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Abstract

The Endoscopic Endonasal Approach, one of the best examples of endoscopic neurosurgery,
allows surgeons to access the pituitary gland through the natural orifice of the nose. Re-
cently, surgeons have introduced the Expanded Endoscopic Endonasal Approach for the
treatment of tumours around a broader area at the base of the brain. Operating in this way,
however, with standard tools which are lacking articulation, is technically very difficult and
not widely adopted. Thus, these operations are only performed by few surgeons, in highly-
specialised centres, limiting access to most patients. While detection rates have increased
due to recent advances in medical imaging, clinical outcome has not improved in the last 20
years. Resultantly, it is widely recognised by patient groups and healthcare institutions that
there is an urgent need for surgical innovation to advance clinical outcomes in patients with
brain tumours. Robotic-assisted minimally invasive surgery allows for increased instrument
articulation and surgeon dexterity in operative workspaces with restricted access. Thus, it
could be deemed as a suitable solution for these demanding approaches.

This thesis explores the development of novel handheld robotic instruments for en-
doscopic neurosurgery. Initial work focused on the design of a miniature spherical-joint,
robotic end-effector with the aim to expand the surgeon’s operative workspace and enhance
their dexterity. To manipulate the end-effector, two concept handle prototypes were devel-
oped to cater to a large set of ergonomic literature suggestions. The two novel handles were
compared as part of a pre-clinical randomised crossover user-study. This pre-existing work
laid the foundation for a robotic system consisting of an ergonomically designed handheld
controller, and a series of 3mm detachable end-effectors that was tested in a pre-clinical
cadaver study and a multi-surgeon comparison phantom study. Peer-reviewed results on
every developmental step suggest that the intended robotic instruments are a promising step

towards developing appropriate instruments to drive endoscopic neurosurgery adoption.
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The Endoscopic Endonasal Approach, one of the best examples of endoscopic neurosurgery,
allows surgeons to access the pituitary gland through the natural orifice of the nose. Re-
cently, surgeons have also described an Expanded Endoscopic Endonasal Approach which
allows access to the entire ventral skull base, from the frontal sinus to the second cervical
vertebra. Deploying these approaches has plenty of advantages over traditional open-skull
surgery, such as minimised brain-tissue damage and reduced recovery time. However, oper-
ating in this way, with non-articulated tools, is technically difficult and not widely adopted.
Thus, not many patients enjoy the benefits of minimally invasive neurosurgical approaches,

and neurosurgeons often have to resort to more invasive procedures.

A solution to the problem of constrained operative spaces and limited dexterity could
be handheld robotic instruments. The enhanced robotic articulation can increase the sur-
geon’s dexterity, allowing them to reach previously unattainable areas and perform delicate
manoeuvres that were impossible before. This can increase the tumour resection margins,
reduce complications, and improve patient recovery and quality of life. Additionally an
ergonomic handheld design can decrease physical fatigue and strain associated with these
demanding operations. This addresses an important fact that 80% of surgeons have suc-
cumbed to a work-related injury or illness because of sustaining awkward positions through-

out lengthy operations.

Handheld robotic instruments are associated with decreased purchasing and mainte-
nance costs, and can be easily incorporated into the operating theatre. Their deployment
can result in wider clinical adoption of keyhole techniques something that has the potential
to cut down referral costs with more hospitals being able to offer highly specialized keyhole
approaches. Additionally, the occurrence of repeat-procedures due to complications or in-
complete tumour resection can be reduced, freeing up hospital beds and related resources

that could be used for other patients.
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The handheld robotic instruments developed in this thesis could also be applied to other
surgical approaches that share the same difficulties with minimally invasive neurosurgery
such as the constrained operative workspace. These could be neighbouring disciplines, such
as Ear, Nose, and Throat surgery, with Functional Endoscopic Sinus Surgery and Trans-oral
Robotic Surgery. Simultaneously, these instruments could aid in distant disciplines as well,
such as in Transanal Endoscopic Microsurgical procedures.

