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Chapter 1

Introduction

"Now a surgeon should be youthful or at any rate nearer ychah tige; with a strong and
steady hand that never trembles, be ambidextrous, witbrvisharp and clear and spirit

undaunted...”
Book 7, De Medicina, A.Cornelius Celsus, 70 BC[105]



2 1 Introduction

1.1 Background of Minimally Invasive Surgery

The term Minimally Invasive Surgery (MIS) was introduced Jijhn Wickam|1—2|9] to de-
scribe the emerging therapeutic approach designed to fisi@ithe traumatic insult to the
patient by surgical and allied interventional proceduhesontrast with conventional open
surgery, MIS is performed using long and slender instrustirat are inserted into the pa-
tient’s body through small incision(sﬁ[4] or natural oré{s) Eb]. Visual feedback of the
operating area is obtained via a small camera equipped aiptibé a medical instrument
(i.e. endoscope), and presented on a monitor (Eig. 1.1)inGsuch procedures, surgeons
have to manoeuver the instruments outside the patient Vaaleéng at the monitor.

At first glance, MIS leads to less damage to the patient (better cosmetic results)
and shorter recovery time (e.g.: less hospitalisation)pamed to conventional surgery. Sur-
geons, however, have to adapt their skills due to the absefrdieect sight and touch, the
restricted freedom of movement of the instruments and dexdeeye-hand coordinatidﬂm]
[@] HE] @] ﬂﬂ]. Furthermore, as the surgeon’s handsautside of the patient, infor-
mation about the position of the hand and fingers, does netttijrsupport the tissue ma-
nipulation ]. MIS thus requests changes in the way thigesan observes the surgical
space and approaches the tissue, resulting in difficuttiessidical instrument manipulation
and long learning curves,especially in complex medicad:pdtmreleS].

Based on a series of surgical applications, Cuschieéri [¢iddd MIS in five cate-
gorises: laparoscopic, thoracoscopic, perivisceral &raperitoneal), endoluminal and
arthroscopic. In fact, if we look at the shape of the opeeatagion, MIS can be subdivided

Figure 1.1: Minimally invasive cholecystectomy (galbladdemoval). The surgeon (mid-
dle) is manipulating the grasping forceps(leftdown on thanitor screen) and
the scissors (righdown on the monitor screen), while thestess surgeon (left)
is manipulating the endoscope.(Public Domain)
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Minimally Invasive Surgery

Wide-space
surgery

/

Pathway surgery

e

Figure 1.2: lllustration of surgical scenarios in minimglinvasive surgery. a): wide-space
surgery, such as laparoscopic or perivisceral surgery;)tpathway surgery,
such as thoracoscopic, endoluminal and arthroscopic, irctvsurgery carried
out along a 3-dimensional curved anatomic or instrumeiated pathway.

into two categories, as i) surgery carried out in a relativ@enhollow space (henceforth
wide-space surgery, such as laparoscopic and perivisserngéry), and ii) surgery carried
out along a 3-dimensional curved pathway (henceforth payhsurgery, such as thoraco-
scopic, endoluminal and arthroscopic surgery) (Fig] 118)wide-space surgery, due to
the restrictions imposed by the small incision(s), the moeets of instruments are mir-
rored and scaled allowing four degrees of freedoms (DoFR)[[®E][4][14][31]], whereas
in pathway surgery, the curvature of the path restricts tisrument movements within a
narrow tunnel, further reducing the number of DoFs down o 8] (Fig.[1.3).

1.2 Instrument manipulation difficulties in selected MIS
applications

1.2.1 Laparosocpic surgery

Laparoscopic surgery is a form of wide-space surgery in wiMdS is applied to the ab-
domen, such as laparoscopic cholecystectomy. It is comnparformed by a team of two
surgeons: one surgeon manipulating the scissors and gsasgpiée an assistant surgeon op-
erating the endoscope (camera). The working space insidatitiominal cavity is created
by insufflation with carbon dioxide gas. The design of neallyaparoscopic instruments
is based on mimicking the functions of conventional surdicals. Long and rigid instru-
ments with a small diameter (2-10 mm_[29]) featured with &smi or grasper as the end
effector have been developed for tissue manipulation [Ei).
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b

Figure 1.3: lllustration of instruments degree of freedo(@®Fs) in minimally invasive
surgery. a) 4DoFs in wide-space surgery; b) 2DoFs in patheargery. The
red dot indicates the surgical target.

Figure 1.4: Long and rigid instruments used in Iaparosccmicgery@].

Conventional rigid laparoscopic instruments do not haeesdime functionality as the
human handm4] 1], and cannot translate the actions ofdmhands as effectively in
laparoscopic surgery as in open surgery. Due to the indisjprigid instruments can only
move within a cone-shaped workspace around the incisiamt({spi With such instruments,
surgeons are not able to reach targets outside of the capedhvorkspace or to approach
obstructed anatomic structures.

1.2.2 Natural Orifice Transluminal Endoscopic Surgery (NOTES)

With the help of flexible endoscop@4ﬂ [7], Natural O#ficransluminal Endoscopic
Surgery (NOTES) was introduced in the early 1980$ [41]. Aeranfof pathway surgery,
NOTES is a collective name of procedures that utilize thersdbrifices—such as mouth,
nose or vagina—of the human body to gain access to surgey @]ﬁbj@ljﬁb}



1.2 Instrument manipulation difficulties in selected MI$kgations 5

Instrument development for easy target approaching isidered as one of the fundamental
problems?].

Endo-Nasal Skull Base Surgery (ENSBS) is a NOTES-apptinagerformed when e.g.
tumours are found at the skull base (Hig.] 1[% [@125]. $hiecess of creating an endo-
nasal passage is essential for the success of this typegerguand often requires slow and
meticulously precise instrument manoeuvring due to thg narrow nasal cavity and highly
dedicated and complex vessels and nerves network aroumikmlﬁebase|fﬁl6]. Currently,
ENSBS is mostly carried out with rigid straight or pre-cuthiestruments that require long
operation time due to lack of steerable instruments and-&asgntrol interfacei%édES].

1.2.3 Endovascular procedures

Endovascular procedures encompass a wealth of minimadasive arterial procedures in
which thin, long and flexible catheters/guide-wires arespdsnto and navigated through
blood vessels, to treat several vascular lesions, suchrasicCstenosis, cerebral aneurysms,
Arterio Venous Malformations (AVMs) and acute ischemioke @]ﬂ](Fig.D:Ba). A
standard endovascular procedure consists of advancingla-gire, sliding in a catheter
along the guide-wire, retracting the guide-wire, and mandag the catheter tip in order
to reach the entrance of the branch arteries. Although proes with catheters and guide-
wires are often called interventions, in this thesis thelf lé characterised as pathway

B

Figure 1.5: Top Left: traditional, open skull base operatjan which the forehead skill is
removed and the skill is opened. Top right: Endo-nasal shafie operation in
which the brain base is approached via the nasal cavity. @ottsurgical tools
that used in Endo-nasal skull-base surgery
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Figure 1.6: Schematic impression of Endovascular procesland illustration of various
selective catheters being manoeuvred during the procedéydapted from
[114])

surgery.

There are difficulties specific to the methodology and tetdmoof endovascular pro-
cedures, among which the difficulty of catheter exchangimyrmanoeuvring is a common
experience for interventionists. Conventional cathgtéde-wires have a straight tip shape
and therefore lack flexibility [150] and are difficult to ste@o deviate into side branches,
selective catheters featured with a pre-curved tip shape ibeen designed [98] (Fig._1.6b-
d). However, it has been estimated that endovascular enéionists perform on average 20
exchanges of catheters, guide-wires and sheaths, perdureck], leading to high risk of
infection or embolization, long surgery time and largeriatidn dose to the patient in case
of using conventional X-ray fluoroscopy [98].

1.3 Current solutions to instrument manipulation and prob-
lem statement

The restriction in DoFs can be (partially) compensated hyipgaing conventional instru-
ments with a steerable tip that bends in one or two DoFs. éndiitire, both robotic and
mechanical solutions have been developed.

With the introduction of sensors and actuators, robotitesys provide the user an easy-
to-control interface. Currently, the most common surgichlotic system on the market is
the Da Vinci system|[46][96][21], which consists of a masi@nd slave- consoles. The
master console provides a 3-dimensional view of the surgjzace, and the slave console
contains a three or four-armed robotic system that is plaegtito the operation table. Dur-
ing the surgical operation, the end-effectors of this ramtstem are one-to-one controlled
by the movements of the surgeon’s hand and fingers, imitétiese movements precisely.
The disadvantages of using such robotic systems are thelewitgpf manufacture, high
costs of execution and maintenance, lack of force feedbi#le loss for pre-operative
preparation and limitations of surgical applications [B4].
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As a more simple mechanical alternative for the Da Vinci,aaabed steerable and ma-
noeuvrable handheld instruments are being developed.elfigld of wide-space surgery,
steerable instrument@nstruments with a distal steerable tip) are under devabap [11]
[15]]2407[93]143]]13], some of which are already commaexlty available [15]([126]/[12/7]
[129] [93]. In the field of pathway surgery, flexible instrune with a steerable segment
on the tip and instruments with multiple segments along treftghenceforthmanoeu-
vrable instrumenfsare being developed [60][07][33][53][7 1][I79][101][1P3A few ones
are commercially available on the market [60][97], but naestelopment of manoeuvrable
instruments are still in their experimental stage [33][3&][79][101](103].

Problem statement

Handheld steerable and manoeuvrable instruments are mieaty much simpler than
robotic systems but still have control issues in that mdaimn is not as intuitive as the
current robotic systems. This is one of the reasons why reldditeerable instruments are
not yet fully implemented into clinical practise. In factany attempts of studies and devel-
opments for handheld steerable instruments have been madeste a surgical tool that is
able to perform specific surgical functions. However, in tradghe current handheld steer-
able tools the control interface is not optimised for dexgeior the surgeon. Especially
for new and emerging surgical applications, such as endatrskull base surgery, prob-
lems such as instrument interfacing and factors influenttisgnstrument manoeuvrability
should be investigated and assessed as the first step ofttheeiestrument development
process.

1.4 Goal of the thesis

The goal of this thesis is

» To describe and to categorize current developments of Hedddsteerable medical
instruments;

» To assess commonly used control interfaces and the maradglity of commercially
available handheld steerable instruments by determiméngfluence on human per-
formance;

« To determine potential solutions for manoeuvring diffimd for handheld manoeu-
vrable instruments used in pathway surgery;

 To build a simulator and carry out experiments to assesptbgosed solutions in
pathway surgery.
1.5 Thesis outline

This PhD thesis is based on published or submitted arti€liggire[ 1.7 shows a schematic
view of the thesis structure and the mutual relations betvtiee chapters.
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Ch.7: Conclusion

Figure 1.7: Thesis structure.

Followed by an overview of thesis outline and introductibattis given in Chapter 1,
Chapter 2 presents the state-of-art in the development nbiai@ontrol methods for hand-
held steerable instruments. In Chapter 3, an experimehttmpared four 1DoF-control
handles for steerable catheters in an simulated endoeagmacedure was presented. In
Chapter 4, an experiment that designed for comparing twd=2tamtrol interfaces (thumb
control and wrist control) for steering in an orientatioskas presented. Chapter 2-4 are
considered as the preparation phase of getting known abefieid of manual controlling
for steerable medical instruments.

The results of Chapters 2-4 were triggers to the developwieatsimulator, the En-
doPathController (Endo-PaC), as an investigation toadgmeed in the first part of Chapter
5. The second part of Chapter 5 as well as Chapter 6 contairies sé four experiments
that were carried out with Endo-PaC concerning the invastg of several factors that
influence manual control in pathway surgery. The experisienthapter 5 assess the influ-
ence of two cognitive factorgpntrol mappingandcontrol displayon human performance;
the experiments in Chapter 6 study the influence of two ergondactors,control device
andcontrol modeon human performance.

Finally, Chapter 7 summarizes the results of chapters 2s6udses the potential future
development of Endo-PaC, and provides the recommendatiicfuture steps to develop
an intuitive manual control for instrument manipulationNiS, specifically in pathway
surgery.



Chapter 2

State-of-art in manual control
methods for steerable MIS
Instruments

Chunman Fan, Dimitra Dodou,Paul Breedveld
Published inMinimally Invasive Therapy & Allied Technologies, 22:13512012.
Under the title "Review of manual control methods for harldimeaneuverable instruments.”
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2.1 Abstract

Background:By the introduction of new technologies, surgical procedurave been vary-
ing from free access in open surgery towards limited aceessnimally invasive surgery.
Improving access to difficult-to-reach anatomic sites.(&ngeurosurgery or percutaneous
interventions), needs advanced maneuverable instrutint®dvances in maneuverable
technology require the development of dedicated methodblieg surgeons to stay in di-
rect, manual control of these complex instruments.

This study gives an overview of the state-of-art in the depelent of manual control
methods for handheld maneuverable instruments. It categahe manual control methods
in three levels: a) number of steerable segments, b) nunifilizgrees Of Freedom (DoF),
and c) coupling between control motion of the handle andistgenotion of the tip. The
literature research was completed by using Web of Scieramgu® and PubMed.

The study shows that in controlling single steerable sedsnéirect as well as indirect
control methods have been developed, whereas in contyatiintiple steerable segments,
a gradual shift can be noticed from parallel and serial @ntr integrated control. The
development of multi-segmented maneuverable instrunigstsl in an early stage, and an
intuitive and effective method to control them has to becampeimary focus in the domain
of minimally invasive surgery.

Keywords: Single Port Surgery, NOTES, Steerable Instruments, Hexitstruments,
Maneuverability
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2.2 Introduction

Over the past decades, surgical procedures have evolveddsiess invasive approaches
by the introduction of new technologies [32]. Open surgasya traditional medical spe-
cialty, allows direct access to the surgical target butteiea large incision, leading to a
sustained wound. The transfer from one large incision to @neore small incision(s)
reduces damage to the patient and accelerates recoveryRimlewing a minimal access
approach, key-hole surgery (Fig.R.1a), such as laparassapgery [31], has become the
preferred solution in many surgical procedures. Contigtire developments in the field
of flexible endoscopy, (Fig.2.1b), new and experimentatedures such as NOTES [106]
(Natural Orifice Transluminal Endoscopic Surgery, [Eigic®, Which is carried out through
natural openings in the human body by following natural amatal pathways, have been
developed. It is expected that these developments willtiedature surgical procedures, in
which surgery is carried out along a minimally-invasive 3@hway through the tissue that
is made artificially. Such procedures, called "path-waygsuy throughout this study (Fig.
[2.d), are likely to be among future solutions in neurostyrged percutaneous interven-
tions with miniature maneuverable instruments and needles

Ve L a) b)
[ \
[ \
| \ /
\ { :
A\ | \ NN
\ | Ny N\
7 " A
— / — )
e / /
Key-hole surgery A Flexible endoscopy  / _
<) g S d)
\
NOTES P ‘ ‘ Pathway surgery

Figure 2.1: Surgical Scenarios. a) Key-hole surgery, eagpakoscopic surgery ; b) Flexi-
ble endoscopy, e.g. colonoscopy, gastroscopy, cathaewentions; c) Single
Port Surgery or NOTES (Natural Orifice Transluminal Endgsc&urgery); d)
Path-way surgery in the future, potentially in neurosusgand percutaneous
interventions. In the figures, dash line and yellow-filleg@aindicate artifi-
cial cavity; Red dot indicates the surgical target; Blueaoihdicates steering
segment(s) of the instrument and black color indicatesirsgigment.

The evolution from open surgery towards path-way surgegyires special surgical
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skills as well as new surgical instruments. In open surgemgeons can access the surgical
target from multiple directions via the large incision. @entional surgical instruments can
then be manipulated in open space in six Degrees Of Freedof)(Ih key-hole surgery,
accessing the target gets more difficult because convetiggid instruments can only
move within a cone-shaped workspace around the incisiant(@dj reducing the number of
instrument DoF from six to four [14][29]. In path-way surggesurgical targets cannot be
accessed with conventional rigid instruments, since tloayad allow to follow the curvature
of the path. Thus, the less invasive surgery becomes, the difficult the surgical target
can be accessed and the higher the requirements on theniestisimaneuverability.

As a solution for improving the accessibility of difficulb-reach organs or anatomic
structures, medical instruments with a maneuverable fijp (&ith one or multiple steering
segments) are under development [32][11][15][43][93imesmf which are already commer-
cially available [115][16][91][129][60][92][126][127]When inserted through a small inci-
sion, maneuverable (or steerable) instruments with aesihgbr 2-DoF steering segment at
the tip allow a 6 DoF motion in space, and can access surgiggts that are outside of the
cone-shaped workspace. However, such 2-DoF maneuveraidernents are not suitable
for path-way surgery since they do not allow to follow a cuhyathway. Maneuverable
instruments with multiple steering segments that can bpeshéo fit the curved pathway
are therefore under investigation.

A number of studies on maneuverable instruments have begedaut [140][80][152]
[3€]. Despite the availability of automated control appioas, handheld maneuverable in-
struments are preferred by surgeons due to the similar@griwentional instruments and the
full control during surgical procedures allowing them taakly and easily adapt to varying
circumstances [11]. Developing intuitive and effectivetol methods for handheld ma-
neuverable instruments is thus an important topic for eegin The goal of this study is
to review the state-of-art in the development of manual mdmethods for handheld ma-
neuverable surgical instruments, and to investigate winatdvbe the best-suited manual
control method for future instruments for path-way surgery

At Delft University of Technology, a literature search wasreed out using Web of
Science, Scopus and PubMed. To get a full overview of marrabie approaches and
their controls, each of the terms "Catheter”, "Endoscoiotl "Surgical instrument” was
combined with each of the terms "articulation”, "deflectigtangulation”, "rotation”, "de-
flectable”, "DoF” and "control” in a full-text search. Patditerature (www.espacenet.com)
was searched for maneuverable surgical instruments aswtielhe same terms. A number
of conference proceedings and books were consulted asiédl review study focuses on
manual control methods applied in handheld maneuverabiieiments. Studies on rigidity
controlling, material stiffening and internal mechanisofisnaneuverable instrument tips
were not included. For more information on these topics ¢laeler is referred to [L1][V7].

In this study, we categorized the manual control methodsrigetlevels (Fi§.2]2):

* number of steerable segments
* number of DoF

« coupling between the control motion of the handle and teersig motion of the tip
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sl

N

d)

Figure 2.3: Indirect 1-DoF control and direct 1-DoF controTop: Indirect 1-DoF control
(a) Blazer platform (Courtesy of Boston Scientific, Natield, USA) [115];
(b) Livewire TC ablation catheter handle (Courtesy of StdeJMMedical, St.
Paul, MN, USA) [[92]; (c) Ten-ten Duodecapolar diagnostidtezter handle
(Courtesy of Boston Scientific, Natick, MA, USA) [116]. Bott Direct 1-DoF
control: (d) Radius Surgical System (RSS, Courtesy of figehi Scientific,
Tuebingen, Germany) [140][38].

2.3 Single-segment control

As a maneuverable tip with one steering segment has mayifBibFs (2 deflections and 1
rotation), three possibilities of single-segment contant be logically distinguishesingle
deflection control (1 translational DoF: up/down or lefgtit), dual deflection control (2
translational DoFs: up/down and left/right) and triple nimrt control (2 translational DoFs
and 1 rotational DoF)

We further distinguish two sub-categories for single déifbeccontrol as direct control
and indirect control. Direct control is for the case thattipenotion matches the surgeon’s
hand motion (wrist or finger deflection mapped to tip deflectad both deflections are in
the same plane and same direction; wrist or finger rotatioppea to tip rotation and both
rotations are in the same plane and the same directionyektdiontrol is for the case that
the tip motion differs from the surgeon’s hand motion (wostfinger deflection mapped
to tip rotation; wrist or finger rotation mapped to tip deflent wrist or finger deflection
mapped to tip deflection and the directions are perpenditukeach other or are not in the
same plane; wrist or finger rotation mapped to tip rotatiodh e rotations are not in the
same direction or the same plane. Fig] 2.3).
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2.3.1 Single Deflection Control
Indirect 1-DoF control

Indirect single deflection control has been applied in aergrof steerable catheters and
guide wires in the form of a twisting-wheel, a rotating-enland a sliding-piston or lever
[115]191][92][126][116][117][33]. In the case that a fingetation is mapped to a tip de-
flection, with the twisting-wheel and the rotating-coll&is the circumduction of the sur-
geons finger that results in a tip deflection. The twistingeeltcontroller is used in the
Blazer catheter platform [115] (Fid._2.3a, Boston Scietitiflatick, MA, USA) and the
ComfortGrip handle/ [91] (St. Jude Medical, St. Paul, MN, JS#nd the rotating-collar in
the Livewire TC ablation catheter [92] (Fif._2.3b, St. Judedital, St. Paul, MN, USA)
and the Covidien roticulator [126] (Covidien Surgical, Méeld, MA, USA). In all four
products, the wheel and the collar are operated by the thmehindex finger while holding
the handle in the palm of the hand. In the case of a slidingppisr lever which moves for-
ward/backward along the handgrip, the control motion (Emdébackward) is perpendicular
to the tip deflection (up/down). A sliding-piston, that idlpd and pushed by the thumb or
index finger, can be found in the handle of the Polaris Dx stdercatheter [116] (Boston
Scientific, Natick, MA, USA) and the Ten-Ten duodecapolagtiostic catheter [117] (Fig.
[2.3c, Boston Scientific, Natick, MA, USA), whereas in a congptassisted arthroscope de-
veloped by Dario et all [33], changes in the sliding-levesition are electronically encoded
and transferred as driving signal for the up/down tip deibect

Direct 1-DoF control

The only system found that applies direct 1-DoF controléstiendable handle of the Radius
Surgical System [140][38] (Figi_2.3d, RSS, Tuebingen SienTuebingen, Germany).
The surgeon uses his wrist to bend the handle, which medinimks to the tip and
drives its deflection. The directions of handle bending dndi¢flection are in one plane
and mirrored with respect to each other (when the handleseneards the shaft, so is the
tip). Furthermore, the RSS is equipped with tip rotationjohtis directly controlled by a
rotating-knob on the handle.

