well-known equations expressed by the intrinsic matrix of the
pinhole camera model [272].
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