The technology that is presented in the next few chapters is also the basis for the
foundation a UCL spin-out company that develops handheld robotic instruments for min-
imally invasive neurosurgery. The aim of this start-up is to translate this technology into
the operating theatre and increase the clinical adoption of keyhole operative techniques in
neurosurgery. For this, a substantial venture capital seed investment has been secured, and

a strong advisory network of robotic surgery veterans has been established.
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For clarity purposes, this section explains the acronyms used in the next chapters.

CNC - Computer Numerical Control

* DH - Denavit-Hartenberg convention

e DMLS - Direct Metal Laser Sintering

* DoF - Degrees-of-Freedom

* EEA - Endoscopic Endonasal Approach

* EEEA - Expanded Endoscopic Endonasal Approach

* ENT - Ear, Nose and Throat surgery

* FMH - Forearm-Mounted Handle

e MIS - Minimally Invasive Surgery

e MISTELS - McGill Inanimate System for Training and Evaluation of Laparoscopic Skills
* MRI - Magnetic Resonance Imaging

* NOTES - Natural Orifice Translumenal Endoscopic Surgery
* PLA - Polylactic Acid plastic

* RAMIS - Robotic-Assisted Minimally Invasive Surgery

* RCM - Remote Centre of Motion

* RJH - Rotating Joystick-body Handle

* ROS - Robot Operating System

* RULA - Rapid Upper Limb Assessment

* SLA - Stereolithography

* SURG-TLX - Surgery Task Load Index questionnaire

* TEM - Transanal Endoscopic Microsurgery
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Chapter 1

Introduction

1.1 Clinical motivation

Robotic-Assisted Minimally Invasive Surgery (RAMIS) has had a great impact in operat-
ing theatres since it allows for precise and accurate motions while reducing the surgeons’
learning curve [1]. This means that more surgeons can perform RAMIS when they might
otherwise resort to open surgery [2]. With the introduction of robotics into the surgical the-
atre, a number of specialties, such as urology, gynaecology, abdominal and cardiothoracic
surgery, have integrated robotic technologies into their procedures augmenting the capa-
bilities of the surgeon while improving patient outcomes. Lately, an increasing amount of
surgical procedures have deployed or started deploying robotic devices, with neurosurgery
being at the forefront of these advancing technologies.

Due to its delicate subject matter and challenging operations, neurosurgery has always
been in need for adapting new techniques and technologies. One such adaptation is surgical
robotics, both in brain and spine applications [3]. Especially for brain surgery, a number of
commercial robots have already made their appearance in surgical theatres. Such examples
are the Neuromate (Renishaw Mayfield, Lyon, France) [4] and the Pathfinder (Prosurgics,
High Wycombe, United Kingdom) [5] which are stereotactic robots used for several neuro-
logical applications such as deep brain stimulation and endoscopy. Another example of a
neurosurgical robot is the NeuroArm (University of Calgary in 2001) [6], which is a mag-
netic resonance imaging (MRI) compatible robot used in cranial neoplastic cases [7]. All
aforementioned systems are depicted in Fig. 1.1.

Although the majority of neurosurgical robots are stereotactic, technological advances
in image guidance, endoscopy, and laparoscopic instruments have led into the development

of robotic tools for minimally invasive neurosurgery. One such system is the NeuroBot, a
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Figure 1.1: The NeuroMate (top-left), the Pathfinder (top-right), the NeuroArm (bottom-left) and
the Neurobot (bottom-right) surgical systems.

less invasive and telecontrolled micromanipulator system with a rigid neuroendoscope and
three manipulators [8]. However, the use of robotics in keyhole’ neurosurgical approaches
is still rather limited. There are more than 30 systems that have been developed for neuro-
surgical procedures, but only a few are intended for minimally invasive neurosurgery and

none of them enjoys wide clinical use [9].