2.3.2 Dual deflection control

By duplicating or combining the control methods for a sindgdlection mentioned in Sec-
tion 2.1, three concepts can be logically derived for dufiedéon controlindirect 2x1-DoF
control, direct 2x1-DoF contragndindirect 1x1-DoF with direct 1x1-DoF contrphll three
requiring two separate 1-DoF controllers. Additional tatthenabled by the natural dual
deflection of the human wrist or thumb, a control concept witle integrated 2-DoF con-
troller, direct 1x2-DoF control, is deduced. From these fmncepts, only indirect 2x1-DoF
and direct 1x2-DoF control methods were found in the litemat

Indirect 2x1-DoF control

For indirect 2x1-DoF control, two controllers are requiredch of which deflects the tip in
an individual direction. This control method has been blpagplied in the great majority
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of flexible endoscopes such as gastroscopes and colond&@hes] (Fig. [2.4a) and has
further been found in a bending forceps manipulator builVagnashita et al! [148]. Gastro-
scopes and colonoscopes contain a maneuverable tip thag betwo directions (left/right
and up/down), controlled by two twisting-wheels that arecpdd on top of each other and
rotating in the same plane. Although the two twisting-wke=n theoretically be steered
both at the same time, endoscopists are often using thewidodily and controlling only
one motion at a time. Yamashitas forceps manipulator useglials that are located in a
line on the handle. The rotation of the dials is encoded amdesponds to the horizontal
and vertical bending angles of the tip.

Figure 2.4: Indirect 2x1-DoF control and Direct 1x2-DoF dool. Top:(a) Indirect 2x1-
DoF control (Courtesy of Olympus colonoscope, Tokyo, J468}). Bottom:
Direct 1x2-DoF control: (b) RealHand (Courtesy of Novarad@cal system,
Cupertino, CA, USA) [129], (c) Microflex (Courtesy of DEAMngterdam, NL)
[L2].
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Direct 1x2-DoF control

The ability of both the human wrist and thumb to move natyrialkwo perpendicular direc-
tions enables the surgeon to control 2 DoF simultaneouslthd case of wrist control, the
handle of the instrument follows the surgeon’s wrist moveta@nd bends in two perpen-
dicular directions, resulting in a dual deflection of the thobroad array of commercially
available products and design prototypes have been foumdoging wrist control with
varying handle forms. The RealHand (13) (Hig.]2.4b, Novamgi8al system, Cupertino,
CA, USA) and the SILS Hand [127] (Covidien Surgical, MansfidllA, USA) both contain
a conventional scissor-like handle, whereas the Lapartgyié] (CambridgeEndo, Fram-
ingham , MA, USA) has a sword-like handle shape. The Endis€ape [15] and I-Flex
[12] (Delft University of Technology, Delft, NL) have a peitike handgrip and pincer grip
respectively. In the case of thumb control, the tip deflatthé same direction as the thumb
that operates a 2-DoF joystick. Thumb control is appliedhagrototype of a handheld la-
paroscopic grasper [11] (Fig.—2.4c, DEAM, Amsterdam, Nh)wihich a thumb-controlled
2-DoF joystick provides the control input for the up/dowrddeft/right tip deflection. The
thumb-controlled grasper was strongly preferred with eespo wrist over wrist-controlled
handgrip by novices in a tip orientation task due to the gaiee feeling in performance
[3€].

2.3.3 Triple motion control

Triple motion control can be considered as an extension af deflection control with a
single rotation control. Two possibilities are hereby oles dual deflection with indirect
rotation controlanddual deflection with direct rotation contraboth requiring two or three
controllers, depending on the type (i.e., indirect or dired the dual deflection control.
An integrated direct 1x3-DoF contratan be reasoned as well, in which one controller is
sufficient. In fact, only the direct 1x3-DoF control was falin the literature.

Direct 1x3-DoF control

The EndoWrist (Fig.[2]5a), used in the Da Vinci surgical mo]s)[69], incorporates the
direct 1x3-DoF control, in which the two deflections and tiotaal motion of surgeon’s
hand are directly mapped to the deflections and rotation ®fitktrument tip. The Da
Vinci robot is a master-slave system, in which the movemehthe surgeon’s wrist at
the master unit are electronically recorded and transleilwehe end-effector at the slave
unit, resulting in a full motion mapping between surgeordadhand instrument tip. Direct
1x3-DoF control has also been employed in the Minimally &iwa Manipulator|[63] (Fig.
[2.3b, MIM, Academic Medical Centre, Amsterdam, NL), whickchanically transfers the
surgeons hand motion to the instrument tip in a one-to-otie by using parallelogram
mechanisms driven by linkages or cable/pulley mechanisms.

2.4 Multiple-segment control

Methods for controlling multiple-segments can be systéabty derived from the single-
segment control methods mentioned in Section 2 accordinfeighysical coupling be-
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Figure 2.5: Direct 1x3-DoF control (a) EndoWrist (Courtesy Intuitive Surgical, Sunny-
vale, CA, USA)|__[|5]; (b) Minimally Invasive Manipulatdf[bii’]\/llM, Courtesy
of Academic Medical Centre, Amsterdam, NL)

a
>

tween the different controllers. In this study, we categ®yiarious ways to control multiple
segments into three main groupgarallel single-segment control, serial single-segment
control and integrated single-segment contr@ig. [2.2). The first two concepts require
as many controllers as segments, whereas the last oneegguity one controller for any
number of segments. As the development of instruments willipte segments is still in its
infancy, only a few examples of multiple-segment contralehbeen found in the literature,

mainly in patents@smn.

2.4.1 Parallel single-segment control

In parallel single-segment control, each segment has itsamatroller, and each controller
functions independently of the other controllers. The reggbdevelopments of parallel
single-segment control vary in terms of construction anmtrad method. The patented de-
vices by Ostrovsk@l] and Martin et dﬂ79] (FigP.6aht@in a number of links serially
connected by means of cables. Sets with different numbénks bre grouped as one seg-
ment and steered by pulling/releasing the connection safilbe cables are controlled by
three parallel twisting-wheels in the patent by Martin et ahd by two separated rotating-
disks in the patent by Ostrovsky. Both patented devices@mé&aled indirectly since the
control motion differs from the tip deflection motion. Anethexample of parallel single-
segment control has been found in a patent by Imrah [58], irchvln elongated device
equipped with two segments for insertion into a body castyescribed. The two segments
contained temperature-activated shape-memory elemedtara steered independently by
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Figure 2.6: Sketch of parallel single-segment control aall gatented maneuverable in-
strument with three parallel twisting-wheel controllesglapted fromi[79]; (b)
Duoflex, adapted from [137] .

a twisting-wheel and a sliding-lever. The Duoflex [137] (F[@.8b, Delft University of
Technology, Delft, NL) is a two-segmented cable-ring instent that contains two sepa-
rate direct control methods: a wrist-controlled handguipantrol the back tip segment and
a thumb-controlled joystick to control the front tip segrheithe two controllers can be
individually locked to avoid fatigue of surgeons’ hand. Amgathe parallel single-segment
controlled instruments, only Duoflex and the patented aesviyy Martin et al. and Imran
can be operated with a single hand.

2.4.2 Serial single-segment control

In serially connected controllers, the motion of each aaler depends closely on the mo-
tion of the adjacent ones. One such example of control hasibg#emented in a multiple-
segment instrument prototype called Multiflex [103] (Fig.d,2Delft University of Tech-
nology, Delft, NL). The maneuverable tip of the Multiflex cams five serially connected
segments. Each segment is steered by selectively pullidgedaasing one of four steer-
ing cables, which are fixed to a corresponding control-rieg.ch control-ring functions
as a joystick and can bend in all directions (2-DoF). The fietmI-rings are assembled
serially on a stack and form the handgrip of device. The sludifiee handgrip is altered
by the bending position changes of all control-rings, anttién magnified and mirrored to
the tip. Another example of serial single-segment contasl heen found in an articulating
sheath by Danitz [34]. The tip segments and the controlfethé handle consist of pairs
of orthogonal hinges that are serially connected with cabied each pair of hinges can be
manipulated in 3 DoF (2 deflections and 1 rotation).



20 2 State-of-art in manual control methods for steerabl® Mstruments

o VNN

Qg e s’

Figure 2.7: Sketch of serial single-segment control andti¥ek [103].

2.4.3 Integrated single-segment control

Integrated single-segment control refers to a control ephity which only the first segment
of the instrument tip is actively steered, followed padyiby the rest of the segments as the
instrument moves forward. In this way, only one integratddidF controller is required for
controlling an arbitrary number of segments. The Endo€a|¥il] and NeoGuide system
[97] are two examples of integrated single-segment cotitvati share similarities in con-
trol but differ in construction and motion transferring tmetl. Both systems are steered by
one integrated 2-DoF joystick whereas the leading motioadsrded and transferred elec-
tronically towards the preceding segments up to the tailis Tésults in a shape-memory
locomotion similar to a snake that moves forward while mdmiog the path of the head
and sliding it backward along its body.

The EndoCarrier consists of serially connected identigéhdrical segments and is
driven by motors at a constant forward speed, whereas th&dide system consist of a
leading section and a following section, and is operatedualnat any desired speed. In
the EndoCarrier, the recorded leading motion is transfiebackwards after a fixed time
delay regardless of the position of each segment, whereile iNeoGuide, the recorded
leading motion is only transferred backwards when the ¥alhg section arrives at the same
position as the leading section. Finally, as another exaropintegrated single-segment
control, instead of hinges as in the previous two systenesCtrdioArm (Fig[Z.1B) [24][25]
consists of multiple groups of cable-connected concenibies. The rigidity/limpness of
the tubes is altered as a result of pulling/releasing thenecting cables in regular time
intervals. The leading motion is then steered while thedudye limp, whereas the leading
direction is fixed when the tubes are rigid. The forward motbthe entire instrument and
the pulling/releasing motions of the cables are contrdigdnotors. All three systems are
equipped with an integrated 2-DoF joystick as a controkfate for the leading segment.



2.5 Discussion 21

Figure 2.8: Sketch of integrated single-segment contrdlaconcept sketch of CardioArm,
adapted from|[24][25].

2.5 Discussion

In the shift from open to path-way surgery, approaching teration site becomes increas-
ingly difficult due to the restricted maneuverability of theailable instruments. Driven
by the developments in NOTES, surgical instruments aregoeguipped with a maneuver-
able tip compensating for the limited freedom of motion, inttoducing high-level control
complexity to the surgeon.

In the case of controlling maneuverable (or steerablejunstnts with a single steering
segment at the tip, one controller is sufficient and the abmtotion is transferred to the
tip either directly or indirectly. Direct 1-DoF control isare intuitive than indirect 1-DoF
control due to the one-to-one mapping between the contrébmand the tip motion, but
the instruments featuring the latter control method areentommonly found in literature
due to their mechanical simplicity, cheap manufacturing sutability for disposable use
(Fig.[2.3). For dual deflection and triple motion controlpteategories of control methods
can be distinguished: separated and integrated contrelfdfmer employs multiple 1-DoF
controllers, whereas the latter requires only one integraontroller.

The categorizing concepts of separated and integratedataatn be further applied
in distinguishing control methods for maneuverable insteats (instruments with multi-
ple steering segments at the tip). In order to maneuver phell§teering segments, sepa-
rated control can be achieved either with parallel singlgasent controllers or serial single-
segment controllers, whereas integrated single-segnueritat uses only one integrated
controller for the leading active segment and the follompagsive segments. Separated
control features each segment of the maneuverable tip wehradividual controller, mean-
ing that each segment can be steered with full 2- or 3-DoF maerability. As a result,
the maneuverable tip can be shaped into any arbitrary aueaat the drawback that the
control is very complex since the surgeon (or an entire tebsuigeons) has to maneuver
many controllers simultaneously. Integrated controhatidess maneuverability as only 3D



22 2 State-of-art in manual control methods for steerabl® Mstruments

trajectories can be followed. As multi-segmented instmiware primarily being designed
for this purpose, however, a limitation to shape memory hoeotion is not considered as a
drawback but as a strong benefit leading to easy control ltyojus surgeon with a smart
instrument that precisely matches its surgical goal. Maamble instruments featured with
integrated control would generate a user experience sitnilzonventional steerable instru-
ments in aspects like eye-hand coordination, 3D-vision surdical work flow, but with
strongly extended functionality and maneuverability.h&ligh easier to control, integrated
control implies higher mechanical complexity and presgnést design challenges to the
engineers developing such instruments.

This review proposes a novel way of categorizing controlhods for handheld ma-
neuverable instruments based on physical coupling betweemrontrollers, and the re-
viewed control methods are linked to future developmentsaith-way surgery. Although
the current overview only contains control methods forrimstents with a single tip (single-
branched instruments), the information in this study camesas a basis for research on
manual control methods for multi-branched instrumentg, fr Single Port Surgery (SPS)
or NOTES.

This study shows that the development of multi-segmentetkenzerable instruments
is still in its infancy, and that their controls are still ydsasic and not very intuitive. The
reviewed maneuverable instruments with multiple steeseggnents vary in size, control ac-
curacy and medical application, and the respective contethods were developed solely
for function but not for dexterity or versatility. The deepiment of an intuitive and effective
control method is a challenge to engineers and should beagrmienary focus in multiple-
segmented instrument development within the domain of-patysurgery. Finding a solu-
tion for intuitive steering of single-branched systemaiigtier essential for making the step
to easy control of multi-branched systems, allowing compl&gical interventions through
a single, small incision — the ultimate goal in minimally &sive surgery.

2.6 Summary

In this chapter we have an overview of the state-of-art irdineelopment of manual control
methods for handheld maneuverable instruments. The shadyssthat in controlling single
steerable segments, direct as well as indirect controlmasthave been developed, whereas
in controlling multiple steerable segments, a gradualt slaif be noticed from parallel and
serial control to integrated control. The development oftreegmented maneuverable
instruments is still in an early stage, and an intuitive affelctive method to control them
has to become a primary focus in the domain of minimally iiweasurgery.
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3.1 Abstract

Background:During neuroendovascular procedures, catheter manipniatextremely time
consuming due to careful movements and the difficultiesfieergng branch vessels. Steer-
able catheters providing adaptive tip shapes may resuliamvar number of catheter ex-
changes and higher precision of catheter positioning, yentaitive and efficient control
method for tip steering remains a challenge. A slider or kiealtured on a handgrip is com-
monly implemented for controlling steerable cathetersthe effectiveness of the different
control methods is unknown.

Method: A setup simulating an endovascular path was built for evadgahe effective-
ness of four control handles as input device: Rotator-Tapatr-Front, Slider-Horizontal
and Slider-Vertical. Sixteen participants were asked t@ade a virtual catheter tip on the
monitor towards a target as precise as possible. Each ipariicperformed two trials of
four experimental runs over four sessions. The performaraseassessed in terms of task
time, travel length of the tip, average distance to the eemitthe vessel, and the number of
collisions to the wall. Subjective evaluation was assess@t) NASA Task Load Index.

Results and Conclusion:Significant differences between of the four handles were ob-
served in terms of average distanpe@.014 in the ¥ trial and p=0.029 throughout the
experiment) and the number of collisiors=0.043 in the 2 trial), showing that partici-
pants using Slider-Vertical exhibited best performanaéjé&ctive preference was strongly
given to Rotator controllers.

Key words: Neuroendovascular procedures, steerable cathetersobaethod
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3.2 Introduction

Since the introduction of cerebral angiography, endovas@pproaches for treating head
and neck lesions were under investigation. Under imageaguaigl, thin, long and flexible
catheters/guide-wires can be navigated within blood Vgsk®treat vascular lesions, such
as Carotid stenosis, cerebral aneurysms, Arterio VenoufoNaations (AVMs) and acute
ischemic strokel [72]. Beside the benefits for the patier. (equicker recovery and less
post-operative complications), neuroendovacular prosare difficult to perform due
to the visual-control misalignment and indirect manipiolatof long medical instruments.
A standard endovascular procedure contains 1) advancingdawire, 2) sliding a (pre-
curved) catheter over the guide-wire, 3) retracting theguwiire, and 4) manoeuvring the
catheter tip to reach the entrance of the side vessel.

A number of pre-curved catheters are developed in ordervariibus vessel curvatures
[128&] [90]]104][871[941[118]35]. Due to the high prectmn requirements from neuroen-
dovascular procedures [114], the catheter tip is carefdiyanced while the interventionist
slowly rotates the catheter shaft, which is extremely timestiming. As one of the solu-
tions, catheters with a steerable tip (referred to her&nat steerable catheter) provide the
adaptability of fitting different curvatures and lead to aafler number of exchanges and
higher precision of the catheter positioning.

Steerable catheters have been reported in the literatG€8 fhd the developments are
based on various properties of the steerable tip, such asthhal sensitivity [131][134][39]
[95]; 2) electrical sensitivity [154][47]; 3) pressure sdivity [57][49]; 4) micro-motorization
[151]; 5) cable-pull mechanisml[1][54][23][9][F5]. Amorgl the developments, a steer-
able catheter with a puller cable system is the easiest tafaature and the safest to utilise.
Commonly, one (or more) cable(s) is mounted between thentipaacontrol unit. The tip is
mechanically deflected by sliding/rotating the controtanthe proximal end of the catheter
[84][83][82].

Handgrips featured with a rotation knob or with a slider d& basic control modes of
steerable catheters described in the literaturz [[S4]7Z3[1]. The influence of each con-
trol mode on human performance, such as accuracy and wstigss, remains unexplored.
The presented study implemented the two control modes totfandles according to the
position of the control knob/slider and the direction of ttentrol movements: 1) Sliding
Horizontal (Sliding-H), 2) Sliding Vertical (Sliding-V)3) Rotation Top (Rotation-T), and
4) Rotation Front (Rotation-F) (Fig._3.1). A navigationkasas developed in order to
investigate the effects of the four different control methon human performance.

3.3 Material and methods

3.3.1 Setup

A setup (Fig[(3.1) was built to simulate the endovasculac@dores and to measure partic-
ipants performance. The setup consists of 1) four variounslles, 2) a catheter platform,
and 3) visualization software simulating an endovascud#in pn the monitor.

Four handles@=20mm, L=150mm) were designed differing only in term of direns
of the control motion, such as Sliding-H and Sliding-V, oténm of position of the knob.
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Figure 3.1: Experimental Setup: In one end of the cathetatfpim one handle is con-
nected to the rod that mimics the catheter body. From thatleadod is pushed
and pulled for translational movement. The rotator/sliderthe handle can be
manipulated for deflecting the virtual tip in the customigeed software. Both
translational and manipulating movements were detectad/bygensors (one at
the platform and one on the handle) that were read out fromta daquisition
unit, that was electronically connected to a laptop.

Rotation-T is equipped with a rotation knob on top of the gl whereas Rotation-F
with a rotation knob in front of the handgrip, like a collar.

The catheter platform contains a rod with its distal end emted to a sliding wire. The
forwarding movements of the rod were measured by an encoiheicking the catheter
translational movements. The proximal end of the rod wasntezliwith one of the four
handles during the experiment.

The visualization software geometrically represents & patineated by three consec-
utive blood vessels. The size and inclination angle arernedeto the Common Carotid
Artery(CCA), Internal Carotid Artery (ICA) and the brancessels of its bifurcation - Mid-
dle Cerebral Artery (MCA) and Anterior Cerebral Artery (A¢@][m]. Two vessel se-
guences were considered: CCA-ICA-MCA and CCA-ICA-ACA ahd angles were 30
50° and 120, respectively (Fig[_3]2a-b). The ratio of the vessel size @85 between
CCA - ICA, 0.86 between ICA-MCA and 0.65 between ICA-ACA.

3.3.2 Task

Participants were asked to maneuver a virtual catheterdip gection in Fig[—3]3) along
a 2 dimensional path by using each of the four control handidsey were instructed to
maintain the virtual tip inside the path, and advance thitiards the end line (blue section
in Fig.[3.3 ). They were further asked to avoid collisions &ydo follow the centre line of
the path as accurate as possible. Four paths representingitimtions of sequences CCA-
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Figure 3.2: The two simulated vessel models.

Tip (red) \J

Trajectory

End Line

Figure 3.3: Simulated endovascular navigation task: Thieter tip in red had to be ma-
noeuvred within the path delineated by the black lines falhg the centre line

of the path until it reaches the end line.

ICA-MCA and CCA-ICA-ACA were presented (Fid._3.4,panelf).c-Two geometrically
similar paths were designed for practising purpose (Eifla-®).
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CACAMA

Figure 3.4: Screenshots of the simulation software. a) gndAo tasks used in the practice
phase; c-d): four tasks used in the trial phase.

3.3.3 Participants

Sixteen participants (11 men and 5 women, aged between 285ricbm Delft University
of Technology performed the experiment voluntarily. Thesr&vengineering students with
no previous experience of neuroendovascular procedurédseoexperimental setup. All
participants were right handed and did not have colour bksg.

3.3.4 Experiment

Each experiment started with a brief verbal introductioplaiing the structure of the setup
and the goal of the experiment. Participants were askedforpethe experiment with only
the right hand under their most comfortable holding gestNext, the participant watched
a short video demonstrating the experimental task and vikeslas read a printed version of
the experiment protocol (Fig._3.5-top). Each experimemtaimed four sessions by using
each of the four handles. The order of utilization of eachdiemwas altered to eliminate
the influence of the learning curve of the task. Each seseiunded three phases: practice,
trial, and a questionnaire during the break.

During the practice phase, the participants were askedrtgplsge two practising runs
in order to understand the experiment, and to find the mostartable position for holding
and manoeuvring the handle. Subsequently, during thephate, the participants were
asked to perform two trials for each handle, and each triatained four runs with vari-
ous paths (Fig[_3l5-bottom). The trial phase was followea short break during which
the participants were asked to grade the handle using NASK Tead Index (TLX) for
measuring subjective workload. At the end of the four sessiadditional questions were
asked in the questionnaire, suchvasat was your most preferred control handiid you
feel fatigue during the experimenthat was your personal strategy for completion of the
experimentanddo you have suggestions or comments about the handles

3.3.5 Parameters and data analysis
The following parameters were used for assessing the takrpence:
» Task completion time (in secondtijne that each participant used in one trial;

» Travel length of the tip (in arbitrary unit)length of the trajectory travelled by the tip
distal end in one trial;
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Figure 3.5: Experimental protocol.

« Distance from the center line (in arbitrary unitaverage distance to the center line in
one trial. This measure indicates how accurate the tipdiaijg fits the center line of
the path;

* Number of errors during the taskiumber of times the tip passed over the black line
delineating the vessel path throughout one trial,

» TLX results including mental load, physical load, temporal load, perfance load,
effort load and frustration load with the use of each hangig[#.9).

Recorded data were analyzed using SPSS20. One-way anaflysisgance (ANOVA)
with repeated measures and post-hoc Bonferroni test weiducted to investigate the dif-
ferences between the four control handles in terms of tas&, tiravel length and average
distance over 1) first trial, 2) second trial, and 3) the tvialdér For the dependent ordinal
variables (number of errors and workload scores), Friedmstrand Wilcoxon signed-rank
test were used.

3.4 Result

3.4.1 Objective Measurements

Throughout the experiment, the results revealed signifiddference of the four control
handles in terms of average distance from center [(ig0.029) but not in terms of task time
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Temporal Demand How mentally demanding was the task?
L
Very Low Very High
Physical Demand How physically demanding was the task?
L
Very Low Very High
Temporal Demand How hurried or rushed was the pace of the task?
L
Very Low Very High
Performance How successful were you in accomplishing what

you were asked to do?

Very Low Very High
Effort How hard did you have to work to accomplish
your level of performance?

Very Low Very High
Frustration How insecure, discouraged, irritated, stressed
and annoyed were you?

Very Low Very High

Figure 3.6: Image of the paper-and-pencil version of the NAS X rating scale.
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or travel length (Figi_3]7). Post hoc tests indicated thaafo-T led to shorter average dis-
tance to central line than Rotator-p=0.019). In the first trial, the four control handles did
not differ significantly in terms of any of the investigateatameters, except for the average
distance to the center linp£0.014), whereas in the second trial, a difference was wbder
in number of errorsg=0.043). Post hoc tests revealed that in the first trial jgpeints using
Rotator-T performed the experiment with a significantlyrsbiodistance to center line than
using Rotator-F§=0.018). In the second trial, the results revealed thaigipants issued
significantly lower number of errors using Slider-V comphte using Slider-H§=0.003),
using Rotator-T§=0.021), and using Rotator-p<0.006, Fig[3.B).

3.4.2 Subjective Evaluation

Statistical results of the subjective workload scores dherfour handles are presented in
Figure[3.9. Significant difference between the four handias only observed in temporal
demand ?(3)=10.008p=0.019). The post hoc test revealed that participants (Slidgr-

H or Slider-V experienced significantly higher temporal éem than using Rotation-F (Z=
-2.371,p=0.018) and Rotation-T (Z=-2.12p570.034).

Atthe end of the experiment, Rotator-T and Rotator-F weeégored above Slide-H and
Slide-V (Fig.[3.10). From the open comments, the two rotatsed handles were reported
to be easier to control than sliders, since the holding gestas more comfortable. Thirteen
out of sixteen participants felt fatigue during of experityén which fatigue on the forearm
was experienced most often (7 out of 13), four participagperted fatigue in their thumb
and wrist, and two reported fatigue due to tired eyes.

3.5 Discussion

In this experiment sixteen participants used four handlestnplete an experimentin which
a virtual catheter had to be manoeuvred following the cdimesof a delineated path on the
screen. The participants using the vertical slider exéib@horter time and travel length,
closer to the central line, and specifically issued signifiigdlower number of errors during
the second trial. It was observed that participants expeeié higher temporal demand with
this vertical slider than the other control handles. Thitcome indicates that the vertical
slider controller would facilitate novices’ performand®it also gives high time-pressure
(temporal load) to the participants.

We further noticed participants exhibited significantipskr distance to central line
using Rotator-T than using Rotator-F, whereas both rofaénidles were more preferred
than slider-handles. From the open comments it became ttiagparticipants felt more
comfortable using rotator-handles. A likely explanatisrthat all participants used their
thumb to do the control movements (Fig._3.11, panels a-d)ydtating motion require
smaller and less thumb movements compared with slidinganoti

A large percentage of the participants reported fatigumeswere received right after
manipulation of Slider-H and Slider-V. One plausible reasemuld be that using thumb
alone is perceived to be more difficult than the combinaticthomb and index finger.



Variable within subjects (n=16)

Post Hoc tests (Bonferroni)

Task time

Travel length

Average distance

Slider H | Rotator T | Slider V | Rotator F ANOVA S.H SH | SH|RT| RT S.V
(SH) (RT) (SV) (RF) Vs. Vs. vs. | vs. Vvs. vs.
Mean Mean Mean Mean R.T SV | RF|[SV ]| RF R.F
(SD) (SD) (SD) (SD) P p P p|p p p
1% trial ‘ ‘ 2o 2o 0.873 n.s n.s ns | ns n.s n.s
79.33 124.88 74.19 92.89 ) ) ) ) ) ) )
nd 248.25
2" trial 3924 135.89 71.91 2826 0.615 n.s n.s ns | ns n.s n.s
253.16
Overall 30,31 125 58 68 02 0.751 n.s n.s ns | ns n.s n.s
woot | |
1% trial 22215 45201 183 06 0.102 n.s n.s ns | ns n.s n.s
2™ trial ‘ il 0.233 n.s n.s ns | ns n.s n.s
23937 | 50108 | 246 | ' ' ' ' ' ' '
2455.98
Overall 22356 47261 ‘ 1977 0.149 n.s n.s ns | ns n.s n.s
_0 144
st H
1% trial _ 0.014 0.856 0.648 1 1 0.018 0.094
2" trial \—\— 0144 0.128 n.s n.s ns | ns n.s n.s
Overall ‘ 0. 144 0.029 0.809 | 0.604 1 1 0.019 | 0.092

presented with color scales, raising from green to red.

Figure 3.7: Results of objective and continuous measurggndiime, Travel Length and Average Distance. For each hatitt mean and
standard deviation (SD) of the dependent measure is repoftdlowed by the p value of each linear contrast. The vatue
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Figure 3.8: Experiment results in 1st trial, 2nd trial andrdlughout two trials, including
Task time, Travel length, Distance to the centre, and Nuraberrors. The re-
sults are presented as box plots, where every box has a lithe &5th quatrtile,
median and 75th quatrtile. *30.05,**p<0.02.

Variable within subjects Post Hoc tests
(n=16) Friedman (Wilcoxon signed-rank test)

SliderH | RotatorT | SliderV | RotatorF Test ?I: 31: 3? l}: SST 3;/

SH) (RT) V) (RF) RT SV RF SV RF RF

Mean Mean Mean Mean P P P P P p P

Number of ]“:ltri.al 2.69 2.44 2.09 2.78 0419 n.s n.s n.s n.s n.s n.s
errors 2" trial 2.81 2.75 1.72 2.72 0.043 0.842 | 0.003 | 0.876 | 0.021 | 0.727 | 0.006

Overall 2.88 2.66 2.63 1.84 0.109 n.s n.s n.s n.s n.s n.s

TLX- Mental Demand 2.50 2.69 2.34 2.47 0.880 n.s n.s n.s n.s n.s n.s

TLX-Physical demand 2.63 2.59 2.44 2.34 0.903 n.s n.s n.s n.s n.s n.s
TLX-Temporal demand 2.84 1.88 3.03 2.25 0.019 0.058 | 0.888 | 0.018 | 0.034 | 0.781 | 0.090

TLX-Performance 2.19 2.69 241 2.72 0.547 n.s n.s n.s n.s n.s n.s

TLX-Effort 3.06 1.97 2.50 247 0.090 n.s n.s n.s n.s n.s n.s

TLX-Frustration 2.63 2.19 3.03 2.16 0.124 n.s n.s n.s n.s n.s n.s

Figure 3.9: Results of number of errors and subjective wealll Results of Friedmans
mean rank for each dependent measurement is presenteayéallby the p-
value for each linear contrast.
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12 —

10 —

Number of participants (n=16)

Slide H Rotator T Slider V. Rotator F

Figure 3.10: Subjective preference over the four handlgb@end of the experiment

Figure 3.11: Common adopted holding gesture for each comethod.

Both slider-handles and rotator-handles have been conynagglied in the develop-
ment of steerable catheteE[@[ﬁ] @I[?E] [1]. Our exipent revealed that Slider-Vertical
controller would be the best choice for performing endoutsgrocedures by novices due
to the general fast performance, shorter travel length aradier deviation to to path central
line. Results of this study also suggest that rotator-remdie strongly preferred. A knob
featured on top the handle would lead to better performatitberaspect to a knob featured
in front of the handle. Future studies should be carried owdssess the effect of other
ergonomic related factors, such as relation between haedsid handle and knob size, on
human performance.
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3.6 Summary

This study assessed the effect of four control handles orahyarformance for manipulat-
ing steerable catheters in simulated neuroendovascueegures. The best control handle
was not revealed from the experimental and subjectivetederticipants performed better
performance using Slider-Vertical handle, but the Rothemmdles were strongly preferred
by participants at the end of the experiment due to the easpewvring movements. Other
ergonomic factors, such as the hand size, handle and cdumtodl size, should be investi-
gated in the future studies.
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4.1 Abstract

Background: Laparoscopic surgery is performed with long and slendéningents through
one or several incisions in the abdominal wall. Steeralsteiiments with flexible distal tips
have been developed for improving the ease of access toraitagtructures. However, the
development of an intuitive and efficient control methoddoch steerable instruments re-
mains a challenge. To determine which interface is mosttinéuand effective to control
steerable instruments, the current study evaluates thierpence of novices in orienting
the tip of a steerable laparoscopic forceps using thumtrabot wrist control.

Method: Using two steerable instruments, one controlled by the thand the other
by the wrist, twenty-four novices were divided into two gpsuthat had to carry out an
experimental task in an EndoTrainer with one of the two instents. The participants had
to orient the tip of the instrument relative to five targetatttvere presented in a random
order. After a break, the participants switched to a secoadsurement session with the
other instrument, followed by a third measurement sessitm tive first instrument. Each
participant performed the task 240 times over the three omeasent sessions. The perfor-
mance was assessed by measuring the performance time augigtionnaire and grading
the work load.

Results: The performance time showed a significant learning curveeémh control
method. The shortest performance time was recorded dungghird session with both
control methods (42.7s for thumb control and 44.6s for wadsttrol). A significant differ-
ence in the performance time was observed in the seconesepsi0.02) but not in the
first and third session. The questionnaire showed that nasstipants had a preference for
thumb control.

Conclusion: After a brief training period, thumb control and wrist casitdid not reveal
significant differences in task performance. However, thwontrol was strongly preferred
by the participants due to the perceptive feeling in perforoe.

Key words: laparoscopic surgery, steerable instrument, control attimtuitiveness
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4.2 Introduction

Laparoscopic surgery is performed with long and slendericaéthstruments through one
or several small incisions on the abdominal wall. Despitdritaadvantages in aspects of
hospital stay and recovery time [31], the complexity of theggon’s manipulation activities
raises due to the limited Degrees of Freedom (DoF), the laclrect visual contact and
force feedback, etc. [29][123][14].

In laparoscopic surgery, the number of DoF of conventioigad medical instruments is
limited from six to four [14][29]. With such rigid instrumés surgeons are not able to reach
obstructed anatomic structures. Therefore, instrumeittsandistal steerable tip are under
development [11][15][140][93][43][13], some of which aaready commercially available
[1€][129].

Robotic devices, such as the Da Vinci[5], can recapture #eral motion of the human
hand with no fulcrum effect and high precision and stabilifyhe surgeon’s wrist/hand
movements are transferred to the tip of the instrumentgively using a computer system.
Hand-held steerable instruments have strong advantagesms of production costs and
similarity to conventional rigid instrumentaticn [96]. Mertheless, the ease of maneuvering
hand-held steerable instruments is strongly affected eyrththod to control the steerable
tip. In the case oWvrist control the surgeon’s wrist motion is used to steer the distal tip by
rotating the entire handgrip relative to the shaft. Wristtcol has been used in a number of
hand-held steerable instrument developments [1L40][9§6d commercial products such
as the Radius Surgical System [140], the Laparo-Angle (&id) [16] and the RealHand
[129]. Alternatively,thumb controlallows manipulation of the orientation of the distal
steerable tip by moving a joystick mounted to the handgrighwhe thumb. This method
has been used for the prototype laparoscopic grasper Migr@#ig.[4.2)[11] that has been
designed by the Dutch company DEAM B.V.. Other control metrsuch asingle wheel
control [43] was also reported in the literature.

A number of previous studies have investigated whethericalrgerformance with
steerable instruments is better than with conventiona iigstruments|[140][80]. Waseda
et al. [140] observed that the use of instruments with agltiéti DoF improve the needle
guiding accuracy compared to the use of conventional ingnis. In the study of Martinec
et al. [80], the use of steerable instruments slightly odwened conventional instruments
in two suturing tasks. Zahraee et al. [152] found that a jiigkga Wii Nunchuck controller)
allowed more precise control than an articulated-handier{st control interface modified
from the handle of a conventional laparoscopic instrumierd)visual suturing task. How-
ever, it is yet unclear which control method for steerabirimment is most beneficial for
dexterous performance.

This study compares wrist control with thumb control in gagsitioning and orientating
task. Wrist control was applied with the Laparo-Angle wiaeréhumb control was applied
with the Microflex. Both instruments were slightly modifiedrhake them equivalent apart
for the control method. In the study, twenty-four participmperformed an experimental
task in a trainer box to find out which control method is mofet. Additionally, a work
load questionnaire was used to investigate which contrethatkis preferable.
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Figure 4.1: Wrist control instrument Laparo-Angle (Canmdge Endo, U.S.). Up: The han-
dle and tip are at downward position. Down: The handle andtiat upward
position.

4.3 Material and methods

4.3.1 Instruments

Of the two instruments that we used, one was designed as pegréike Microflex) and
the other one as a scissors (the Laparo-Angle). Since tHefoar study was to compare
two control methods in positioning and orienting the tiptthastruments were slightly
modified, so that the tips of the instruments were equal. Tasper and scissors were
covered by a tightly fitting aluminum tube (L=50mm=6mm), locking the jaws in closed
position and giving both tips the same length. During theeeixpent, the roticulators were
also locked so that only left/right and up/down tip motionsrevallowed. As a result, the
handgrip with the applied wrist/thumb control method waes dnly experimental variable
(Fig.[4.3) that differed for the two instruments.

4.3.2 Participants

Twenty-four volunteers (nineteen male and five female) fidefft University of Technol-
ogy participated in the experiment. They were divided imto groups with reversed order
of instrument use. Group A started with the Microflex (thunadmtrol) whereas group B
started with the Laparo-Angle (wrist control). The pagpits were between 19-29 years
old. All participants were right-handed and they had nompeiperience with laparoscopic
surgery.
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Figure 4.2: Thumb control instrument Microflex (DEAM, NL):UThe ratchet and tip are
at downward position. Down: The ratchet and tip are at upwpogition.

Figure 4.3: The two laparoscopic instruments (with modiima) used in this study. In both
instruments, the steerable tip has been covered by an aluminbe locking the
jaws in closed position and giving both tips the same length.
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4.3.3 Setup

The setup is sketched in Fig. %.4. The experiment was castieth an EndoTrainer (Endo
Innovations B.V, NL) consisting of a closed box with a campositioned inside and a
monitor placed at eye height. The box was covered by a suwiheholes through which
instruments can be inserted. Inside of the box, a round nyilage (D=100mm) was placed.
Five transparent plastic tubes with varying orientatides20mm,2=8mm) were fixed on
top of the round plate. Each tube contained an electronitacband a LED light. The
electric contact was located 5mm deep from the tube entraieeentrance of the tube was
marked with a red circle. All electric contacts and LEDs welectronically connected to
an USB controller (Labjack-U3, LabJack Corporation, U.Sakich was controlled with a
PC. The round plate and tubes occupied a space of approkni@@x100x20mm. The
setup was positioned in front of the participants in ordeavoid unnecessary distortions
in eye-hand coordination [19]. Based on the difference gtk between participants, the
setup was lifted up or lowered to a comfortable height.

4.3.4 Task

A positioning and orienting task was used in this study assitated in Fig.[4]5. The
participants were asked to move the steerable distal tipridsithe target and insert it into
the tube by using each of the two different control methodse TED was lit to indicate
which of the tubes was the target. When the tip was steeredanynthe same orientation
as the target tube, the tip could move inside the target tnbdeauch the electric contact. A
successful approach was then recorded and one of the semdeduer LEDs was lit. The
total trajectory was designed to cover all possible patlsa@gtween the target tubes and
consisted of 20 runs. The order of the runs was randomizeceordhand and equal for
all participants. One trajectory was defined as one trialrFidals were recorded as one
session. Each participant performed three sessions (3682450 runs) using one of the two
control methods.

4.3.5 Procedure

Figure[4.6 shows the procedure and the order of the contrtiads for each of the two
participant groups. Instructions on how to perform the taske given to all participants via
a video clip and a short demonstration. The participantstiped five runs at the beginning
of each of the three sessions. For participants from groufh@experiment started with
thumb control during the first session, followed by wrist tohand thumb control in the
second and third sessions. For participants from group &gelperiment sequence was
wrist control - thumb control - wrist control. At the end ofadesession, the participants had
a break and were asked to fill in a questionnaire and to use NABAk Load Index (TLX)
[51] to assess their work load. TLX consists of a scale from ®1 for six items, including
Mental demand, Physical demand, Temporal demand, Perfamen&ffort and Frustration.
A higher score means that a task is more demanding. Eacltipartt needed about one
hour to finish the experiment.
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Figure 4.4: Sketch (top) and photo (bottom) of experimenise
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Illuminated LED and
electronic node

Figure 4.5: Sketch (top) and photo (bottom) of the transptatrarget tubes
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Session 1 Session 2 Session 3

Practice Practice . Practice
s
1st control method 2™ control method 1% control method

[ ||| ]

‘ Break & Questionnaire }— Break & Questionnaire |— Break & Questionnaire

Group A
‘ Thumb control }—»' Wrist control Thumb control
Group B

‘ Wrist contro }—»I Thumb control Wrist contro

Figure 4.6: Flow chart of experiment procedure and ordertef two control methods in the
two groups

4.3.6 Statistics

The task performance time was recorded and statisticalllyaad by using repeated mea-
sures ANOVA tests (analysis of variance). The effect of twoteol methods is considered
to be significant in the case that thealue is smaller than 0.05.

4.4 Result

Figured 4.V and 418 show the average task performance tichieaming curves from each
group (n=12, indicating there are 12 participants in eadhug)y in the three sessions. The
plot depicts the results as box and whisker, where the uglefitottom line of the boxes
represent the upper quartile/median and/quartile valtigeeaesults. The ANOVA tests re-
vealed no significant effect on the average task performiamesnf the two control methods
for the first and third sessions but did show a significanedéfce for the second session
(p<0.02). In the first session, the average task performaneaewes 127.4s and 124.2s,
whereas in the second session, the average task perfortirarcgas 117.6s and 85.2s for
group A and group B, respectively. In the third session, thexage task performance time
for these groups was 78.7s and 75.9s. The fastest perfoemascrecorded during the third
session for both control methods (42.7s for thumb contrdl4h6s for wrist control).

The averaged TLX scores for the item Physical demand andtEffe shown in Fig.
[4.9. During the second session, the Physical demand and ##oe significantly different
between the two group®£0.001 andp<0.02). The average Physical demand score for
group A during the second session was 15.5 and 7.0 for groUph&average Effort score
for group A during the second session was 15.5 and 10.0 fapgBo The results showed
that, during the second session, participants from grougrfopmed the experiment with
more physical demand and effort. In the first and third sessio significant difference was
found.
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Figure 4.7: Average task performance time in each sessidre filled boxes indicate the
results from group A, whereas the unfilled boxes indicatedhelts from group
B. The results are presented as box and whisker plots, whveny &ox has a
line at quartile, median, and upper quartile values. *0.02.

Finally, the results of the questionnaire on the subjeginegerence revealed that 16 out
of 24 participants chose thumb control as general prefer@rig. [4.10). 15 Participants
rated thumb control to be easier in orientating and 16 ppétits rated thumb control to be
faster in orientating. For the question of being preciseriendate, 13 votes were given to
thumb control, 8 votes to wrist control and 3 votes to no difee.

4.5 Discussion

The current study investigated the performance in a positgpand orienting task in a
portable laparoscopic trainer under standardized camditivith the method for controlling
the orientation of the instrument tip as the independen¢emgent variable.

The difference of two control methods with respect to tasfgenance time was not
significant in the first and third sessions. This suggestshiibtn thumb control and wrist
control results in a similar performance during the leagnihase and the experienced phase.
However, for both task performance time and task load, Saggmit differences were found in
the second session. In this session, group A changed thetargthod from thumb control
to wrist control while group B changed from wrist control tmumb control. Participants
from group A experienced more physical demand and effortisHithe experiment and
also needed more time to get used to the new way of controllligs shows that it was
more difficult to switch from thumb control to wrist contrdidan opposite, indicating that
thumb control is easier to get used to. It was also found thtiteaend of the experiment,
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Figure 4.8: Average task performance time in each trial fritmee sessions. Filled marks
indicate group A, whereas unfilled marks indicate group B.

thumb control was much preferred by the participants.

A likely explanation for these results is that all partiaipgused their wrists to do com-
mon laparoscopic movements, such as to rotate the instiaramd the shaft, to push/pull
the instrument in and out of the trocar, the up/down andrigftf movement at the incision
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p<0.001.
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Figure 4.10: Questionnaire results for final preference

(4 DoF, Fig.[4.1]-top). For steering the distal tip (2 exti@Hp, the participants needed to
do an extra steering maneuver with their hands. The extesistemaneuver was added to
thumb in the case of thumb control(Fig._4. 11-middle) anch®wrist in the case of wrist
control(Fig [4.111-bottom). Thus, in order to control 6 D@oF for distal tip steering and
4 DoF for the conventional laparoscopic movement), thumtirobemploys both thumb (2
DoF) and wrist (4 DoF) whereas wrist control employs onlysiv(6 DoF).

When the participants from group A changed from thumb cdmtravrist control, they
needed to get used to controlling 2 extra DoF with their wiintrolling and distinguish-
ing 4 DoF with only one joint (the wrist) appears to be rathifficlilt to get used to. On
the other hand, when the participants from group B changed frrist control to thumb
control, they had to control 2 DoF less with their wrist (whis easy) and get used to con-
trolling these 2 DoF with their thumb (which not so difficuk¢ause thumb control is very
common, e.g. for controlling joysticks in games, laptopsnmbile phones). Nevertheless,
in the end, all participants got experienced in both contriethods. Hence, although in
the third session, the control methods were changed agaisignificant difference was
observed anymore.