A procedure that would widely benefit from robotic technology and the enhanced ar-
ticulation it offers is the Endoscopic Endonasal Approach (EEA), shown in principle in Fig.
1.2. The EEA is a minimally invasive neurosurgical technique that is performed via an an-
terior sphenoidotomy and aims at the removal of sellar and parasellar lesions [10] with the

use of an endoscope and standard rigid instruments.
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Figure 1.2: The Endoscopic Endonasal Aproach (left), and the Expanded Endoscopic Endonasal
Approach (right)

In recent years, there has been an increased interest in the Expanded Endoscopic En-
donasal Approach (EEEA), also depicted in Fig. 1.2 that expands the EEA areas of interest
to include the regions from the cribriform plate of the anterior cranial fossa to the foramen
magnum in the anteroposterior plane [11]. Although a promising alternative to transcra-
nial approaches which require craniotomies and brain retraction, the EEEA comes with its
limitations. In [12], a cohort of neurosurgeons were asked about these technical challenges,
with 74% of them identifying the limited surgical dexterity that the standard non-articulated

instruments offer as the biggest challenge of this procedure.

Fittingly, the EEEA has been described by experts as “operating in a matchbox using
chopsticks”, and surgical outcomes have not improved for 20 years [13]. In the case of
Cushing’s disease for example, one of the deadliest pituitary tumours, it is found that de-
spite improvements in radiological detection rates, there have been no changes in clinical
outcomes for at least the past two decades [14].

Due to the complexity of these operations, they are performed by few surgeons, work-
ing in highly specialised centres and in selected geographical regions, limiting access to
most patients. It is therefore imperative to find a solution that can aid endoscopic neuro-
surgery by enhancing the surgeon’s capabilities, and, thus, increasing its efficacy and safety.
These minimally invasive approaches will then be applicable to more clinical cases and a

larger patient population can enjoy their benefits.
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1.2 Research motivation

While robotic surgery has steadily been increasing in popularity, even referred to as the gold
standard for some urological operations such as radical prostatectomy [15], use in endo-
scopic neurosurgery has been very limited [16]. Commercial tele-operated robotic systems
which normally enjoy wide adoption cannot cater to the constrained spaces of these ad-
vanced operations. As a result, such systems, that can enhance the neurosurgeon’s dexterity

via remote-control, are not used in neurosurgery [17].

Furthermore, patient involvement has suggested that even if these telesurgical robots
could overcome the technical challenges that make them unsuitable for neurosurgery, there
are additional considerations that could hinder their deployment. In a survey of patients
undergoing cranial surgery, the overwhelming majority expressed a preference towards
handheld robotic systems over tele-operated robots [18]. Other than patient preference,
a handheld device, when compared with a tele-surgical system, offers similar capabilities
at a lower purchasing and maintenance cost, is more easily incorporated into the workflow,
and generally is associated with smaller learning curves [19], [20]. Such findings, along-
side the notion that robotic technology could aid in endoscopic neurosurgery, defined the

requirements of the novel technology developed in this thesis.

To date, no handheld robotic device that can be used in constrained operative
workspaces, such as the ones of minimally invasive neurosurgery, exists commercially or
in a research context. This could be explained by the technical challenges associated with
developing such devices that dishearten the major robotic surgery companies and research

centres to endeavour in this development approach.

There are three main technical challenges associated with the development of hand-
held neurosurgical robotic devices. First, the distal-end miniaturization that the operative
workspace requires. Here, the main challenge is reducing the end-effector size, while main-
taining the required capabilities such as force-delivery. Second, the compact device form-
factor. A balance needs to be maintained between functionality and ergonomics as it’s
intended to be used in a handheld manner without causing the surgeon any fatigue or strain.
Finally, the absence of a trocar-port that is often the case in surgeries that utilise natural
orifices. Most surgical robot shafts rest on a trocar-port that provides actuation around a
remote-centre-of-motion (RCM). When the entry-point is a natural orifice, this RCM is re-

placed with the physical channel, in this case the nasal channel, that provides access to the
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patient’s body. Thus, the shaft cannot rest against this entry-point, but rather requires free
space movement.

Coming up with solutions to these problems, especially when introduced into the clin-
ical context of endoscopic neurosurgery, requires invention. To this day, handheld robotic
solutions for constrained operative spaces remains a largely unsolved research problem.
However, if developed further, they can provide the benefits of robotic surgery at a frac-
tion of the cost and operative burden, and thus, make an immediate impact in the operating
theatre. This potential make these devices an attractive research and commercialization

proposition.