We should note here that the experimental task used in tipisrement was relatively
simple. In this study, the end-effector of each instrumeais Yocked, whereas in practice,
the opening/closing of end-effectors will result in incsed complexity of the tasks. Hence,
the manipulation of all DoFs will require more cooperati@iMaeen fingers and wrist. Pos-
sibly the performance with the two control methods will difin more complex tasks like
manipulating tissue or suturing. Furthermore, the paoéiots in this study had no previ-
ous experience with handling laparoscopic instrumentsevexiperience could also have an
effect on the performance with steerable instruments.
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Figure 4.11: lllustration of control motions in this experént. Top: Common control mo-
tions in laparoscopic procedure (four DoF), pull/push amdation along the
instrument shaft, up/ down, left/right at the incision. kit Thumb control
motions (two DoF), left/right and up/down; Bottom: Wristntml motions
(two DoF), left/right and up/down.

4.6 Summary

This study compared two control methotlsmb controbndwrist contro) which are used
in the development of steerable medical instruments. Thelteshow that for novices,
thumb control method and wrist control method revealed gaificant differences with
respect to task time and task load. However, in the partitip@ersonal opinions, thumb
control was indicated as easier in use and strongly preferre
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5.1 Abstract

Background: In the field of minimally invasive surgery, specifically inthavay surgery
(i.e., minimal invasive procedures carried out translwuttynor through instrument-created
pathways), spatial disorientation is a common experiea@ntioscopists. In this article,
two effects that may cause spatial disorientation in paghsuaigery, 'control-display com-
patibility’ and 'local disorientation’, were studied.

Method: A custom-developed simulator Endo-PaC was developed agdifos mim-
icking pathway surgical scenarios. In Study 1, two ways oftad-display alignment, nor-
mal mapping and mirrored mapping were tested in combinatitimtwo control devices,
thumb control and wrist control, in an orienting task usinglB-PacC. In Study 2, a tethered
viewpoint was added to the virtual instrument tip, it was tiyyesized that the visible tip
would provide a cue of orientating direction in the refereftame during the instrument
navigation. In both studies, novice participants were ived and their performance was
evaluated with regard to task time, path length travellethieyvirtual tip, time and number
of warnings, and subjective workload and personal preferen

Results: In Study 1, normal-thumb and normal-wrist mapping yieldehiicantly
lower means than mirrored-thumb and mirrored-wrist cdrftoall investigated objective
and subjective performance measurements. Out of 24 geatits, 20 participants preferred
normal control mapping. In Study 2, participants perforrtiestask in shorter time and with
shorter path length when the tip was visible tip on the maniting a tethered viewpoint,
but with a lower number and time of warnings without a visitiye

Conclusion: The results of our studies show that eliminating the vigligblay mis-
alignment would greatly improve novice participants parfance, reduce the training time
and their cognitive workload. A visible tip on the monitor wid provide strong direction
cue and shorten the performance time, but might introduliisiom errors to novices and
therefore requires longer training time.
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a)

Figure 5.1: lllustration of camera and instrument positiortwo types of surgery. a): min-
imally invasive surgery, in which the camera is located oter surgical in-
strument and target; b) Natural Orifice Transluminal Endogic Surgery, in
which camera is located on the tip of the surgical instrumdsiack indicates
an endoscope, green indicates the camera, and purple itetiche surgical
instrument.

5.2 Introduction

In the field of Minimally Invasive Surgery (MIS), surgicakttuments and endoscopic cam-
eras are inserted through one or more small incisions irtkielgoatient’s body while the
surgeon operates by looking at a monitor. The monitor is mdlynfocated over the patient
and shows real time images taken from the operation area bypsrad an endoscopic cam-
era. In laparoscopic surgery the camera is mounted at tlod &ip endoscope and provides
a view of the operating area over the surgical instrumerg. (Bida), whereas in Natural
Orifice Transluminal Endoscopic Surgery (referred to heafter as pathway surgery), an
endoscopic camera is located at the tip of the surgicalunsnt itself. In the latter case,
the camera is manipulated together with the instrument dtipfeiaxes, making it difficult
for the surgeon to maintain a sense of spatial orientaticenwiavigating from one location
in the anatomy to another. (Fig_5.10) [106][121]. In thiscke, we present two empirical
studies investigating spatial disorientation in pathwargsry.

In the first study, the relationship between the control nmeests of the surgeon’s hand
and fingers and the display on the monitor, referred tocasttol-display compatibility
and its effect on spatial disorientation and task perforreasill be investigated. Second,
due to the fact that in pathway surgery the camera is positiat the endoscope tip, the
visual display provides an egocentric view, which compi®aiglobal situation awareness
in such a way that during navigation surgeons may not knowettee instrument is and
where it is heading to in the next advancing step. Local tdsdation is at play as well,
because the movement of the distal flexible endoscope tiprisaled from the other end
of the endoscope, which is proximal to the surgeon’s hanélgs [As a result, the frame of
reference differs for the surgeon’s hands and the endodgopén the second study, the
effect of the frame of reference on task performance willnvestigated.

Note: although the two studies are presented here together dhe gnilar cognitive
aspects, they were performed separately and have distiferetice in aspects such as setup
and instructions, inhibiting a direct comparison of theulssbetween the two studies.
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5.3 Study 1: Control-display compatibility

Control-display compatibility has been extensively saadin the field of teleoperation over
the last 60 years. Worringham et al._[146] distinguishedmddisplay compatibility as
one of the three forms of compatibility between control argpldy movements, the other
two being visual-motor compatibility and visual-trunk cpatibility. Configurations with
high control-display compatibility are associated witlhhr reaction times and lower error
rates as compared to settings with low control-display catibpity. Maximum compati-
bility is achieved if a vertical linear movement of the catfor example, corresponds to a
vertical linear movement on the display. For overviews oma-display compatibility and
other population stereotypes, see [22][53], includingatiepatibility of linear and circular
displays with translator, rotary and thumbwheel contrMany have compared a so-called
'normal’ control-display configuration, in which the movents displayed on the screen
were in the same direction as the control movements, witerdéag., mirrored, inversed,
or reversed) control-display configurations and reported the fastest performance was
indeed achieved under the normal configuration|[124][4]BC]. Sometimes, however,
physical constraints may inhibit maximum compatibility. laparoscopy, for example, the
insertion point of the surgical instruments acts as a piwihtp with as a result that the
movements of the surgeon’s hands at one end of the instriaremntirrored at the other end
of the instrument and therefore on the display—the so-géllkerum effect|[40][52].

In this study, we assessed the effects of control-displagpadibility on human per-
formance in a navigation pathway surgical task. Two wayslighanent, normal map-
ping (handle left=>image left, handle up-image up) andmirrored mappinghandle left-
>image right, handle up-image down) were tested in combination with two control de-
vices, thumb control and wrist control, in an orienting takking simulated scenarios of
pathway surgery (Fid._5.2). The two control devices are comgnused for manipulating
catheters and steerable laparoscopic instruments [3¥}hioh the deflection of the sur-
geon’s thumb/wrist operating the handle of the instrumsmhapped to the deflection of
the instrument tip. In line with the research listed above hypothesized that congruence
between control movements and displayed movements wocilddte task performance.

5.3.1 Material and Methods
Setup: EndoPathController(Endo-PaC)

A simulator with a physical interface emulating the shaftl &randle of a manoeuvrable
instrument, Endo-PaC, was used (Fig.]15.3a). Endo-PaCréesatwo alternative control
methods on the handle, thumb and wrist control (Eigl 5.3bFagd5.3c, respectively), both
allowing 2-DoF steering motion (left/right and up/down,ximaal range in both directions:
17.5 mm) and translational motion (forward/backward, nraatitransitional range: 100
mm). Steering is tracked by two potentiometers, while tiatiom is tracked by a position
sensor.

Custom-designed software (developed in C++ using Openkyiarly) visualizes a 3D
curved tunnel (27 frames per second, [Eig] 5.3d). The tunnehture, defined by its radius
and period, is set to be within the maximal range of the stgariotion (17.5 mm), and the
tunnel length is configured such that the absolute distarteden the incision plane and
the target plane is equal to the maximal translation randleeoEndo-PaC shaft (100 mm).
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Figure 5.2: lllustration of four control modes in Study 1.

An endoscopic camera is featured at the tip of a virtual man@ble instrument. The
camera always points at the centre of the screen. The cametadred by the control
unit, and the camera movements are proportional to theisteerovements with an am-
plification factor of 10. The simulation screen (400x300gi) is set to be identical to the
camera’s field of view. The resolution of steering motion.s20mm and is defined by the
resolution of the measurement unit (1 mV, LabJack Corpamnatiakewood, U.S.) and the
settings of the simulation software (17.5x2 mm/300 pix@l42 mm/pixel). The resolution
of translational motion is set at 1 mm.

The software checks the distance between the virtual catipeaad the tunnel central
line at a frequency equal to the number of frames-per-se@h#iz). A safe zone is pre-
set by the software as an annulus with diameter equal to Gfreadiameter of the tunnel.
When the tip moves outside the safe zone, the colour of theetunrns amber and a green
arrow appears on the screen towards the central line, imaticthe direction toward which
the tip should be moved to prevent collision with the tunnell\{Fig.[5.3e). The length of
the arrow changes linearly and proportionally with theatise of the camera tip from the
tunnel central line. If the tip collides with the wall, thentuel turns red (Figi_5l3f). When
the task is completed successfully, the tunnel turns greign[5.3g).

Participants

Twenty-four undergraduate and PhD students (12 males aach8lés between 22 and 29
years old) from Delft University of Technology volunteertedoarticipate in this study. All



Figure 5.3: Endo-PaC hardware and software units. a) the &RdC setup, b) thumb control, c) wrist control, screenshaftthe animation
program in case of d) normal €) warning for near collisiongcfllision, g) success. The green arrow appears only in thee e
near collision or collision. The direction and length of grearrow is proportional to the position of the warning/ésibn and
deviation to the tunnel central line.
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Session 1 Session 2 Session 3 Session 4

Practice Practice Practice Practice
1™ control mode 2" control mode 3" control mode 4™ control mode

‘ 10 successful trials ‘ 10 successful trials ‘ 10 successful trials ‘ 10 successful trials

Break & Break & Break & . .
. . S - . Questionnaire
questionnaire questionnaire questionnaire

Figure 5.4: Experimental procedure of Study 1.

participants were right-handed and had no prior experiastteminimally invasive surgery.
None of the participants had used the Endo-PaC before. Ty stas approved by the
Human Research Ethics Committee of Delft University of Tealbgy.

Experimental procedures

All participants were tested in all four combinations of taantrol mappings (normal and
mirrored) and two control devices (thumb and wrist), thaNermal-Thumb (NT), Normal-
Wrist (NW), Mirrored-Thumb (MT) and Mirrored-Wrist (MW) adrol. Each combination
of control mapping and control device is called hereaftentcol mode’. The sequence of
the four control modes was permuted to minimize order biadearning effects.

Before starting the experiment, each participant was Wgrisdormed that the goal of
the experiment was to compare four control modes for managgrgurgical instruments
and was introduced to minimally invasive surgery, ste@ralbirgical instruments and the
hardware (shaft, thumb control handle and wrist controldterand software (virtual tun-
nel) components of Endo-PaC. Next, the participant watcghe@leo demonstration ex-
plaining the colour changes of the virtual tunnel in casémafiinent collision to the tunnel
wall, collision, and task completion. A second video denti@isd how to use the control
unit with either control device (thumb control and wrist tat) and explained the control-
display correspondence in the cases of normal and mirroeggbmg.

The experimental procedure was verbally explained by sgwi printed version of
the scheme in Fid._5.4. The participants were informed thet tvould be asked to fill in a
NASA-TLX questionnaire during the experiment, and a questaire with their preferences
and comments at the end of the experiment. A printout of th& NA'LX questionnaire
was shown, and it was explained that each subscale shoultsheeed by marking one of
the ticks. Finally, a 2D schematic side view of three tunnete with on-centre and two
with off-centre targets was shown, explaining that thegaingay not be always at the centre
of the target plane, therefore, after arriving at the tapige, a steering manoeuvre may be
needed in order to hit the target and complete the task. Magh participant configured the
steering unit to its central position so that the cameraftth@virtual instrument was placed
at the centre of the screen. At that point the participantiwstsucted to guide Endo-PaC
safely as fast as possible through a tunnel toward the gathéairget located at the end of
the tunnel and the experiment was started.

Each participant performed four tests with alternatingyesaf control modes. Each test
consisted of a practice session, an experimental sesstba hreak (Fig[5l4). A practice
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session included three trials of reaching the target with @ihthe control modes. In the
experimental session following a practice session, thégjzaint used the control mode
that he/she also used during the practice session. An expetal session was completed
when the participant performed 10 successful trials, that@aching the target without
any collision. If the virtual tip collided against the wathe trial was discontinued and
considered as unsuccessful. The 10 successful trials walieed in 10 tunnels of various
curvatures.

The tunnels were constructed so that the absolute distateén the initial plane and
the target plane were always 100 pixels and the target waayalwisible on the screen.
The tunnel central line was calculated as a helix w{th = a x cogat); y(t) = b x sin(ft);
z(t) = k x t; in which, a andb defined the width of the tunnel (held constant for all mea-
surements) and were chosen based on the maximal range dé#rang motiona andf3
defined the period of the tunnel curve and were random nuniiegvaeen -1 and 1 gener-
ated in MATLAB, andk (a constant) was chosen to fit the maximal motion range of the
translational motion (17.5mm).

The order of the tunnels was randomly varied between thedessions, to prevent the
participants from adapting their manoeuvring strategyhédrder of the tunnels. The order
of tunnels per session was identical for all participantbatTis, in the same session, all
participants were tested with the same set of tunnels inaherder.

Each experimental session was followed by a short brealggluhich the participants
were asked to fill out the NASA TLX questionnaire. At the endtloé experiment, the
participants filled out a questionnaire in which they werkedsto give their preference
between the four control modes and provide their impressiyout the interface in general.
The questions included werd. "Which control method do you prefer? Please re-order
them according to your preference (from most-prefer to tigasfer). Why?”; 2. "Did
you feel fatigued during the test? If yes, please explainhatwvay and at which time(s)
during the test”; 3. "Can you explain the strategy you follevto perform the test?”;
4. "Do you have any suggestions for improving the controlhmd®”; and 5. "If you
have any additional comments, suggestions, feelingscgrietc., please add them here”.
The experiment lasted about 1.5 hour per participant. Adstionnaires, videos, and oral
instructions were in English.

Parameters and data analysis

The following parameters were chosen for assessing theoefrmance:

» Task time (in seconds)he time taken to complete 10 successful trials in one éxper
mental session (trials with collisions excluded);

« Path length (in arbitrary units)the distance travelled by the virtual tip during the 10
successful trials in one experimental session;

« Distance to the central line (in arbitrary unitthe average absolute distance between
the travelled trajectory by the virtual tip at each point #mltunnel central line during
the 10 successful trials in one experimental session;

« Time of warnings (in secondghe total time during which the virtual tip was outside
of the safe-zone during 10 successful trials in one experiateession;
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* Number of warningsthe total number of warnings issued during 10 successélétr
in one experimental session;

* Number of trials the total number of trials (i.e., both successful and uosssful)
conducted to complete one experimental session;

* TLX scores Subscales of the NASA-TLX guestionnaire[51], the mosteljdised
scales for measuring subjective workloads [59], contauti@ (20 equal intervals)
bipolar scales to obtain rating for six items, including Nerdemand, Physical de-
mand, Temporal demand, Performance, Effort, and Frustraixcept from the per-
formance subscale (rating frofperfect’ =1 to 'failure’ =21), a higher score in a
subscale means that a task is more demanding (rating 'frem low’ =1 to 'very
high’ =21).

Recorded data were analysed using MatlabR2011b. A oneepsated measures anal-
ysis of variance (ANOVA) with post-hoc test was conducteéhteestigate the differences
between the four control modes over the four sessions. Awmeindependent ANOVA
with post-hoc test was conducted to investigate the diffeze between the four control
modes in Session 1 (in which participants had no experieartg5ession 4 (in which sub-
ject had gained some experience). An indepentésdt was conducted to investigate the
difference between normal mapping and mirrored mappingiwBession 1 and Session 4.
The effect was considered to be significant whengivalue was smaller than 0.05.

5.3.2 Results

Figure5.5 shows that over the four sessions, the diffeehesveen control modes reached
significance for all objective measurements. NT and NW ydldbwer means than MT and
MW for all investigated objective and subjective measurfetask performance. Post hoc
tests indicated that for both thumb and wrist control, ndmmapping generally led to better
task performance than mirrored mapping.

Specifically, in case of thumb control, participants exteidishorter task timg€0.014),
shorter path lengthpE0.001), shorter distance to central ling=0.004), shorter time of
warnings p=0.009), and lower mental demang=0.007), less effortd=0.009) and less
frustration £=0.010) when using normal than mirrored mapping. Similanyase of wrist
control, using normal mapping led to shorter completioret{px0.013), shorter path length
(p=0.000), shorter distance to central liqe=0.000), shorter time of warninge<£0.007),
fewer warnings [§=0.005), lower mental deman@d=0.033), better subjective performance
(p=0.039) and less efforp€0.009) than using mirrored mapping.

Figure[5.6 shows that in Session 1 the four control modesalidiffer significantly in
terms of any of the investigated measures but participasiteyUNT control exhibited the
shortest path length-E3.16,p=0.047) and participants using NW control experienced the
least frustrationk=4.97,p=0.010). In Session 4, participants using NT control exhibi
the shortest task timé-E3.74,p=0.027), path lengthH=4.80,p=0.011), distance to cen-
tral line (F=6.12,p=0.004), and time of warning$€7.30,p=0.002), least mentaF£6.65,
p=0.030) and physical demanB+£4.87,p=0.011) and least efforH=3.43,p=0.037). Post
hoc tests revealed that 1) in case of thumb control, paditgpusing normal mapping per-
formed the experiment in shorter time, path length, distaocentral line, and shorter time
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and number of warnings, and gave lower scores of mental dénediort and worse per-

formance than using mirrored mapping; and 2) in case of wdstrol, participants using

normal mapping gave lower scores of physical demand thargusirrored mapping. The

results also revealed that 3) participants using NT exdibihorter time and path length,
and experienced less physical demand and effort than ipamits using MW, and 4) par-

ticipants using NW exhibited shorter path length and tinme| lwer number of warnings,

and gave lower scores of mental demand, physical demandfand e

Figure[5.T shows that in Session 4, using normal mappingletiorter timet=-2.87,
p=0.009), path lengtht£-3.38,p=0.003) and distance to central line={2.80, p=0.010),
and shorter time€-2.96,p=0.007) and lower number of warnings{2.92,p=0.008) than
using mirrored mapping. The TLX scores revealed that gpgtitts using normal mapping
experienced lower mental demarnd-@.14,p=0.005), physical demantH-3.91,p=0.000),
and temporal demand=-2.60,p=0.016), better subjective performante-2.42,p=0.024)
and less efforttE-3.32,p=0.031).

The results of subjective preference given by the partidgpat the end of the experi-
ment (Fig[5.8) showed that out of 24 participants, 20 pigiiats preferred normal control
mapping, among which 16 participants chose NT control andose NW control. Four
participants chose mirrored control mapping, among whichd@&e MW control and 1 MT
control.

5.3.3 Discussion

Four control modes, Normal-Thumb (NT), Normal-Wrist (N\Wjjrrored-Thumb (MT),
and Mirrored-Wrist (MW) control, were investigated in aimemttating pathway-surgery task
using a newly developed simulator. Throughout the fourieasof the experiment, partic-
ipants performed better and self-reported lower mentakisad when using normal than
mirrored mapping. The difference between control mappings the largest in Session
4, during which normal mapping clearly facilitated taskfpemance, with participants ex-
hibiting their best performance with NT control. These @iéinces are supported by the
subjective feedback given at the end of the experiment, 26tbut of 24 participants pre-
ferring normal over mirrored mapping. Our findings are irelwith and expand previ-
ous empirical studies on control-display compatibilityoither research fields (see section
‘control-display compatibility’) by showing that normalapping is preferred above mir-
rored mapping not only in terms of shorter task completiores, but also in terms of lower
self-reported workload, measured by the NASA TLX, and higieeuracy, measured as a
function of the lateral deviance from the central line.

Although both normal and mirrored mapping are utilized isestible surgical instru-
ments|[37], it has been reported that most surgeons faveurdimal mapping in which the
steerable tip moves in identical direction with the contration [11]. We found that the
differences between the two control mappings were morequeced when using thumb
than wrist control. In other words, if a steerable endoséseguipped with thumb control,
participants experience lower workload and exhibit bgienformance when using normal
mapping than mirrored mapping; if a steerable endoscopguigpped with wrist control,
the differences between the two control mapping influenctqgizants workload but not
their performance.

We further noticed that, participants could perform theezkpent at a similar level in



Post hoc

Normal Thumb Normal Wrist Mirrored Thumb Mirrored Wrist ANOVA NT NT NT NW NW MT
VS. VS. VS. VS. VS. VS.
NW | MT [ MW [ MT | MW | MW

Mean Mean Mean Mean
=24y P =] SP [v=24| P [v=2ay| SP Fopor P P P P P P
Task time 163.0 | 807 | 156.6 | 68.7 88.9 [9.54 ] 0.000 | 1.000 [ 0.014 [ 0.003 | 0.001 | 0.013 | 1.000
Path length 2659 | 584 | 2825 | 56l 691 [26.34] 0.000 | 0.258 | 0.001 | 0.000 | 0.022 [ 0.000 [ 0.117
Distance to central line 7.5 1.2 7.5 1.0 1.1 |12.67]0.000 | 1.000 | 0.004 | 0.005 | 0.007 | 0.000 | 1.000
Time of warnings 1.8 1.4 2.0 2.6 [10.18] 0.000 | 1.000 | 0.009 | 0.029 | 0.005 | 0.007 | 1.000
Number of warning 4.8 53 3.9 | 66 | 6.7 [826]0.000 ] 1.000 [ 0.071 [ 0.019 | 0.007 | 0.005 | 1.000
Number of trials 11.4 2.2 3.8 43 | 4.89 [ 0.004 | 1.000 | 0.080 | 0.027 [ 0.066 | 0.219 | 1.000
TLX-Mental demand 39.2 19.4 20.4 23.6 [ 9.02 [ 0.000 | 1.000 | 0.007 | 0.011 | 0.014 | 0.033 | 1.000
TLX-Physical demand 33.6 16.2 18.3 22.1 | 5.93 ] 0.001 | 0.373 | 0.092 | 0.003 | 1.000 | 0.120 | 1.000
TLX-Temporal demand 37.7 19.5 16.3 17.8 | 4.51 [ 0.006 | 0.410 | 0.155 | 0.039 | 1.000 | 0.183 | 1.000
TLX-Performance 29.2 18.6 21.9 252 | 6.30 [ 0.001 | 1.000 | 0.074 | 0.032 [ 0.051 [ 0.042 | 1.000
TLX-Effort 40.0 19.9 20.7 21.1 | 9.34 | 0.000 | 0.970 | 0.009 | 0.003 | 0.039 | 0.037 | 1.000
TLX-Frustration 26.3 18.5 21.8 247 [ 7.92 | 0.000 | 1.000 | 0.010 | 0.001 | 0.009 | 0.074 | 1.000

Figure 5.5: Means and standard deviations (SD) of all demetaneasures for four control modes over the four sessioBsudy 1. F and p
values of ANOVA and post hoc analysis are shown. p-valu@<5 are annotated in bold. Gradient scale visualizes the sf
each dependent measure from green (the lowest value) tehredighest value).
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Session 1 Post hoc
) ) ) ) ANOVA NT NT NT NW NW MT
Normal Thumb Normal Wrist Mirrored Thumb Mirrored Wrist Vvs. Vs. Vs. Vvs. Vs. Vs.
NW MT MW MT MW MW
Mean Mean | Mean
(N=6) SD (N=6) SD (N=6) SD F p P P P P P p
Task time 1734 98.0 92.2 81.3 0.08 0.969 ns ns ns ns ns ns
Path length 508 449 694 3.16 | 0.047 0.793 0.282 0.011 0.410 0.020 | 0.108
Distance to central line 7.5 0.6 1.2 1.0 0.43 0.733 ns ns ns ns ns ns
Time of warnings 1.1 0.6 43 1.8 1.56 | 0.230 ns ns ns ns ns ns
Number of warning 3.5 2.3 8.3 6.0 221 0.118 ns ns ns ns ns ns
Number of trials 10.7 1.2 2.8 34 2.19 0.121 ns ns ns ns ns ns
TLX-Mental demand 36.7 20.9 21.1 199 0.71 0.555 ns ns ns ns ns ns
TLX-Physical demand 13.7 14.1 21.1 1.35 0.288 ns ns ns ns ns ns
TLX-Temporal demand 23.5 15.1 9.4 040 | 0.755 ns ns ns ns ns ns
TLX-Performance 27.5 18.9 26.3 18.3 0.26 0.853 ns ns ns ns ns ns
TLX-Effort 325 16.0 12.5 16.4 2.24 0.116 ns ns ns ns ns ns
TLX-Frustration 142 3.8 19.0 14.0 497 | 0.010 0.041 0.750 0.122 0.021 0.001 0.211
Session 4 Post hoc
) ) ) ) ANOVA NT NT NT NwW NW MT
Normal Thumb Normal Wrist Mirrored Thumb Mirrored Wrist Vvs. Vs. vs. Vs. Vs. vs.
NW MT MW MT MW MW
Mean Mean Mean
(V=6) SD SD (N=6) | SD (N=6) SD F V4 P V4 V4 P V4 P
Task time 110.3 35.1 81.4 93.1 68.6 3.74 | 0.027 0.183 0.004 0.032 0.083 0.368 0.377
Path length 2272 378 736 922 71.5 4.80 | 0.011 0.131 0.007 0.003 0.165 0.081 0.697
Distance to central line 6.9 1.2 1.4 1.2 0.8 6.12 | 0.004 0.428 0.001 0.218 0.004 0.648 0.012
Time of warnings 0.7 0.7 1.7 39 1.9 7.30 | 0.002 0.532 0.000 0.240 0.002 0.572 | 0.006
Number of warning 2.7 2.7 6.1 4.9 5.5 4.97 | 0.100 0.237 0.001 0.078 0.019 0.530 [ 0.070
Number of trials 3.7 2.5 4.5 3.2 2.39 0.099 ns ns ns ns ns ns
TLX-Mental demand 35.0 15.5 19.5 273 204 6.65 | 0.030 0.686 0.008 0.080 0.020 0.166 | 0.287
TLX-Physical demand 32.5 15.1 15.3 27.3 5.9 4.87 | 0.011 0.747 0.020 0.005 0.039 0.011 0.573
TLX-Temporal demand 229 9.7 29.1 129 240 | 0.098 ns ns ns ns ns ns
TLX-Performance 283 13.7 253 29.5 18.8 2.06 0.138 ns ns ns ns ns ns
TLX-Effort 36.7 20.7 14.6 28.9 16.3 3.43 0.037 0.733 0.019 0.034 0.039 0.067 | 0.785
TLX-Frustration 242 19.6 24.8 33.1 18.8 1.47 0.252 ns ns ns ns ns ns

Figure 5.6: Means and standard deviations (SD) of all degendheasures for four control modes in Session 1 and Sessibtddy 1. F and
p values of ANOVA and post hoc analysis are shown. p-vatug®5 are annotated in bold. Gradient scale visualizes the of

each dependent measure from green (the lowest value) tohedhighest value).
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Figure 5.7: Means and standard deviations (SD) of all degerianeasures for normal and mirrored mapping in Session 1Sassion 4 of
Study 1. t- and p-values for normal mapping versus mirroreghping control are also shown. p-values0.05 are annotated in

Session 1 Session 4
Normal Mirrored Normal vs. Mirrored Normal Mirrored Normal vs. Mirrored

Mean Mean Mean Mean

N=12) Sb N=12) Sb ¢ » N=12) Sb N=12) Sb ¢ P
Task time 82.9 -0.32 0.755 80.4 -2.87 0.009
Path length 632 -2.52 0.020 791 -3.38 0.003
Distance to central line | 09 | 1.1 -0.97 0.345 1.3 -2.80 0.010
Time of warning 32 -1.73 0.098 3.7 -2.96 0.007
Number of warning 6.9 -2.01 0.057 5.8 2.92 0.008
Number of trials 3.0 -2.61 0.016 42 -1.84 0.079
TLX-Mental demand 19.6 -1.20 0.244 24.0 3.14 0.005
TLX-Physical demand 203 0.11 0.916 19.1 -3.91 0.000
TLX-Temporal demand 12.9 -0.65 0.525 21.5 -2.60 0.016
TLX-Performance 21.6 -0.86 0.399 24.0 2.4 0.024
TLX-Effort 14.1 -1.59 0.126 22.4 -3.32 0.031
TLX-Frustration 17.4 -2.66 0.014 25.9 -1.90 0.071

bold. Gradient scale visualizes the size of each dependeasumne from green (the lowest value) to red (the highesigjalu
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Figure 5.8: Subjective preference at the end of Study 1.

terms of objective measures using either NW or MT, but thgyeeienced lower workload
using NW resulting in fewer warnings and collisions than NDRh the contrary, comparing
NT and MW, participants experienced similar level of woddousing either NT or MW,
but performed more accurate and faster using NT than using MW

The present experiment is a first step assessing the effectstrol-display compat-
ibility on human performance in a navigation pathway swabtask. Future researches
investigate questions awhich is the dominant factor in the decision of control ifideing
design: control device or control-displagre needed. In the field of surgical instrument ma-
noeuvring, previous research on control-display compgilhas almost exclusively con-
centrated on the 'fulcrum effect’ in laparoscopic surg@iyour knowledge, this is the first
analysis of control-display compatibility in 3D pathwaygical scenarios. The outcomes
of our study provide guidelines for the most intuitive wayctiuple the control movements
of surgeons with the display of the movements of a flexibleosndpe.

5.4 Study 2: Frame of reference and local disorientation

Frame of reference is the coordinate system in which theitotand movement of objects
are defined [53][20]. An egocentric (immersive) frame ofrefhce (i.e., the viewpoint of
the operator) is considered as the most natural and has lkseoiaed with better navi-
gational performance than allocentric frames of refereasehe former does not require
any frame of reference transformations (see [20] for anvdgen. Allocentric (e.g., copla-
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Figure 5.9: lllustration of two camera positions and compesding screenshots of the sim-
ulation software in Study 2: a) invisible tip, in which thensera is on the tip of
the instrument; b) visible tip, in which the camera is on e of the instrument
and behind the tip. Pink indicates the endoscope, blue atd&cthe steerable
tip, green indicates the camera.

nar) frames of reference, on the other hand, bear the adyathat they provide a global
viewpoint, thereby supporting situation awareness anddlagive position and movement
of objects ] [143]. A third type of reference frame is eallexocentric or tethered. In
this case, a virtual tether attaches the viewpoint with thjea that is manipulated (e.g., in
the case of navigating an aircraft, imagine a display takemfa camera tethered at a fixed
distance behind and above an aircraft). It has been sughbtbsiiea tethered viewpoint com-
bines advantages of egocentric and allocentric framedereces, thereby providing better
navigation performance than either of the latter tivd @1@]. Specifically, similarly
to an egocentric viewpoint, a tethered viewpoint suppouallsituation awareness and does
not requires frame of reference transformations, whildatsame time it provides a wide
field of view, thereby supporting global situation awarensignilar to how an allocentric
viewpoint does.

In pathway surgery, the endoscopic camera is positioneldeatip of the instrument,
providing an egocentric view, which compromises globalation awareness. Despite the
egocentric view, local disorientation is at play as weldgse the endoscope is flexible and
the movement of the distal tip is controlled from the proximad of the endoscope. As a
result, the frame of reference differs for the surgeon’sisaand the endoscope tip, and the
surgeon should apply mental rotations in order to align tamg of reference with that of
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the endoscope tip. Adding to that, the endoscopic field ofvgelimited and landmarks
vary between individuals (or even within the same individiiee to dynamic movements of
human organs), inhibiting global situation awareness éwgher, whereas the fact that the
endoscope tip is not visible inhibits local situation awesgs.

Golledge [42] defined navigation as "the process of detangiand following a path or
route between an origin and a destination”. Knowing how tovenmlong a particular path
without getting lost is a challenge to novice endoscopB&§|R7]. Much research effort
has been devoted to providing navigational aids [26][1[BL3], in which a pre-modelled
'map’ of the navigated tunnel and shape information of théosgope are presented. The
tunnel map is obtained from preoperative images by meansarfdscopyl[26] or magnetic
endoscope imaging [113], and sensors [17][81] are useddfitieging shape information of
the endoscope in real time (seel[48] for an overview of sutitisos). Such aids have been
incorporated into training simulators, in which the refere frame differences between the
surgeon and the instrument are also combined with an angtedm in visual reality [111].

Both robotic and mechanical solutions for improving enapss’ controllability have
been developed [19] [147][153][62][135]. Besides the depment of robotic endoscopes
[19][147][153], simple mechanical solutions such as arncpla transparent hood [62][135]
have been reported as well. In[62], for example, a transpaieod was attached to the tip
of the endoscope, with the edge of the hood producing a eircurg on the monitor. It was
expected that the transparent hood would maintain a cleaaMield by keeping a distance
between the scope and the anatomic structure, and theevisifolular ring would enable
easy anticipation of the advancing direction.

In study 2, the endoscope camera was set in the software tehiedof the instrument
tip, and therefore the instrument tip was visible at thedraton the monitor during half of
the trials of the experiment (Fif_5.9). We hypothesized tiha visible tip would provide a
cue of orientating direction in the reference frame durhgihstrument navigation, thereby
reducing cognitive load and improving task performance.

5.4.1 Material and Methods
Setup: EndoPathController(Endo-PaC)

The same simulator with Study 1 was used here. The softwdiagsewere adjusted in
order to show the visible tip at the bottom of the monitor, iniet the endoscopic camera
was featured on top of the instrument but 5 mm behind the tip.

Experimental procedures

Each participant was verbally informed that the goal waotagare two settings of the en-
doscopic camera: one in which the camera was set right omsfir@iment tip such that the
tip is not visible on the monitor, and another in which the eaanwas set behind the instru-
ment tip so that the tip is visible at the bottom of the monitdt participants performed the
study in six sessions first three sessions with an invisiplanid then three sessions with
a visible tip (Fig.[5.ID). The experimental protocol witiach session, such as practice,
experiment tasks, and questionnaire evaluation wereiand the protocol of Study 1.
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Session 1

10 successful trials

Break &
questionnaire M

Session 2

10 successful trials

Break &
questionnaire

Session 3

>_
10 successful trials
[

Break &
questionnaire
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Session 4 Session 5 Session 6
10 successful trials 10 successful trials 10 successful trials
Break & Break & . .
. . . . Questionnaire
questionnaire B questionnaire B

Figure 5.10: Experimental protocol of Study 2.

Participants

Twenty undergraduate and PhD students (14 males and 6 fetmetigeen 20 and 31 years
old) from Delft University of Technology volunteered to peipate in this study. All par-
ticipants were right-handed and had no prior experiencl minimally invasive surgery.
None of the participants had used the Endo-PaC before. Ty stas approved by the
Human Research Ethics Committee of the Delft Universityexdhinology. The experiment
lasted about 1.5 hour per participant.

Parameters and Data analysis

The same parameters measured in Study 1 were used in this sdugaired t-test was
conducted to test the difference of the two compared metbeds and within sessions,
respectively. The difference between the compared methagsonsidered to be significant
when thep-value was smaller than 0.05. A negative effect stzea{ue) was caused due to
the direction of comparison. All analyses were conductéagusiatiabR2011b.

5.4.2 Results

Figured 5.1 anf’5.12 present the results of Study 2. Thimtghe sessions, the par-
ticipants exhibited shorter task tim&=8.68,p=0.000) and path lengthi6.18, p=0.000)
under the condition with a visible tip, whereas they madetshdlistance to the central line
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(t=-8.65,p=0.000), shorter timet£-5.11,p=0.007) and fewer warning$<-3.92,p=0.006)
under the condition with an invisible tip.

During Session 1 and Session 4, the participants perforhreeeXperiment with visible
tip and invisible tip for the first time, respectively. Thesvdts showed that in these two
sessions, participants exhibited shorter path length.25,p=0.000) but longer distance to
central line {=-4.32,p=0.017) than with invisible tip. In Session 3 and Sessiormé,dar-
ticipants performed the experiment in shorter time (alttono significance was observed)
and shorter path length=5.43,p=0.000) with visible tip, but with distance to central line
(t=-7.29,p=0.000), shorter timet£-4.79,p=0.000) and fewer warning=£-4.69,p=0.000)
with invisible tip.

Figured 5.1B an 5.14 depict learning curves in terms of aduated parameters of
participants in this study (n=20). The subjective prefeeegiven at the end of the study
showed that out of 20 participants, 9 participants pretevisible tip, 8 chose invisible tip
and 3 chose 'no difference’ (Fig._5]15). Open comments tepdhat 'with a visible tip it
is easier to track the steering direction’.

5.4.3 Discussion

The results of Study 2 indicate that a visible tip greatlyesfesl up performance and reduced
the path length in a navigation task. This finding supportshypothesis that a visible tip
serves as guidance, as it provides strong visual cues dtmoaidivzancing direction. Although
in Session 4, in which visual display was offered for the firsee, participants experienced
higher cognitive workload due to the new visual displayiatiy, they quickly adapted in
Sessions 5 and 6 and self-reported lower workload while negldster performance than in
Session 4.

Despite the performance improvements in terms of time, [gthth and workload, it
was observed that in the sessions in which the tip was vigilleicipants generated a large
number of warnings and exhibited long distances to the akliie. Apparently, the visible
tip introduced difficulties in estimating the distance af thp from the tunnel wall. Although
after some time (in Sessions 5 and 6), participants adapticbtvisible tip and performed
the task with relatively fewer warnings than in Session é,r#sults indicate that long-term
learning with the visible tip might be needed.

There are several articles that reported the impact of spanent hood during endo-
scopic navigation[ [135][30][7Q][149][136][741[132][3f50]. Among these studies, only
two trials concluded that the use of a hood shortened th@peance time and suggested
that the outcome of using a hood might be influenced by thd tfvendoscopists exper-
tise [135][50]; one reported decrease patient discomftwenwusing a hood [50]. As an
alternative mechanical solution to local disorientatioum, study provided the visual cue by
locating the endoscopic camera behind the scope tip anslsesbthe navigation task in term
of performance time as well as safety-related parametecs, &s time/number of warning
and distance to the central line of the tunnel. Our resulteborate previous findings that
a visual cue providing direction information led to fasterformancel[62]. In an experi-
ment in which twelve participants navigated an aircrdfelcursor through virtual tunnels
using tethered displays with various tethered lengthsXample, Wang and Milgrarm [139]
found that while global situation awareness increased antincreasing tether, a tether of
intermediate length led to the highest local situationahmess. We further showed that



Invisible tip in Sessions 1,2,3 | Visible tip in Sessions 4,5,6 | Invisible tip vs. Visible tip

Mean Mean

(N=60) SD (N=60) SD ! P
Task time 104.9 181.5 69.5 3.68 0.000
Path length 2612 608 6.18 0.000
Distance to central line 1.5 -8.65 0.000
Time of warnings 53 -5.11 0.000
Number of warnings 11.9 -3.92 0.000
Number of trials 2.8 -0.96 0.342
TLX-Mental demand 25.7 -0.07 0.944
TLX-Physical demand 21.5 1.70 0.094
TLX-Temporal demand |ERESR0R 20.6 0.34 0.732
TLX-Performance 23.4 -0.04 0.967
TLX-Effort 25.2 0.76 0.448
TLX-Frustration 22.5 -0.97 0.338

Figure 5.11: Means and standard deviations (SD) of all defgen measures for invisible and visible tip over all sessionStudy 2. t- and p-
values for invisible tip versus visible tip control are alstmown. p-values: 0.05 are annotated in bold. Gradient scale visualize
the size of each dependent measure from green (the lowesf)walred (the highest value).
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Invisible tip in Visible tip in Invisible tip vs. Invisible tip in Visible tip in Invisible tip vs. Invisible tip in Visible tip in Invisible tip vs.
Session 1 Session 4 Visible tip Session 2 Session 5 Visible tip Session 3 Session 6 Visible tip
Mean Mean | Mean | Mean | Mean | Mean |
SD (N=20) SD t P (N=20) SD (N=20) SD t P (N=20) SD (N=20) SD t P
Task time 93.0 82.0 2.02 0.051 123.4 66.5 1.08 0.288 88.9 57.6 0.86 0.398
Path length 935 821 6.25 0.000 1161 742 2.57 0.019 700 581 5.43 0.000
Distance to 15 14 | -432 | 0.001 14 16 | -412 | 0.000 L5 15 | 729 | 0.000
central line
Time of warnings 5.9 6.2 -2.09 0.051 43 5.1 -2.65 0.016 3.1 4.6 -4.79 0.000
Number of 138 128 | -L14 | 0269 87 1| 239 | 0.028 72 113 | 460 | 0.000
warnings
Number of trials 2.8 3.6 -0.31 0.762 23 2.7 -1.43 0.169 2.1 1.4 -0.28 0.782
TLX 29.5 24.8 -0.05 0.957 259 25.8 -0.12 0.906 29.7 273 0.07 0.947
-Mental demand
TLX . 25.6 21.5 1.80 0.088 23.1 21.0 135 0.194 24.0 21.5 -0.46 0.650
-Physical demand
TLX
-Temporal 22.1 19.6 031 0.761 20.9 20.1 1.19 0.248 222 229 -0.63 0.541
demand
TLX
21.2 21.0 0.65 0.527 26.7 247 -0.32 0.752 255 253 -0.40 0.691

-Performance
TLX -Effort 19.5 23.7 0.53 0.600 20.2 26.2 -0.06 0.949 19.3 25.9 0.82 0.424
TLX -Frustration 20.5 22.6 -0.42 0.678 18.5 22.9 -0.99 0.333 18.3 22.6 -0.11 0.913

Figure 5.12: Means and standard deviations (SD) of all defeert measures for invisible and visible tip in each sessidtudy 2. t- and p-
values for invisible tip versus visible tip control are alstmown. p-values: 0.05 are annotated in bold. Gradient scale visualize
the size of each dependent measure from green (the lowesf)talred (the highest value).
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Figure 5.13: Plot of objective measurements from Study 2.
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Figure 5.14: Plot of TLX subscales given in Study 2.
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16 —
B Invisible Tip
14— B Visible Tip
12| I No difference

10—

Number of participants (n=20)
[oe]
I

Invisible Tip ~ Visible Tip No difference

Figure 5.15: Subjective preference of Study 2.

for novices, the introduction of a visible tip may result toincreased number of collisions
as compared to an invisible tip, possibly due to the visuatroistion caused by the tip itself
and uncertain distance estimation between the cameractpe $ip and the surrounding
anatomy.

One limitation of this study is that it was carried out usingimulator. Future studies
could feature an endoscopic camera behind the tip in bomdraiettings. Moreover, only
novices were used. Repeating the experiment with residedtexperienced surgeons may
indicate different learning curves and adaptations to thible tip than the present results.
It would be further useful to change the scope tip into a fpansnt one, to prevent visual
obstruction of the tip itself and the surrounding anatomy # compare the outcome with
past experiments conducted using transparent hoods.

5.5 Summary

Many factors contribute to spatial disorientation duringi@scopy, two of which being
control-display incompatibility and local disorientatioOur studies showed that eliminat-
ing control-display misalignment, so that the controlledescope tip movements are in the
same direction with the surgeon’s hand movements, greaydved novice task perfor-
mance both in terms of task performance and workload. Odliestifurther revealed that a
visible tip provides a strong direction cue and shortenls tasnpletion time, but at cost of
an increased number of collision errors.
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6.1 Abstract

Background: For pathway surgery, that is, minimal invasive procedusgsi@d out trans-
luminally or through instrument-created pathways, flexilnistruments with a steerable tip
(steerable instruments) and instruments with multiplerstele segments (manoeuvrable
instruments) are being developed. As the accompanyingalonterfaces of handheld
manoeuvrable instruments have not been optimized fortiméunanipulation, in the exper-
iments described in this paper, we investigated the effeabitrol mode (1DoF or 2DoF),
and control device (joystick or handgrip) on human perfarogin a navigation task.

Method: The experiments were conducted using the Endo-PaC (Enplaseath Con-
troller), a simulator that emulates the shaft and handlern&rnoeuvrable instrument, com-
bined with custom-developed software animating pathwagisal scenarios. Participants
were asked to guide a virtual instrument without collisitmsards a target located at the
end of a virtual curved tunnel. The performance was compaittdregard to task com-
pletion time, path length travelled by the virtual instruthemotion smoothness, collision
metrics, subjective workload, and personal preference.