1.3 Aims and objectives

The aim of this thesis is to address these technical challenges by developing a novel hand-
held robotic instrument for the EEEA. A concept rendering of this robotic instrument, and
how its end-effector could be used to reach multiple areas on the skull-base are shown in

Fig. 1.3.

Figure 1.3: Concept rendering of the proposed robotic tool. The red spheres represent tumors on
the pituitary gland (center of the brain) and besides it. The articulation of the robot can aid in the
removal of tumors from these areas, besides the centre of the brain, that often are in places where
conventional tools have difficulty in reaching, or can not reach.

To achieve this aim, the following objectives were identified:

1. The development of a miniature end-effector. This component must provide expanded
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articulation, ease of movement, adequate force application and reliable structural in-

tegrity.

The development of an ergonomic handheld controller to manipulate the end-effector.
The controller should incorporate and house all required electronic and conventional
components to reliably actuate the end-effector. It should also allow for extended use

without causing fatigue or strain.

The coupling of the end-effector and the handheld controller. This coupling mech-
anism should allow for seamless movement transmission between the motors on the

controller-end, and the joint actuation system on the end-effector end.

To achieve these three main objectives, the following secondary objectives were identified

as the research was progressing.

4.

10.

A literature review on existing surgical robotic systems that deploy miniature end-

effectors, as well as on systems that are currently used in endoscopic neurosurgery.

A literature review on suggestions around what constitutes an ergonomic robot de-
sign, paired with a review on state-of-the-art handheld robotic devices, their design

and ergonomics.

The development of a simulation environment to preliminary test the device capabil-

ities and ease of use.

A single participant comparative experiment between one of the proposed handheld

controller devices and a conventional tool, to test performance and ergonomics.

The design and execution of an expanded multi-participant pre-clinical randomised
controlled trial of performance and ergonomics, that tested a broader list of literature

suggestion on handheld controller designs.

. A multi-participant pre-clinical cadaver pilot study that qualitatively evaluated the

articulation and force-delivery of the finalised robotic prototype.

The design and execution of a multi-surgeon comparative phantom trial that evaluated
the performance between the novel handheld robotic system and an equivalent non-

articulated standard instrument.
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1.4 Thesis Outline

This thesis starts with a brief overview of the novel system in Chapter 2 to give the reader
context of the discussion that is to follow. Then, the most common steps that are followed
through the endonasal approach are listed. A synopsis on surgical robots for minimally inva-
sive neurosurgical approaches is presented to showcase relevant technologies, accompanied
by a detailed overview of tendon-driven and spherical joint surgical robotic end-effectors.

Finally, a review on handheld surgical robots and their ergonomic considerations is outlined.

In Chapter 3, a spherical joint robotic end-effector for the EEEA is presented. First,
the design and fabrication is discussed, followed by its kinematic analysis. The robotic end-
effector was tested for its repeatability and workspace capabilities, as well as its structural
integrity. This testing provided some useful insight that lead to further development and

miniaturization which produced the finalised robotic end-effector prototype.

In Chapter 4, two ergonomically designed handle prototypes for the neurosurgical
robotic instrument are presented. Initially, a forearm-mounted handle that maps the sur-
geon’s wrist directly to the robot-joints is developed. To test for the efficacy and limitations
of the handle, a preliminary pre-clinical comparative experiment between the suggested pro-
totype and a standard neurosurgical tool was carried out. In that same chapter, an alternative
handle design is showcased that employs a trigger and a rotating joystick-body that places
the joystick at the position most comfortable for the surgeon. Both handles are evaluated
in terms of performance and ergonomics as part of a randomised crossover user study, with
the aim to identify the most suitable ergonomic handle design for keyhole neurosurgery.
This chapter concludes with the fabrication of a functional handheld controller based on the

superior handle concept, intended to actuate the previously developed robotic end-effector.