Results and Conclusion: The results indicate that 2DoF control leads to faster task
completion and fewer collisions with the tunnel wall condginwith a strong subjective
preference compared with 1DoF control. Handgrip contrg@egped to be more intuitive
to master than joystick control. However, the participaatperienced greater physical
demand and had longer path lengths with handgrip than gkystintrol.
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Figure 6.1: lllustration of instruments used in minimallyasive surgery. a) rigid instru-
ment, b) flexible instrument, c) flexible instrument with eteerable segment
on the tip, d) instrument with multiple steerable segmelusathe shaft.

6.2 Introduction

During the last decade, new types of minimally invasive pthaes are being carried out
through natural openings in the human body with an endosfmiosving transluminal or
instrument-created pathways (e.g., Endo-Nasal Skull Basgery (ENSBS)/[121]). In
these types of procedures, called pathway surgery thraughis paper, instrument manip-
ulation is constrained both by the incision point and by tineature of the 3D path. Specif-
ically, the incision point restricts the instrument motwithin a cone-shaped workspace,
reducing the number of degrees of freedom (DoF) from six to {€ig. [6.1a), while the
curvature of the path restricts the instrument motion witnharrow path, further reducing
the number of DoF down to two: an axial translation along treftsand an axial rotation of
the shaft (FigL6]1b).

To facilitate manoeuvring through narrow curved pathsrimeents with one or more
steerable segments (featuring additional DoF on the tipaorgathe shaft) are being devel-
oped [11][93][15][43][99][16][71][3¥]. Rigid instrumes with a single steerable segment
at the tip, as those developed for single-port surgery [Z&h access surgical targets that
are outside the cone-shaped workspace but are not suitabfellbwing a curved path.
Flexible instruments with a steerable tip (henceforthrstigle instruments, Fid._§.1¢) and
instruments with multiple steerable segments along thi @renceforth manoeuvrable in-
struments, Fig_6]1d) can be shaped into a 3D form, and arefidre suitable for following
complex curved paths.

Handheld manoeuvrable instruments for pathway surgergtitén their infancy and
vary in size and application area. In addition, the accomimancontrol interfaces have
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Figure 6.2: Sketch of Integrated Single Segment (ISS)aland illustrations of Deflection-
Rotation control and Double-Deflection control (Adaptednir [37]). a) ISS
control, b) 1DoF ISS control, c) 2DoF ISS control, d) 3DoF I&strol, e)
Deflection-Rotation control, f) Double-Deflection control

in general not been optimized for intuitive manipulatiortsas dexterous steering along
curves [37]. In a review of control interfaces for steerabktruments, Fan et al.[37] ar-
gued that, among all existing methods of controlling steleranstruments, Integrated Sin-
gle Segment (ISS) manoeuvring (Fig.]6.2a) as an intuitivehoteto follow 3D trajectories
in pathway surgery. ISS manoeuvring has been described 874 ftatent about an in-
strument called the EndoCarrier [71] and has been furthed irs the NeoGuide system,
a commercially available product used in colonoscopy [9¥]th ISS manoeuvring, fol-
lowing 3D trajectories is achieved by actively steeringfirgt segment only. The steering
motion of the first segment is automatically transmitteddeard along the manoeuvrable
shaft and copied by the preceding segments as the instrummams forward. Requiring
only one manual control device for the tip, it can be expettiatISS manoeuvring leads to
a user experience similar to conventional steerable im&tnis with respect to aspects such
as eye-hand coordination and steering action. Howeverm&Ssoeuvring has been rarely
implemented in surgical settings and needs a lot of techd@aalopment and improvement
for widespread use in pathway surgery.

6.2.1 Control mode

Fan et al. |[37] made a subdivision of methods for ISS maneeulbased on the degrees
of freedom of that tip (Fig[612b-d). In the case of 1DoF ddiftecand 2DoF deflection
control, the tip can deflect in one or two orthogonal planespectively. In the case of
3DoF control, the tip can also be rotated around its own axdependent of the rotation
of the instrument shaft. 3DoF control is mechanically caawR][63][5], whereas 1DoF
control and 2DoF control are simpler and commonly impleraéribh handheld steerable
instrumentsi[16][15][1271[99][115][91][92][126].

1DoF control has been applied in a variety of steerable tatheue to the requirement
for miniaturization and its manufacturing simplicity [1J{®2][91][12€]. By deflecting the
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catheter tip and by rotating the catheter shaft in a circuenfial plane, 1DoF control facili-
tates manoeuvring through vascular structures and aogesidie arteries [109][100]. 2DoF
control has been incorporated in a number of flexible endmess.onamely bi-directional
gastroscopes and colonoscoples [60][61]. By twisting twols that are placed on top of
each other in the handle, the tip can be steered in two ortradglirections.

During pathway surgery, besides advancing the instrunikatsurgeon needs to ma-
noeuver the instrument in two orthogonal directions (updd@nd left/right). In instru-
ments employing 1DoF, a second DoF can be created indirbgtiptating the instrument
around its shaft. In this paper, we refer to 1DoF tip deflectid DoF shaft rotation control
as Deflection-Rotation controbr DR control (Fig. [6.2e). The mechanically more com-
plex 2DoF tip deflection control will be called hencefoBbuble Deflection contrabr DD
control (Fig.[6.2f).

6.2.2 Control device

The ability of both the human wrist and thumb to move natyrialltwo perpendicular di-
rections enables the surgeon to control two DoF either oreetahe or simultaneously.
In the case of 1DoF deflection control, a 1DoF finger rotatindeflection is mapped to a
1DoF tip deflection, for example by using a rotation knob [[{215][92][91]. In the case of
2DoF deflection control, the 2DoF tip deflection follows thegeons 2DoF wrist or thumb
movements, for instance by using a joystick or handgrip.(g@gncil-like or sword-like
grasp) which articulates the instrument tip. 2DoF joystiokitrol has been widely used in
commercial gamepads and has been recently implemented jimdtotype of a handheld la-
paroscopic grasper [11]. 2DoF handgrip control with a hatiolhit can be articulated in two
perpendicular directions relative to the shaft has beetieabim a number of commercially
available steerable surgical instruments for laparoscayigery|[129][16][127].

6.2.3 Problem statement

When navigating in two directions (up/down and left/righjpm one anatomic location

to another along a curved path, DR control requires a meramstormation between the
rotation of the instrument and the corresponding defleaticthe tip, whereas DD control

seems easier for the operator due to the one-to-one mapgiwgéen control motion and tip

motion. On the other hand, DR control is technically easieretilize, potentially leading

to lower production costs. The question is therefore whetthe theoretical advantage of
the one-to-one mapping in DD control as compared to DR cbdtres translate into better
task performance (e.g., in terms of task completion timeyaemeent accuracy, and mental
workload), which could justify opting for DD control desgiits technical complexity and

associated elevated production costs.

Besides the difference between DD and DR control, the effettie design of the con-
troller on surgical task performance deserves to be inyatgtd as well. Fan et al. [23] com-
pared 2DoF joystick with 2DoF handgrip control in a lapaaysc positioning task using
a portable laparoscopic trainer and novice participantgesé authors found that although
the two controllers did not lead to significantly differeask completion times, joystick
control was preferred by the majority of the participantswdver, as pathway surgery dif-
fers from laparoscopy in that in the former the surgeon hasanoeuver a flexible device
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along a curved 3D track rather than a rigid instrument arcaupd/ot point, the results of
our previous experiment are not readily applicable to awaytsurgical setting. This study
provides a comparison of two control modes, DR and DD copamd two control devices,
joystick and handgrip, with respect to task performance pathway surgical navigation
task. Since the selected control mode has the largest impabe mechanical complexity
of the handle, we decided to start this study with an expertrnemparing DR versus DD
control followed by an experiment on joystick versus haifgontrol.

6.3 Method

6.3.1 Experimental setup
Hardware

We designed an experimental setup, the Endo-PaC (EndasBath Controller), in which
a virtual steerable endoscope is controlled using ISS mamirgy in a simulated pathway
surgical task. The Endo-PaC (Fig.5.3a) is a plug-and-ptaylator consisting of a mech-
anism that emulates the shaft and handle of a manoeuvratitarment, enhanced with
custom-developed software that simulates pathway surggeaarios.

Endo-PaC uses four potentiometers (Contelec AG, Biel, @aynand one position
sensor (Waycon GmbH, Taufkirchen, Germany) to measuré @i and handle motion in
5-DoF: a 2-DoF rotation at the base of the simulator meagutia motion of the virtual
instrument around the incision, a 2-DoF rotation (leftitigip/down) at the handle measur-
ing the deflection of the steering unit, and a 1-DoF trarmtegiliong the shaft measuring the
forward/backward motion of the virtual instrument.

The Endo-PaC can be connected to a laptop by a USB data amguisiit LabJack-U3
(LabJack Corporation, U.S.A). The handle of the simulakigg[5.3a-c) is fabricated by
means of additive manufacturing, allowing for variatiorsines and shapes of the handle
and steering unit. The base of the simulator is equipped avithmovable sideboard with
an angle indicator (Figs 3.3b-c) so that the shaft can elibdixed at a desired angle or be
moved freely when the sideboard is removed.

Software

Custom-made software (developed in C++ using OpenGL §praondels a 3D curved tun-
nel with adjustable length, curvature and diameter, ands¢he sensor measurements
in real-time with standard communication protocols as useiicrosoft Windows (Fig.
[B.3d). The tunnel is rendered to visually resemble the textfi a soft-tissue organ. The
tunnel curvature was set to be within the maximal range osteering unit (17.5 mm) and
configured such that the normal (i.e., absolute) distanteds the incision plane and the
target plane was identical for all the trials and equal tortireximal translation range of
Endo-PaC (100 mm).

An endoscopic camera is featured at the tip of a virtual man@ble instrument and
is steered by the steering unit of Endo-PaC, giving a petisgediew of the tunnel. The
simulation screen is set to be identical to the cameras fialiew.
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A safety-zone is pre-set by the software as an annulus withuiter diameter equal to the
diameter of the tunnel and its inner diameter equal to 0.@githe diameter of the tunnel.
The software continuously checks the distance betweenittuaMip and the centre line of
the tunnel and gives a warning in case a collision is eitheniiment (when the distance is
larger than the safety-zone inner diameter) or has occ(nieen the distance is equal to the
tunnel diameter). In clinical practice, surgeons commardg texture and visible aspects
of tissue deformation as a cue for estimating the instrurpesition during manoeuvring
[108&]]220]. To introduce such a cue in a stylised way in outvgare, the colour of the
tunnel turns into amber and a green arrow appears on thensareen the tip is out of
the safety-zone (Fid._3.3e), indicating the direction ofoéeptial collision. The length of
the arrow linearly increases/decreases with respect tddtiation from the tunnel central
line. If the tip collides with the wall, the tunnel turns refig. [5.3f), and the experiment
is terminated. The tunnel turns green when the task has lmepleted successfully (Fig.
530).

6.3.2 Task

Participants were asked to use Endo-PaC to guide a virtuabewrable instrument to-
wards a spherical target located at the end of the simuldleduBved tunnel as fast as
possible and without collisions with the tunnel wall. Firsach participant configured the
steering unit to its neutral position by moving the virtuadtrument tip with the camera to
the centre of the image on the screen. A trial then startetismpped when the target was
reached or when a collision of the virtual tip against thenglrwall occurred. Trials with
a collision were excluded from the data analysis. Each @pant was asked to perform
four experimental sessions, each consisting of 10 suaddssis (i.e., reaching the target
without any collision). Ten 3D-tunnels with various cunwads were generated by using
a randomizer in MATLAB (Version R2011b, The MathWorks, Indatick, MA), and the
order of these tunnels was varied randomly between theosess prevent that participants
adapt their orientation strategy to a particular curvaturerder of tunnels. The variation of
tunnel curvatures and the order of tunnels in each sessiomidentical to all participants.
That is, in the same session, all participants receivedaimeset of 3D tunnels in the same
order.

6.4 Study 1: control mode - DR versus DD control

6.4.1 Participants

Twenty undergraduate and graduate students (15 men and 8Bmwaged between 25 and
32 years) from Delft University of Technology volunteereggrticipate and were assigned
into two equally sized groups, Group A and Group B. All papémts were right-handed

and had no prior experience with minimally invasive surgarizndo-PacC.

6.4.2 Procedure

Figure[6.83 shows the procedure and control mode order fotwthegroups. The control
mode order in the four sessions was counterbalanced bettlveewo groups: Group A
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Session 1 Session 2 Session 3 Session 4
Practice Practice Practice Practice
1* control method 2™ control method 1" control method 2" control method
[ [ [ [
’ 10 successful trials ’ 10 successful trials ’ 10 successful trials ’ 10 successful trials
[ [ [ [
Break & Break & Break & Break &
questionnaire questionnaire questionnaire questionnaire
Experiment 1
Group A P
DR ‘—b‘ DD ‘—yl DR ‘—b‘ DD ‘
Group B
DD }—b‘ DR ‘—b‘ DD ‘—p‘ DR ‘
Experiment 2
Group A
Joystick ‘—»‘ Handgrip ‘—” Joystick ‘—p‘ Handgrip ‘
Group B

Handgrip }—>’ ‘—)‘ Handgrip ‘—p‘

Joystick Joystick ‘

Figure 6.3: Flow chart of experiments’ procedures. DR: Detilen-Rotation control; DD:
Double-Deflection control.

started with DR control and then alternated between DD-OR-&nd Group B started with
DD control and alternated between DR-DD-DR. All sessionsaveenducted with a joystick
controller.

Before starting the experiment, each participant was Vigrbormed about the goal
of the experiment by one of the authors and watched a vide@dstration about how to
use the Endo-PaC with both control modes and what would lreppehe screen in case
of near-collision, collision and experiment completiomch session started with a practice
phase, followed by a testing phase and a break. The pradtasepncluded three trials of
reaching the target with the control mode used in that spes#f$sion. The testing phase
was completed when the participant performed 10 successfid (i.e., reaching the target
without any collision). During the break at the end of thesgms, each participant was asked
tofill in a questionnaire including NASA TLX subscales|[5tte most widely used method
for measuring subjective workload [59]. After completidiilte experiment, all participants
filled in an open questionnaire about their preference batwike two control modes and
their general impression about the interface. The experinzsted about 1.5 hour per
participant. The experiment was approved by the Human Resé&ghics Committee of
Delft University of Technology.

6.4.3 Parameters

The following parameters were chosen for assessing theoefrmance:

» Task completion time (in secondghe total time taken to complete 10 successful
trials in one experimental session (trials with collisievere excluded);
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 Path length (in arbitrary unit) the total distance travelled by the virtual tip along the
tunnel over the 10 successful trials in one experimentaices

« Distance from the central line (in arbitrary unitjhe averaged absolute distance be-
tween the travelled trajectory by the virtual tip at eachnpaind the tunnel central
line during the 10 successful trials in one experimentadises

« Time of warnings (in seconds}he total time during which the virtual tip stayed
outside of the safety zone during the 10 successful triatthgwone experimental
session;

« Number of warningsthe total number of warnings issued during the 10 succkssfu
trials during one experimental session;

« Number of trials the total number of trials conducted to complete 10 sudoksils
during one experimental session.

» TLX scores TLX subscales are rated for six items within in a 100-poratsgge with
5-point intervals, including Mental demand, Physical dathalemporal demand,
Performance, Effort and Frustration. Except for the penfamce (rating from 'per-
fect’ to 'failure’), a higher score means that a task is maeenending (rating from
'very low’ to 'very high’).

6.4.4 Statistics

An independent-test was conducted to compare control modes in each segsipaired
t-test was used to compare control modes over a) the fourosssdd) sessions 1 and 2,
and c) session 3 and 4. Differences between the two contrdemwere considered to be
significant when the-value was smaller than 0.05. A negative effect sizea(ue) was
caused due to the direction of comparison. All analyses wenelucted using MATLAB
R2011b.

6.4.5 Results of Study 1

Table[6.4 shows the means and standard deviations of alhdepemeasures for DR and
DD controls in each session, as well as t-test comparisamgelea DR and DD controls in
each session. The task completion time for DR control wagdothan the task time for
DD control by 52% {=2.9,p=0.010) in Session 1 and by 57%8.02,p=0.004) in Session
3. Moreover, in Session 3, the participants using DR comapbrted significantly higher
physical demand than the participants using DD conte8.09,p=0.006).

During Sessions 2 and 4, the participants using DR contmitdpnger time outside the
safety zone (Session 2:2.86,p=0.010; Session 4=2.40,p=0.028), conducted more trials
(Session 2t=4.47,p=0.000; Session 4=3.83,p=0.001), and self-reported more frustration
(Session 21=3.60,p=0.002; Session 4t=3.50,p=0.003), more effort (Session 2:3.95,
p=0.001; Session 4=3.47,p=0.003) and better performance (Sessiot=3.37,p=0.003;
Session 4t=3.52,p=0.002) than the participants using DD control. Additidyah Session
4, participants using DR control experienced more physieatand (=2.13,p=0.047) and
more temporal demantiH2.13,p=0.047) than the participants using DD control.
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Table[6.5 shows the means and standard deviations of alhdepemeasures for DR
and DD controls over the four sessions, as well as pairest tetamparisons between DR
and DD controls over the four sessions. Over the four sesstbe participants conducted
the task in longer timet€5.46, p=0.000), longer distance from the central lirte3.22,
p=0.005), longer time of warning$<3.01,p=0.007), larger number of warnings=g8.15,
p=0.005), and more trialg$5.84,p=0.000) using DR control than DD control. The results
from the TLX scales showed that participants experienagmifgtantly lower workload us-
ing DD control compared to DR control. Findings from theistatal analysis over Sessions
1 versus Session 2 and Sessions 3 versus Session 4 areamangitt the results over the
four sessions, and the detailed data is provided in Table 2.

A total of 18 out of the 20 participants preferred DD contreépDR control. In the
open comments, 4 participants reported that 'there is nd fadraining with DD control’.
Nearly all participants (17 out of 20) commented that thest larientation after rotation
using DR control and that this was highly annoying and resliih a slow and bad perfor-
mance.

6.5 Study 2: Control device - Joystick control versus Hand-
grip control

6.5.1 Participants

The goal of Study 2 was to compare joystick and handgrip cbirtrterms of human per-
formance in a pathway surgical task. Twenty undergraduateyeaduate students (16 men
and 4 women between 20 and 29 years old) from Delft Univerdityechnology joined
in this experiment and were assigned into two equally sizeds (Group A and Group
B). All participants were right-handed and had no prior eigree with minimally invasive
surgery or Endo-PaC. There was no overlap between the ipariits of Studies 1 and 2.

6.5.2 Procedure

Study 2 was carried out with the control mode that led to the tassk performance in Study
1: DD control. The procedure and control device for the twaugrs are presented in Figure
[6.3. The control device order in the four sessions was cobalEnced between the two
groups, so that Group A started with joystick control andhthkernated between handgrip-
joystick-handgrip, and Group B started with handgrip colnénd then alternated between
joystick-handgrip-joystick. Before the experiment sdrtthe goal of the experiment was
verbally explained to each participant and an instructias given regarding the use of the
two control devices and the screen output. The subsequecggures, such as practice,
experimental tasks and questionnaire evaluation, wergig to Study 1. The experiment
lasted about 1 hour per participant. The experiment wasoapdrby the Human Research
Ethics Committee of Delft University of Technology.



Session 1 Session 2 Session 3 Session 4
Group A Group B Group B Group A Group A Group B
DR DD DR vs. DD DR DD DR vs. D DR vs. D DR vs. DD
Mean | Mean | Mean | Mean |
N=10 SD N=10 SD t V4 N=10 SD N=10 SD t P SD t t V4
Task time 233.0 80.7 | 2.90 | 0.010 1124 107.3 | 1.12 ] 0.277 56.8 | 3.02 0.74 | 0.158
Path length 1152 625 | 0.33 | 0.748 807 1198 | -1.70 | 0.106 604 | 1.01 -0.81 | 0.429
Distance to central line 1.6 1.6 | -0.05 | 0.958 1.0 1.3 1.80 | 0.084 1.6 | 0.04 1.97 1 0.064
Time of Warnings 36.3 7.7 | 126 | 0.225 8.9 2.8 2.86 [ 0.010 54 | 1.96 2.40 | 0.028
Number of warnings 21.3 15.7 1 0.77 | 0.454 13.3 114 | 126 | 0.224 10.9 | 1.09 1.59 ]0.129
Number of trials 6.1 2.7 | 1.90 | 0.074 3.6 2.7 | 447 | 0.000 1.8 | 1.67 3.83 | 0.001
TLX 32.6 23.1| 1.74 | 0.098 11.7 35.7 | 1.60 | 0.127 17.5| 1.96 142 1 0.173
-Mental demand
X 204 249 | 147 | 0.158 17.0 275 | 171 | 0.104 172 3.09 2.13 | 0.047
-Physical demand
TLX 240 213 | 187 | 0.078 17.7 236 | 134 | 0197 175 | 086 213 | 0.047
-Temporal demand
TLX 16.7 162 | 0.75 | 0.465 18.0 25.2 | 3.37 | 0.003 2741 -0.77 3.52 | 0.002
—Performance
TLX 18.4 19.0 | 1.97 | 0.064 12.1 20.3 | 3.95 | 0.001 15.6 | 1.40 3.47 | 0.003
-Effort
TLX . 33.1 18.0 | 0.67 | 0.510 24.0 22.6 | 3.60 | 0.002 26.0 16.6 | 0.72 3.50 | 0.003
-Frustration

Figure 6.4: Means and standard deviations (SD) of all degerdneasures for Deflection-Rotation (DR) and Double-Deéfle¢DD) control
in each session of Study 1. t- and p-values for DR versus DBaiqrer session are also shown. p-value®.05 are annotated in
bold. Gradient scale visualizes the size of each dependeasumne from green (the lowest value) to red (the highesigjalu
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Figure 6.5: Means and standard deviations (SD) of all degendneasures for Deflection-Rotation (DR) and Double-Defle¢DD) control
across sessions of Study 1. a) All four sessions, of whichethdts were summed for Sessions 1 and 3, and Sessions 2 an
respectively; b) Sessions 1 and 2; c) Sessions 3 and 4. ps410.05 are annotated in bold. Gradient scale visualizes the sf

Sum(Session 1, Session 3) & Sum(Session 2,Session4) Session 1 & Session 2 Session 3 & Session 4
Sum(S1_GroupA, Sum(S1_GroupB, Session 1_Group A Session Session Session
3_GroupA) & S3_GroupB) & . 1_Group B & 3 _Group A& | 3_Group B
Sum( S2_GroupB, Sum( S2_GroupA, & Session 2_Group Session Session & Session
DR vs. DD B DR vs. DD DR vs. DD
S4_GroupB) S4_GroupA) 2 _Group A 4 Group B 4 _Group A
DR DD DR DD DR DD
Mean Mean Mean Mean
SD t P 0 | SD N=20 SD t p N=20 | SD N=20 SD t p

Task time 202.1 5.46 0.000 1939 | 2552 | 93.0 | 3.55 [0.002 181.5 | 210.1 [ 123.4 [ 6.54 [0.000
2014 -1.05 0.306 1039 935 | -1.55 [0.139] 3236 | 1029 [ 3250 | 1161 | -0.08 [ 0.937
Distance to central line 2.8 3.22 0.005 1.3 8.9 1.5 | 213 [0.047] 9.13 12 | 85 | 14 | 323 |0.004
Time of Warning 10.0 3.01 0.007 26.2 55 | 59 [ 195 [0.067 105 | 36 | 43 [ 448 [o.000
Number of Warnings 213 3.15 0.005 17.6 138 [ 1.62 [o.121 142 | 104 | 87 [ 3.13 [0.006
Number of trials 42 5.84 0.000 49 130 | 28 | 474 [0.000 47 114 ] 23 | 461 [0.000
TLX -Mental demand 52.9 4.14 0.000 239 | 528 | 29.5 [ 3.85 |0.001 23.1 | 488 | 259 [ 3.70 | 0.002
TLX -Physical demand 438 5.06 0.000 186 | 540 | 256 [ 320 |0.005 15.6 | 485 | 23.1 [ 6.14 | 0.000
TLX -Temporal demand 40.7 3.04 0.007 205 | 438 | 22.1 | 2.67 [0.015 19.8 [45.8 | 20.9 [ 2.81 [o.011
TLX —Performance 41.6 321 0.005 192 [ 400 [ 212 | 3.09 [0.006 23.7 [39.5 [ 26.8 [ 2.15 [0.045
TLX -Effort 36.0 6.02 0.000 154 | 498 | 19.5 [ 4.95 ]0.000 18.2 | 44.0 | 203 [ 5.17 | 0.000
TLX-Frustration 37.4 4.15 0.000 30.0 | 338 | 20.5 | 3.70 |0.002 23.0 [29.5 | 18.5 | 3.71 | 0.002

each dependent measure from green (the lowest value) tohedhighest value).
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6.5.3 Parameters

Beside the parameters that were measured in Study 1, susheagath length and TLX

subscales, also a kinematic parameter, the 1-dimensi@Balrfotion smoothness along
the control axis was analysed. This parameter.in/mn? (a.u. = arbitrary unit), was

calculated by the change in the acceleration (j) based otiittederivative of the position

(h) of the virtual tip moving along its axis, defined as

. d3h\?
= (W)

One- dimensional motion smoothness is then derived fronmtiegrated squared jerk
yal
J=¢/=[ j?dt
=

An independent t-test was conducted to test the differelpesgeen the two control devices
in each individual session. A paired t-test was used to coengantrol modes over a) the
four sessions, b) sessions 1 and 2, and c) session 3 and 4rebifes between the two
control modes were considered to be significant when thdyewaas smaller than 0.05.
All analyses were conducted using MATLAB R2011b.

6.5.4 Statistics

6.5.5 Results of Study 2

Figure[6.8 show the average task completion time from eashpyrThe fastest individual
performances for completing an experimental session umitigcontrol devices occurred in
Session 4 (49.06 s using joystick control and 59.53 s usinddn@p control), during which
session the average task times for 10 completed trials wefeBand 88.1 s for joystick
and handgrip control, respectively.

Figure[6.6 shows the means and standard deviations of ahdigmt measures for joy-
stick and handgrip control in each sessions, as welitast comparisons between joystick
and handgrip controls in each session. During Sessions B,amadl significant differences
between the two control devices were observed in terms kfitae, path length and TLX
scores. In Session 1, the 1D motion smoothness was signtifidsaiter for joystick than
for handgrip control at both left/right and up/down direcis (left/right directiont=-2.19,
p=0.042; up/down directiont=-2.12,p=0.048). In Session 3, the two control devices did
not differ in the 1D motion smoothness.

During Sessions 2 and 4, the path length was significantlytshfor joystick control
than for handgrip control (Sessiont2-2.64,p=0.017; Session 4=-2.84,p=0.011). Partic-
ipants using handgrip control, on the other hand, selftepasignificantly lower physical
demand (Session 2=-3.63,p=0.002; Session 4=-3.37,p=0.003) than participants using
joystick control. Participants using the joystick contsellf-reported a somewhat higher
frustration than participants using handgrip control infalir sessions, but the difference
did not reach significance.
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Figure[6.7 shows the means and standard deviations of aindiemt measures for
joystick and handgrip control over the four sessions, as$ agpaired-test comparisons
between joystick and handgrip controls over the four sessid he participants reported
a lower physical demand=-3.81,p=0.001) and exhibited lower 1D motion smoothness
using joystick control than using handgrip control (lefht direction: t=-7.87,p=0.000;
up/down direction:t=-7.31,p=0.000). Also, the path length was significantly shorter for
joystick control than for handgrip control=-3.90, p=0.000). No significant differences
between the two control devices were observed in terms kftia® or other items of the
TLX subscales.

In the final questionnaire, 8 out of the 20 participants iatBd a preference to joystick
control, 10 participants preferred handgrip control, angh&icipants expressed no prefer-
ence (Fig[6.B). For the open question Did you feel fatiguathd the test, 3 out of the 20
participants reported fatigue for joystick control (maiaround thumb and forearm), and 7
participants for handgrip control (mainly around wristrdarm and shoulder).

6.6 Discussion

6.6.1 Control mode: DR control versus DD control

In Study 1, two control modes, Deflection-Rotation (DR) aralible-Deflection (DD) con-
trol, were compared in a navigation task. Using DD contrdltieshorter completion times,
smaller distance from the centre line, shorter times of w@sand fewer number of warn-
ings and trials than using DR control. No significant diffeces between the two control
modes were observed in terms of path length. There are twly ldxplanations for these
results: 1) using DR control needed more time to completexiperiment while taking tra-
jectories similar to those taken with DD control; or 2) theéctories created by DR control
and DD control differed from each other: one was jagged diserall movements and the
other was straight but detoured. In order to investigateciwvbif these two explanations is
more plausible, the trajectories travelled by the virtifalsing both control modes during
Session 4 were plotted. Characteristic examples of thess le presented in Figure 610,
showing that 1) the trajectories using both control modeseviegged, 2) the trajectories
with DR control were somewhat straighter than the DD cortbwiards the end of the tun-
nel curve, but the distance from the central line duringtiotein DR control was generally
larger than the distance from the central line in DD cont@insidering that the length of
the tunnel’s central line is always longer than the absadligeance between the start and
target plane of the tunnel, it could be deduced that any ddgas in path length gained by
the straight trajectories under DD control toward the entheftunnel curve are cancelled
out by relatively large deviations from the central lineidgrthe rotation of the instrument,
leading to comparable path lengths with DD control.

Open comments revealed that different participants falbtwo different strategies un-
der DR control. When encountering a curved corner, onesgjyatas to first rotate, deflect
the virtual tip to the opposite direction of the corner, anelt forward the entire instrument
while keeping this direction (Fid._6.1L1-top). Other padpants took the same steps of ro-
tation and deflection, but then conducted a retro-rotatigint mfter the deflection, before
forwarding the entire instrument towards to the goal (Eiddebottom). This observation



Figure 6.6: Means and standard deviations (SD) of all deendneasures for joystick control and handgrip control icleaession of Study
2. t- and p-values for DR versus DD control per sessions ae ahown. p-values 0.05 are annotated in bold. Gradient scale

Session 1 Session 2 Session 3 Session 4
Group A Group B Joystick vs. Group B Group A Joystick vs. Group A Group B Joystick vs. Group B Group A Joystick vs.
Joystick Handgrip Handgrip Joystick Handgrip Handgrip Joystick Handgrip Handgrip Joystick Handgrip Handgrip
Mean Mean Mean
N 10| SD N:10| SD t V4 t t P N:10| SD t V2
Task time 6231 0.08 | 0.941 0.03 0.19 | 0.856 27.99 0.01 | 0.909
Path length 570 | 1.03 | 0318 -2.64 1.20 | 0.245 249 -2.84 | 0.011
1D motion smoothness
lefUright (1¢+006) 22 | -2.19 | 0.042 -1.94 -1.79 | 0.090 1.2 -1.88 | 0.077
1D motion smoothness
up/down (1e+006) 1.9 | -2.12 | 0.048 -2.03 -0.91 | 0.373 1.0 -1.68 | 0.110
TLX-Mental demand 248 | 0.99 | 0336 -1.80 1.35 | 0.193 20.2 -1.81 | 0.088
TLX-Physical demand 16.9] 0.26 | 0.801 -3.63 0.00 | 1.000 16.2 -3.37 | 0.003
TLX-Temporal demand 21.0] 028 | 0.787 -0.64 022 | 0.830 18.6 -0.36 | 0.725
TLX- Performance 23.0| 0.38 | 0.706 1.03 0.61 | 0.551 274 0.83 | 0416
TLX-Effort 2271 020 | 0.842 -1.17 0.99 | 0.335 20.0 -1.13 | 0.274
TLX-Frustration 12.0] 2.00 | 0.061 -2.00 0.88 | 0.392 13.1 -1.62 | 0.123

visualizes the size of each dependent measure from greeloybst value) to red (the highest value).
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Sum(Session 1, Session 3) & Sum(Session 2,Session4)

Session 1 & Session 2

Session 3 & Session 4

Session Session Session Session
Sum(S1_GroupA,S3_GroupA) & | Sum(S1_GroupB,S3_GroupB) & . 1_GroupA & | 1_GroupB & . 3_Group A | 3_Group B .
Sum( S2_GroupB,S4_GroupB) | Sum( S2_GroupA,S4_GroupA) J(;lystg:k VS Session Session J(;lystg:k VS & Session & Session Jc;lystlgk V-
andgrip 2 _Group B 2_Group A andgrip 4 Group B | 4 Group A andgrip
Joystick Handgrip Joystick Handgrip Joystick Handgrip
Mean Mean Mean | Mean | Mean |
SD t 7 =0l S0 A= SP SD t P
Task time 72.0 -0.31 | 0.759 60.5 512 36.0 [ -031 |0.759
Path length 723 -3.90 | 0.000 306 478 305 | -2.19 [ 0.040
1D motion smoothness-
leftright (1¢+006) 3.1 -7.87 | 0.000 1.6 1.8 15 | -6.76 | 0.000
1D motion smoothness-
up/down (1e+006) “ 2.5 731 | 0.000 1.1 15 12 | -3.76 | 0.001
TLX-Mental demand 40.6 -0.97 0343 23.0 23.1 21.7 [ -0.71 [0.484
TLX- Physical demand 432 -3.81 | 0.001 24.1 23.9 21.8 [ -3.37 | 0.003
TLX-Temporal demand 41.1 -0.87 [ 0.398 18.9 19.7 24.6 | -0.12 | 0.906
TLX-Performance 37.7 0.74 | 0472 21.0 19.5 239 | 041 |0.687
TLX-Effort 359 -0.58 [0.570 18.1 19.2 209 [ -0.16 | 0.874
TLX-Frustration 39.7 -0.45 ]0.657 174 21.2 21.0 [ -1.05 10309

Figure 6.7: Means and standard deviations (SD) of all deendneasures for joystick control and handgrip control asreessions of Study
2. a) All four sessions, of which the results were summedefsisns 1 and 3, and sessions 2 and 4, respectively; b) 8sdsand
2; c) Sessions 3 and 4. p-values0.05 are annotated in bold. Gradient scale visualizes the of each dependent measure fror

green (the lowest value) to red (the highest value).
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Figure 6.10: Characteristic examples of tip trajectorieeri DD control (blue) and DR
control (red). Light green lines and strong green lines prasunnel wall and
boundary of near-collision respectively, and the yellaveldepicts the centre
line of the tunnel.

raised our interest, because the participants using thesfiiegegy reported loss of orienta-
tion after a few rotations, whereas the participants udiegsecond strategy reported that
they kept using a cartesian coordinate system througheintglerformance, since they de-
liberately corrected their reference frame back to hotialafter each rotation.

As the virtual instrument tip was not visible in our experimhearticipants could only
imagine the instrument position based on their memory optkeious steps, and then think
out the next step of manoeuvring. In the case of the firstegiyatising DR control, the vir-
tual tip was steered in a polar coordinate system on theséraeme. Participants had great
difficulty in keeping their orientation after some time arethme blind of the position of the
virtual tip. By randomly moving the instrument, they rectsusted a new cartesian system
(for the tip location) and proceeded their manoeuvring. limical practise, 'getting lost’
is a common experience for endoscopists who use DR contoadirittyol endoscope (e.g., a
colonoscope [60][61]). It is possible that the second sgyabbserved from our experiment
(including a retro-rotation step) could facilitate the eadopist’s spatial orientation during
a navigation task. It was, however, noticed that the DD admias strongly preferred by
the participants at the end of our experiment, strongly satigg that DD control is more
intuitive for novices.
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6.6.2 Control device: Joystick control versus Handgrip cotrol

Study 2 compared joystick and handgrip, two commonly usexdrobdevices for DD con-
trol. We noticed that throughout the experiment, partiotpdravelled a shorter path using
joystick control as compared to handgrip control, withinmparable time periods, which
means that participants generally performed the expetimigmlower average speed when
using joystick control than with handgrip control. In ordergain a better insight into this
phenomenon, the trajectories travelled by the virtual §gmag both control devices during
Session 4 were plotted. Figure 6.12 shows a characteristingle of trajectories using
handgrip control and joystick control. It can be seen thattithjectory using handgrip con-
trol was smooth and continuous, while the trajectory usiygtick control was intermittent.
The open comments in the questionnaire concur with thesaistimct types of trajectory,
with most participants reporting that they made a contirsugnake-like movement (mov-
ing forward while steering) using handgrip control, andepstise movement (first moving
forward, then steering) when using joystick control. Thispaeported that handgrip con-
trol was easy to master but led to difficult manoeuvring tigtothe tunnel, whereas joystick
control led to easy manoeuvring but took a while to masteotter words, handgrip control
was more intuitive but requested greater effort for follegithe tunnel curvature, whereas
joystick control facilitated the steering motion by allowgi small adjustments but it was
more difficult to get used to.

Pathway surgical procedures are frequently carried out t®am of two surgeons (cf.,
skull base surgery [64][125][121]): one being in charge ofidjing the instrument to the
target area through the pathway and the other conductinggbeation on the target area.
The outcome from our study suggests that handgrip controldwaffer better intuitiveness
than joystick control in following the anatomical struaywhile joystick control would be
more suitable for tasks requiring targeting (or directingtion. Note, however, that this
study has been conducted with novices; further testing aighert surgeons is required to
investigate whether different control devices are neededifferent types of motion (i.e.,
joystick control for targeting vs. handgrip control for pige curvature following). For MIS
instruments with multiple end effectors (such as singlg-pargical platforms), it might be
helpful to utilize a combined control device which allowsdgrip control for dexterous
steering and joystick control for directing.

No significant differences were observed between the twiralohevices regarding task
completion time in any session. However, in Sessions 2 atite4reater path length, frus-
tration and physical demand when using handgrip controbagpared to joystick control
suggest that it was more difficult to switch from joystick @antagrip control than the other
way around. Interestingly, despite this difference, batbugs achieved similar final per-
formances in terms of task time in the last session. In theedar, in a study comparing
joystick and handgrip control in a positioning and orieimgtask in a portable laparoscopic
trainer, Fan et al. [36] found that it was easier for the paréints to switch to joystick con-
trol than to handgrip control. In that study it was postutatfeat joystick control separates
the steering motion (2DoF: left/right and up/down of thetalisip) from the common con-
trol motion of laparoscopic instruments (2DoF: translatémd rotation of the instrument
shaft), whereas handgrip control applies the 4DoF motioartly one joint (i.e., wrist).
The frustration and physical demand NASA TLX scores of ourent study confirm and
expand this conclusion towards pathway surgical tasks.
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Figure 6.12: A characteristic example of tip trajectoriesri handgrip control (blue) and
joystick control (red). Light green lines and strong greares present tunnel
wall and boundary of "near-collision” respectively, anddlyellow line depicts
the central line of the tunnel.

6.7 Summary

In this study, two control modes (DR and DD control), and twatcol devices (joystick and
handgrip control) were compared in a navigation task usingwly developed pathway-
surgery simulator. The experimental results show that @etpto DR control, DD control
led to faster and safer performance, and to a strong swgquteference. Joystick control
resulted in slightly more precise targeting than handgitiol, whereas the latter appeared
to be more intuitive to master dextrous steering. The twdrobdevices featured similar
overall task performance.
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7.1 Revision of the goal

During minimally invasive surgery, instrument movements Amited by the incisions
and restricted by the anatomic structufteerable instrumeng#nstrument with a single-
segment steerable tip) amdanoeuvrable instrumen{;strument with multiple steerable
segments) have been developed for compensating thistestrof DoFs, yet little attempt
has been made concerning the intuitiveness of the contefate. The overall aim of this
thesis is to investigate the manual controllability of neamtheld steerable medical instru-
ments used in various forms of minimally invasive surgenghsas, laparoscopic surgery,
NOTES, and endovascular procedures. In order to achievahijeetives of the thesis, sev-
eral experimental studies were performed and the resdtprasented in this thesis. The
subgoals are given once more, since they provide the frankdaothe summary in follow-
ing sessions.

» To describe and to categorize current developments of heldd$teerable medical
instruments;

» To assess commonly used control interfaces and manoelityraificommercially
available steerable instruments, and to determine thdluénce on human perfor-
mance;

» To determine potential solutions concerning manoeuvriificdities for handheld
instruments used in pathway surgery;

* To build a simulator and carry out experiments for asses#irgproposed solutions
in pathway surgery.

7.2 Summary of the performed experiments and the find-
ings

7.2.1 Onthe current development of steerable and manoeuvide med-
ical instruments

A literature review of the state-of-art of manual controltheals for handheld steerable
instruments was conducted (Chapter 2). The review categmbthe developed steerable
instruments based on the physical coupling between thedtars and between the tip
motion and the control motion. The literature study furtfexealed that

« the requirements on instrument manoeuvrability incredsen the size of the surgical
incision decreases;

* in the case of controlling multiple steerable segmentsadugl shift can be noticed
from parallel and serial control to integrated control;

< as manoeuvrable instruments are primarily being desigmedavigation along 3-
dimensional curvatures, the concept of ISS (Integrated|&iSegmented control)
resulting in a shape-memory locomotion could be a strongfitdor instrument nav-
igation.
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7.2.2 On the control of steerable instruments
1DoF control

It was noticed from the state-of-art (Chapter 2) that duehtorhechanical simplicity and
cheap manufacturing, two 1DoF control methods, rotatingroband sliding control, have
been applied in the design of commercial steerable catheter experiment was designed
to investigate the difference between these two controhou and their influence on hu-
man performance (Chapter 3).

Catheters equipped with a steerable tip result in an adagishape and lead to higher
precision of catheter positioning and less number of catheltanges. Sliders or knobs
are widely applied as 1DoF controllers in the design of siiglercatheters. However, the
difference between these two control methods and theic@fémess is unknown. Based
on the direction of the control movements, four handles vbeik (Rotator-Front, Rotator-
Top, Slider-Vertical and Slider-Horizontal), and assdsseterms of accuracy, safety and
subjective workload. The results revealed that slidetic@rhandle provided generally
faster and safer performance, whereas rotator handlesmane preferred by participants
at the end of the experiment (Chapter 3).

2DoF control

Subsequently, two 2DoF steerable instruments, the firs(@mearly market ready proto-
type) controlled by the thumb and the second one (commar@sdilable product) con-
trolled by the wrist, were compared in a positioning taskngsa portable laparoscopic
trainer (Chapter 4).

In order to improve the ease of access to anatomic struatukEparoscopic surgery,
steerable instruments are developed, in which handgripgusrist control and joystick
using thumb control have been implemented. Previous studige investigated the differ-
ences of control methods between steerable instrumentsoawdntional rigid instruments,
whereas the difference between the two control methodgderable instruments remains
unclear. Our study evaluated the performance of novicesémtating a steerable tip using
both aforementioned control methods. The results revehkdhumb control was easier
to master and strongly preferred, although in terms of task,tno significant difference
between the two control methods was observed. (Chapter 4).

7.2.3 On the control of manoeuvrable instruments

Multi-DoF control

Chapter 2 categorized the control methods for steeringiphellsegments (i.e., manoeu-
vrable instruments) into three main groups: parallel srgggment control, serial single-
segment control and integrated single-segment contr@)(1£5S uses one controller to
manoeuver the leading segment, followed passively by thieafethe segments as the in-
strument moves forward. The first two groups require as mamyracllers as the number
of segments, whereas the last one requires only one camtrdlhe ISS control concept
results in a shape-memory locomotion similar to a snakeanaind generates any arbi-
trary curvature, but does not have full controllability @il of the segments. Nonetheless,



100 7 Conclusions and future research

manoeuvrable instruments are primarily designed for raiog along 3-dimensional cur-
vatures. The use of ISS may lead to easy and precise congdbdhe similarity to conven-

tional steerable instruments (e.g., eye-hand coordingdiaimensional vision and surgical
workflow).

The ISS concept and the other outcome from Chapter 2 triggbeeedevelopment of an
experimental simulator: Endo-PaC (EndoPathControllendo-PaC mimics the shaft and
handle of a manoeuvrable instrument with standard dimessand electronically measures
the control motion of the user. Four experiments regardiroghain factors, a cognitive fac-
tor and an ergonomic factor, were designed and conductédnaitice participants using
Endo-PaC (Chapter 5-6).

Cognitive factor-Control display
During pathway surgery, surgeons have to manoeuvre theuments inside the patient
while looking at the monitor. The information about the piosi of the hand and fingers
(at the proximal end of the instrument) does not directlyjite sufficient information of
the tip movements (at the distal end of the instrument). Tikplaly on the monitor thus
becomes crucial for providing visual feedback of the tip mmoents. In this thesis, two ways
of control mapping, normal mapping (handle lefimage left, handle up-image up) and
mirrored mapping (handle leftimage right, handle up-image down) were analysed in
combination with two control devices (joystick control @amahdgrip control) in an orienting
task with an endoscope during simulated scenarios of pgtewaery.