In Chapter 5, the novel robotic system prototype is evaluated in the lab as well as
during a series of pre-clinical studies. The robotic instruments were experimentally eval-
uated for their workspace, structural integrity, and force-delivery capabilities. They then
were tested in a pre-clinical multi-surgeon cadaveric pilot study. As a final evaluation of
this system, the robotic system was compared with a standard instrument on its ability to

resect tumour during a multi-surgeon phantom study.
Finally, in Chapter 6, the work presented in this thesis is summarised. This is followed
by addressing the contributions of this research, as well as a consideration of its limitations.

Before concluding this thesis, future research plans and pathways are presented.
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This described outline is highlighted in Fig. 1.4, alongside numbers indicating the

corresponding contributions that are associated with each chapter.

Chapter 1: Introduction

Chapter 2: Robots for Neurosurgery and handheld robotic systems

Chapter 3: A robotic end-effector for the
Expanded Endoscopic Endonasal
Approach

Chapter 4: A handheld controller
for the robotic end-effector

1,513 2,346,
8,9,13

Chapter 5: Evaluation of the handheld robotic system for

Endoscopic Neurosurgery —om

12,13,14
Chapter 6: Discussion

Figure 1.4: Diagram of the thesis outline. The indicated numbers refer to the corresponding contri-
butions.

1.5 Publications

The work described in this thesis has been peer-reviewed and presented in prestigious jour-
nals, namely the Annals of Biomedical Engineering Journal (ABME), the International
Journal of Computer Assisted Radiology and Surgery (IJCARS), and the Journal of Medical
Robotics Research (JMRR).

Parts of the work has been presented in international conferences and workshops.
These include the International Conference on Information Processing in Computer-
Assisted Interventions (IPCAI), as well as the Conference on New Technologies for Com-
puter and Robot Assisted Surgery (CRAS).

Finally, this work has been awarded during international and domestic competitions by
a variety of organisations and committees such as the IPCAI organizational committee, the
Institution of Mechanical Engineers (IMechE), and the European Robotics Forum (ERF).

A complete list of all the publications produced by the author about the work presented
in this thesis is presented here, followed by co-authored papers and awards. In this list, it is
also indicated to which contributions and to which thesis section each publication links to.

Journal Articles
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Chapter 2

Robots for neurosurgery and handheld

robotic systems

In this chapter, a quick overview of the system and its subcomponents, as well as the surgical
operation, is presented to provide context for the subsequent chapters. Then, based on
the development roadmap that was followed, pre-existing work relevant to the concepts

described in this thesis is presented.

2.1 Overview of the system

Figure 2.1: The handheld robotic instrument deploying a grasping tool, alongside three other artic-
ulated tools; a flat dissector, a ring-curette, and an endoscope.
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The novel handheld robotic system consists of an ergonomically designed hand-
held controller with a joystick-and-trigger interface, and a series of 3mm detachable end-
effectors. It is cabled to connect the controller to the control box, and weighs 247g. The
handheld robotic system, comprised of the handheld controller and its control-box, as well
as its various end-effectors can be seen in Fig. 2.1.

The miniature end-effector can be easily detached and re-attached to the handheld
controller, which allowed for an expanded portfolio of articulated instruments. Other than
the grasper end-effector, The system incorporates a ring-curette, a spatula dissector, as well
as an endoscope end-effector. The additional end-effectors that were manufactured as part
of the robotic system, alongside the articulated endoscope and its expanded field of view

are found in Fig. 2.2.

Figure 2.2: (a). (Top to bottom) The articulated end-effectors, namely the ring-curette, the grasper,
the endoscope, and the spatula dissector, and (b). The articulated endoscope inside a pituitary
anatomy phantom at three different angles (top row), alongside the accompanying views from the
camera (bottom row). The dark spot seen in the top row of pictures is a magnet used for the phantom
assembly, not to be confused with the simulated tumor evident in the bottom pictures.