Throughout this experiment, participants performed lbésteorter task completion time
and higher accuracy) and experienced lower workload whieig m®rmal mapping with re-
spect to mirrored mapping. It was further revealed that fifferénces between the two
control mappings were more pronounced when using joystiek thandgrip control. It
implies that in the case of a joystick-controlled endos¢qzeticipants experience lower
workload and better performance when using normal mapiag tising mirrored map-
ping; in the case of a handgrip controlled endoscope, diffees between the two control
mappings would highly influence participants workload bott their performance.

Cognitive factor-Local disorientation
Since the camera is usually positioned on the tip of the esujes during navigation, the
visual display provides an egocentric view obtained froexthmera. Surgeons do not know
"where the instrument’isand "where the instrument is heading for in the next advancing
steg. Therefore it is a common phenomenon that surgeons mugtorelguesswork or
randomly move the instrument for re-gaining the orientatidormation.

A number of studies [18] [17][81][113][26], have investigd this phenomenon, and
solutions such as computer navigation aids, robotic erues; and mechanical method
implementing an oblique transparent hood were proposedhisnthesis, the endoscope
camera was implemented in the software to be behind theimstnt tip, and therefore the
instrument tip was visible at the bottom on the monitor.

It was hypothesized that the visible tip would be helpful iftstrument orientation in
navigation [62][135][142]. The experiment results strévem previous study [62] thak’
visual cue providing direction information led to fasterfmemance but showing that for
novices, the introduction of a visible tip might result igsificant number of potential col-
lisions due to the uncertain distance estimation betweertdimera, the scope tip and the
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surrounding anatomy.

Ergonomic factor-Control mode
During pathway surgery, besides advancing the instrurtfiesurgeon needs to manoeuver
the instrument in two orthogonal directions (up/down arftright). Since simple instru-
ments employing 1DoF tip deflection cannot steer the sedpHddF directly, the surgeon
has to control this DoF indirectly by rotating the instrurharound its shaft. In this thesis,
we refer to this 1DoF tip deflection + 1DoF shaft rotation cohtis DR-controland the
mechanically more complex 2DoF tip deflection controbdx-control.

From our experimental results, it was revealed that DR obatrd DD control signif-
icantly differ in terms of all objectively measured parasrstand subjective workload, but
not in path length. Further investigation revealed thatthjectories using DR control were
straighter and further away from the central line of the dated tunnel compared to those
using DD control. This indicates that it is more difficult foovices to navigate along the
tunnel curvature using DR control than using DD control.

It was further noticed that there were two strategies of kepgognitive reference frame
when using DR control. One strategy was to keep polar reéeréname when rotating the
instrument shaft; however, participants easily got lost had to move the instrument ran-
domly to regain their orientation. Another strategy waseefka cartesian reference frame
throughout the experiment, in which case participantdeéeditely corrected their reference
frame after each rotation. It is plausible that the secoratesjy observed from this experi-
ment could facilitate the spatial orientation during a gation task.

Ergonomic factor-Control device
The ability of the human wrist and thumb to move naturallywmo tperpendicular direc-
tions enables the surgeon to control two DoFs individuatlgioultaneously. In the case
of 2DoF deflection control, the 2DoF tip deflection follow thurgeon’s 2DoF wrist or
thumb movements, for instance by using a joystick or hapdghich articulates with the
instrument tip.

The result of this experiment is in line with the outcome ofa@ter 4, that is, it was
easier for the novice participants to get used to joystiaktrad than to handgrip control.
Characteristic examples of trajectories using joysticktoa and handgrip control were
found, in which the trajectory using handgrip control wasth and continuous, and the
trajectory using joystick control was intermittent. Peigiants’ open comments revealed
that in the case of handgrip control, the trajectory wasiooous due to the snake-like
steering movements (move forward while steering) and ircdse of joystick control, the
trajectory was intermittent due to the step-wise steerimyaments (move forward first
then steering, then keep the orientation and move forwdtd3. therefore suggested that
handgrip control offers better intuitiveness in approagthe target during the navigational
task, whereas joystick control facilitates the particiisaperformance that requires only
steering (or directing) motion.

The main findings of this thesis is illustrated in figlrel 7.1.
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Figure 7.1: Studies conducted in this thesis

7.3 Research methodology and limitations in this Ph.D re-
search

In this thesis, experiments with various research methads lheen performed. Experi-
ments in Chapter 4 were conducted in a portable laparosbopitrainer; whereas experi-
ments in Chapter 3 and Chapter 5-6 were conducted usingmtdtsigned simulators.

In the catheter simulator setup of Chapter 3, the four hanttlebe compared were
designed in order to feature control method as the only bliarhe length and diameter
of the handles are comparable to commercial products, anrhtige of sliding length and
size of the knob are selected carefully from a range of cornialéy available components.
The dimensions were therefore not optimized to e.g. thedfilee hands of the subject. It
is known that surgeons with small hands have difficultieagighstruments with too large
handles in Surgical Endoscopy|8]/85],82].

In Chapter 4, the experimental setup only allowed us to cktior task time. However,
other parameters regarding the precise instrument pogitip such as the number of at-
tempts to reach the targets and the distance travelled bgstrament tip, could be of great
value. The following experiments presented in Chaptere®e designed such that the full
positioning parameters were recorded profoundly expaitiie information gained.

Endo-PaC is a simulator designed for assessing vital faabthe ISS control con-
cept. Therefore Endo-PaC is a simulator for investigatiogtiol interfacing rather than
for validating surgical skills. Current software preseabstracted models that are geo-
metrically similar to anatomic structures, such as a 3-dsienal curved tunnel and a 2-
dimensional path. In the literature, modelling of a coloreadovascular tree has already
been reported, therefore in the future more realistic modelild be implemented into the
simulator [110][3][73].

The present thesis considered only kinetic parameterse widasurements of the forces
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that participants applied to the pivot in Chapter 4 and ta:tir@rol devices in Chapter 3, 5-6
were neglected. Extensive research regarding force fekdbal its influence on surgical
performance, are carried out by Chmarra et al. [145] andidareet al|[55][56]. The results
presented in this thesis are a first step towards the inatitigof the factors influencing the
performance of ISS control in pathway surgery. Broaderaeseinto this topic including
force measurement is needed as a next step. Last but nqtd#dke experiments in this
thesis were conducted by novices: engineering studentshallmeither experience with
the experiment setups nor knowledge of MIS instrument madain. Novices provide the
advantage of out of the box thinking in combination with abiased perspective. Although
experience-bias was considered as a disadvantage inubig gte involvement of skilled-
surgeons or medical students could give valuable resuitels

7.4 Recommendation for the future research

The outcomes from this PhD study generated several recodatiens for the future re-
search:

» The experiments of this thesis were mainly conducted uaimgvigation task. In
clinical practise, navigation inside the anatomic streegerves commonly the diag-
nosis purpose. Surgical procedures require not only naweigg skills but also other
specific tasks, such as positioning and needle-driving térefore worth trying to
create various tasks in the future development of the sitoiyland to investigate the
effect of various control device/mapping/strategy/daisdn human performance.

« This thesis made the first step in investigating an intaitentrol method for multi-
segmented instruments. Future research could expandeharsas to specific clin-
ical applications, such as Skull Base Surgery, and to dbggtassess the influence
of various control methods on human performance.

« Endo-PaC was designed for the assessment of vital faadorsohtrolling multi-
segment instruments. The outcome of this PhD thesis pregdélelines for the
development of an ISS controller, such as the wrist conetgdparticipants make a
continuous trajectory and thumb control provides precstipning. It is worthy to
implement the suggested solution into an ISS controlleigde$ig.[7.2).

« Although this thesis focuses on control methods for imatnts with single or multi-
ple segments (single-branch instrument), the informatimhresults in this thesis can
serve as a basis for research on manual control methods fshranch instruments,
e.g. surgical platform for Single Port Surgery.

« An instrument design process is an iterative cycle staniith objectives to be at-
tained. Based on these objectives, a feasibility analggeiformed resulting in an
instrument concept which is then turned into a mechanicsibde This thesis pro-
vides the feasibility analysis step of the first iteratiortloé intuitive manual control
method for handheld steerable medical instruments. Theomes should serve as
input to the future mechanical development.
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Figure 7.2: lllustration of two integrated joystick-handig controllers

7.5 Final remark

The purpose of this thesis project was to investigate theuadazontrollability of handheld
steerable medical instruments used in minimally invaspgliaations. Literature study,
hands on experiments using commercially available stéemastruments and new experi-
ments using a self-developed simulator were carried oué riibst important contribution
of the presented project towards the research field corndigtee first detailed investiga-
tion of key factors influencing the intuitiveness of manuahirol in minimally invasive
applications, and more specifically, pathway surgery.
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Figure A.1: Assembly view of the steering unit
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Figure A.2: Explored assembly view of the steering unit



Figure A.3: Assembly view of the slider

Figure A.4: Explored assembly view of the slider



Figure A.5: Endo-PaC: FrontView
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Figure A.6: Endo-PaC: SideView
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Figure A.7: Assembly view of Endo-PaC

Figure A.8: Endo-PaC with a joystick control
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Figure A.9: Explored assembly view of the support board
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Summary

Manual control for Medical Instruments
in Minimally Invasive Surgery

With the introduction of new technologies, surgical prasexs have been varying from free
access in open surgery towards limited access in minimailsime surgery. During such
procedures, surgeons have to manoeuver the instrumentsdutside the patient while
looking at the monitor. Long and slender instruments areeldped that can insert into
the patients body through small incision(s) or natural ceif$) with help of an endoscope
following instrument created or transluminal pathwaysthiese types of procedures, called
pathway surgery throughout this thesis, the incisionglild instrument motion and reduce
the number of degree of freedom (DoF) from six to four, witile €urvature of the pathway
restricts the instrument motion within a narrow tunnelttier reducing the number of DoF
down to two.

After the establishment of conventional instruments,rsiigle instruments (instruments
with one steerable segment on its tip) and manoeuvrableimsnts (instruments with mul-
tiple steerable segments) are under development, yet thedogenent of an intuitive and
effective control interface for such instruments remaichallenge. The goal of this thesis
is to assess the manoeuvrability of currently available roencial steerable instruments,
and to find potential solutions to manoeuvring difficultigdsmedical instruments used in
pathway surgery. To achieve this goal, we developed a storudanulating the shaft and
handle of a manoeuvrable instrument, and we conducted iexpeis that investigate the
effects of various factors of manual manoeuvrability on aamerformance in a simulated
surgical pathway task.

As many studies have reported new developments of steesadlenanoeuvrable in-
struments, the first part of this thesis includes a surveytefature related with manual
control methods for handheld steerable instruments, tesinyate what would be the best-
suited manual control method for future instruments fohpaty surgery. A full overview
of manoeuvrable approaches and their controls interfagerg provided, and a novel way
of categorizing control methods for handheld manoeuvratdgguments based on physi-
cal coupling between the controllers was proposed. Thidysshhows that in the case of
controlling single steerable segment, direct- as well dgéat- control methods have been
developed, whereas in the case of controlling multipleratdle segments, a gradual shift
can be noticed from parallel and serial control to integtatentrol. The survey results are
linked to future developments in pathway surgery, thanistéad of providing full manoeu-
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vrability at each steerable segment, Integrated Singigr®at control (ISS, i.e. using one
controller to manoeuvre the leading segment while the attessrable segments copy the
leading motion) would generate a user experience similaotwentional steerable instru-
ments in aspects like eye-hand coordination, 3-dimentigsian and surgical workflow.

The second part of this thesis provides two experimentsdbatpare control meth-
ods for steerable instruments used in neuroendovasculzgrsuand laparoscopic surgery
respectively. Firstly, an experiment was designed to itigate the effectiveness of two
widely used 1DoF control methods, rotating control andistjccontrol, and their effects
on human performance, such as accuracy, safety and ietvitss. Based on directions of
the control motions, four handles were built. The slidertical handle provided general
faster and safer performance, whereas rotator handlesmane preferred by participants
at the end of the experiment. Subsequently, two 2DoF stkseirsgiruments, one controlled
by the thumb and the other by the wrist, were compared in diposig task in a portable
laparoscopic trainer. The experiment results showed ttfaiwggh the two compared con-
trol methods were not significantly different in terms of ¢éijirthumb control was strongly
preferred by novices.

Currently the development of manoeuvrable instrumentsilisrsits infancy, the ISS
concept and the other outcome from the literature reviewavagger to develop a sim-
ulator, Endo-PaC (EndoPathController), allowing greatsiaility of investigating manual
manoeuvrability for manoeuvrable medical instrumentsdd=RaC mimics the shaft and
handle of a manoeuvrable instrument with standard dimessimeasures the control mo-
tion in 5DoF, and is electronically connected to a laptop potar. Custom-designed soft-
ware visualizes circular tunnels, and participants weke@so guide the virtual steerable
tip without collision towards a target that located at thd efthe virtual curved tunnel as
fast as possible.

The last part of this thesis presents four experiments usip-PaC for assessing two
main aspects of manual controllability, cognitive aspect @)gonomic aspect, respectively.
The first two experiments investigated two factorisual-display compatibilityand local
disorientation both of which contribute to spatial disorientation andgia high cognitive
load for surgeons in an endoscopic navigation task. Therlattperiments assessed two
methods ofcontrol mode DR (Deflection Rotation) control and DD (Double Deflection)
control, and two methods a@ontrol devicejoystick control and handgrip control, for their
effect on human performance with regard to task time, patpttetracelled by the virtual
tip, motion smoothness, subjective workload as well asqrexigoreference.

It is concluded that manual controllability is key to the sess ratio of using hand-
held instruments in minimally invasive surgery. To new MIi®gedures, such as pathway
surgery, manoeuvrable instruments featuring ISS contlmlva less manoeuvrability but
provide a strong benefit leading to easy control and highigicet by just one clinician.
Experiments with novice participants revealed that, ireotd improve the manual control-
lability for ISS control during a navigation task, contratérfacing featuring DD control
leads to faster and safer performance compared with DR @omthile handgrip control
appeared to be more intuitive to master than joystick conEarthermore, eliminating the
visual-display misalignment, so that the controlled tipugrments are in line with the sur-
geons hand movements, and providing a visible cue, so thadutgeon knows where the
instruments heading for in the next advancing step, cowddttyr reduce the training time,
facilitate performance and cause less cognitive load.



Samenvatting

Manual control for Medical Instruments
in Minimally Invasive Surgery

Dankzij de introductie van nieuwe technologieén zijn gtgische procedures geévolueerd
van volledige open chirurgie naar minimale invasieve tékan met beperkte toegang.
Tijdens deze procedures moeten chirurgen instrumenterpmaren die in het lichaam
geschoven worden via een kleine insnede of via een nakeidpening. Met behulp van
een endoscoop of via een doorlichtingstechniek wordt de diedpet instrument dient te
volgen gevonden. Bij dit soort procedures die in deze thesithway sugery’ genoemd
worden, wordt de bewegingsvrijheid van het instrumenttegieeperkt door de insnijding
van zes vrijheidsgraden naar vier vrijheidsgraden, tédeijweg die het instrument dient te
volgen de bewegingsvrijdheid beperkt naar twee vrijheaiadgn in een smalle tunnel.

Nu conventionele instrumenten goed ingeburgerd zijn wabedtolgende stap in ontwik-
keling gezet naar stuurbare instrumenten (instrumentémsteiurbaar segment aan de tip)
en manoevreerbare instrumenten (instrumenten met meestleirbare elementen). Bij het
ontwikkelen van deze instrumenten zit een grote uitdagipdebbesturingsmethode: deze
dient tegelijk intuitief en efficiént te zijn. Het doel vaeze thesis is in de eerste plaats om
de besturingsmethode van instrumenten die tegenwoordignasciéel beschikbaar zijn te
onderzoeken en om vervolgens oplossingen te vinden vooesteitingsmethode van ma-
noevreerbare medische instrumenten die gebruikt wordpaihway surgery’. Om dit doel
te bereiken werd in het kader van dit ondrezoek een simutetiovikkeld bestaande uit een
verwisselbaar handvat van een manoevreerbaar instruneknppeld aan een computer.
Met deze simulator werd experimenteel onderzoek verrielr e invioed van verschil-
lende factoren op de menselijke prestaties bij het volgereea gesimuleerde route.

Omdat er tegenwoordig veel onderzoek gebeurt naar stieigrmamanoevreerbare in-
strumenten en er bijgevolg veel nieuwe publicaties vejsehj bestaat het eerste deel van
deze thesis uit literatuuronderzoek naar besturingsndeth@oor stuurbare chirurgische
instrumenten. Er wordt verder in gegaan op de meest gesdbéisturingsmethode voor in-
strumenten voor 'pathway surgery’. Er wordt een overzidprgsenteerd van de verschil-
lende benaderingen van manoevreerbare instrumenten ebdsturingsmethodes. Deze
besturingsmethodes worden volgens de mechanische kgppelategorién ingedeeld. In
het geval dat €én element bestuurd wordt bestaan er zingetelals indirecte besturings-
methoden terwijl in het geval dat er meerdre stuurbare aiéenezijn er een evolutie is van
parallelle en seriéle besturing naar geintegreerdeibegt De resultaten van deze studie
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wordten gekoppeld aan toekomstige ontwikkelingen in 'paty surgery’, wat erop neer
komt dat in plaats van alle elementen volledig bestuurlearaken er een gentegreerde be-
sturing bestaat waarbij enkele het eerste element bestauiben de volgende elementen
dit element volgen. Deze methode kan ervoor zorgen dat deiggeb met het instrument
kan omgaan als ware het een instrument met één stuurlemaeed met betrekking tot oog-
hand interactie, ruimtezicht en chirurgische procedure.

Het tweede deel van deze thesis bestaat uit twee experimaieteen vergelijking ma-
ken tussen twee specifieke besturingsmethodes voor steurisrumenten gebruikt bij
neuroéndovasculaire chirurgie en laparoscopische rgfiu Het eerste experiment hheft
als doel om onderzoek te doen naar de effectiviteit van tveedgebruikte bestuursmetho-
den voor 1 vrijdheidsgraad: rotatiebesturing en traredbe$turing. Bij dit onderzoek werd
vooral gekeken naar de effecten op de prestaties van detsstien, meerbepaald precisie,
veiligheid en intuitiviteit. Tijdens dit experiment wegebruik gemaakt van vier verschil-
lende handvaten die de verschillende besturingsmethag@smenteerden. De verticale
translatiecontrole beleek hierbij over het algemeen desigosnelheid te geven terwijl de
rotatiehandvaten de voorkeur van de deelnemers genotgreeBivolgende experiment
werd een vergelijking gemaakt tussen instrumenten met tngeeidsgraden waarbij het
eerste wordt bestuurd met de duim en de tweede met een peigingwDeze beide metho-
den worden vergeleken via een positioneringstaak in eerdabopische trainer. Ondanks
dat de onervaren deelnemers een voorkeur vertoonden vimobesturing bleek het verschil
tussen beide methoden erg klein te zijn.

Op dit moment staan manoevreerbare instrumenten nog ininderschoenen. De li-
teratuurstudie is een aanzet om een simulator, Endo-PadbfathController) genaamd te
ontwikkelen. Deze simulator emuleert het handvat en dectithean een manoevreerbaar
instrument met standaard afmetingen, meet de bewegingsjfi imijheidsgraden, is elec-
tronisch verbonden met een computer en laat gericht ondkrmar de besturingsmethode
van manoevreerbare medische instrumenten toe. Speciadkkalde software visualiseert
de tunnels waardoor de deelnemers zo snel mogelijk eerelgrsuurbare tip naar een doel
moeten sturen zonder te botsen met de wand.

Het laatste gedeelte van deze thesis beschrijft vier exqpeiten die met EndoPac uit-
gevoerd werden. De eerste experimenten behandelen twégalspecten van bestuurbaar-
heid: het cognitieve aspect en de ergonomie. De eerste tipegimenten vergelijken de
rol van de visuele presentatie in de oog-hand coordinatiede testpersoon en de locale
oriéntatie. Bijgevolg speelt de visuele presentatie égthevrol in de oriéntatie en de men-
tale belasting van de chirurg bij een navigatietaak. Destadtvee experimenten behandelen
de verschillen tussen besturing met deflectie rotatie naetlem besturing met de dubbele
deflectie methode met behulp van twee handvaten: een jkystieen handgreep. Het doel
van deze vergelijking is om te onderzoeken in welke zin demrschillende besturingen
invioed hebben op de interactie tussen de proefpersoonteexperiment. Hierbij werd
vooral gekeken naar de benodigde tijd om de taak af te wedeeafgelegde afstand met de
(virtuele) tip van het instrument, voltheid van de bestgride subjetieve werkbelasting en
de persoonlijke voorkeur.

Uit deze experimenten kan geconcludeerd worden dat de uybsiarheid een vitale
factor is met betrekking tot het succesvolle gebruik vanised instrumenten in minimale
invasieve chirurgie. Voor nieuwe procedures, zoals chieliin een smalle doorgang, biedt
geintegreerde besturing minder manoevreerbaarheidetreksing tot volledige besturing,
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echter door de besturing te focussen op het voorste segk@nten hogere precisie en
een lagere werkbelasting verkregen worden. Uit experierenmtet onervaren deenelemers
werd afgeleid dat de manuele bestuurbaarheid voor geéeeie chirurgische methoden
verbeterd kunnen worden door het van 1 vrijheidsgraad naaijieidsgraden te gaan.
Hierbij vervolledigde de proefpersoon de gegeven takehesren met hogere precisie. De
handgreepbesturing werd ervaren als intuitiever om akaneéa dan besturing met een joy-
stick. In de ontwikkeling van manuele besturingsmethodmr gentegreerde besturing is
het vitaal om ervoor te zorgen dat de oriéntatie van de olpimet betrekking tot wat op het
scherm te zien is en wat in de pantint gebeurt optimaal vptld2e linkt tussen beiden dient
zo sterk mogelijk te zijn, bijvoorbeeld door het leveren \radicaties met betrekking tot de
bewegingsrichting van het instrument. Op deze manier kanns&ument op een meer
intuitieve manier bestuurd worden en wordt de mentalestiatpvoor de chirurg minder.

Chunman Fan, 2014
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