2.2 Endonasal approach operative workflow

To better understand the clinical use-case of this novel robotic system, a brief overview of
the endonasal surgical workflow is provided in this section. The endonasal approach can
be summarised into four distinct phases according to a mixed-methods consensus process
composed of a literature review and iterative Delphi surveys that was carried out within the
United Kingdom Pituitary Society [21]. These phases are the nasal phase, the sphenoid

phase, the sellar phase, and the closure phase, and according to the same study the steps
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that the surgeons follow during each phase are outlined below:
Nasal phase
1. Identification of choana, septum, midline, turbinates, anatomic variations
2. Lateral displacement of middle turbinate and superior turbinate
3. Identification of sphenoid ostium and sphenoethmoidal recess
4. Anterior sphenoidotomy
Sphenoid phase
5. Identification of midline, pneumatization of sphenoid and anatomical variants
6. Removal or reflection of sphenoid mucosa (partial or total)
7. Removal of sinus septations
Sellar phase
8. Confirmation of adequate exposure and identification of pertinent landmarks (midline,
sellar protuberance, clival recess, tuberculum sellae, optic groove, carotid groove, optic-
carotid recess)
9. Sellotomy
10. Confirmation of adequate exposure and identifications of sella limits and neurovascular
landmarks (e.g. optic nerves, carotid arteries) with or without adjuncts (micro doppler or
neuronavigation)
11. Durotomy.
12. Microadenoma: intracapsular piecemeal or extracapsular en-bloc resection or hemi-
hypophysectomy
13. Macroadenoma: piecemeal resection (usually inferior first, then lateral and superior)
14. Confirmation of adequate resection
Closure phase
15. Haemostasis
16. Inspection for occult CSF leak
17. Clearance of debris
The robotic system developed as part of this thesis would aim to mostly enhance the
Sellar phase, with steps 9., 10., 11., 12, 13., 14. being especially relevant. The enhanced
robotic articulation could potentially aid during the sellotomy (9.) and durotomy (11.) steps
by making the cut easier and more precise, whereas during the microadenoma (12.) and

macroadenoma resection (13.) steps it could increase the tumour resection margins. An
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articulated endoscope could also help with the confirmation of adequate exposure and iden-
tification of sella limits and neurovascular landmarks (10.), as well as the confirmation of
adequate resection (14.). Finally, and during the closure phase, enhanced dexterity could
help with step 17., and the clearance of any debris in the operative workspace.

Before starting the development of a robotic system that would cater to the endonasal
approach, it was important to investigate other robotic solution targeting similar procedures.
After a research gap had been identified and a novel robotic system concept had been con-
ceived, literature search focused on the state-of-the-art that was relevant to the system devel-
opment. The implementation of the handheld robotic device can be compartmentalised in
two main components. The development of the end-effector, and the development of its ac-
tuation handle. For the former component, tendon-driven and spherical joint end-effectors
were explored. For the latter, the investigation included handheld robots for minimally

invasive surgery and their ergonomic considerations.

2.3 Robots for minimally invasive neurosurgery

One of the main advantages of RAMIS is the small incision size that surgeons operate
through. This, of course, comes with the technical challenge of limited workspace. Espe-
cially in EEA, the workspace is exceptionally limited and constrained by the nasal access
path. In [22], it is found that the surgical workspace is most closely represented by a cylin-
der with a narrow middle diameter and an average volume of 15.97cm?>, an average length
of 53.9mm and an average widest width of 19.08mm. The fact that multiple rigid manual
instruments must work inside such a constrained space, makes the procedure challenging
even for expert neurosurgeons.

Motivated by this demanding technical workspace, a number of studies have reported
robotic instruments for EEA. Often, studies present concentric tube robots for such ap-
proaches. This is due to their ability of navigating inside restricted anatomies [23]. In
[24], a prototype concentric tube system for bimanual teleoperated endonasal skull base
surgery is developed, and in [25] it is evaluated. A similar platform consisting of concen-
tric tube continuum robots is developed and evaluated in [26] and [27] respectively, where
the authors conduct a phantom pituitary tumour removal clinical study. Despite some of
the possible advantages of concentric tube robots, there are still major concerns about the
distal-end dexterity of these manipulators, and their force-delivery capabilities. Taking a

different robotic paradigm, a two DoF robotic tool with elastic elements was partly intro-
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duced in [28], whereas in [29] the authors expanded this concept to a four DoF elastic
elements robotic instrument implementing a forceps-principle. Limitations arose when the
repeated deformation of the tool lead to fatigue and potential breakage. The robotic tools
designed for the endonasal approach presented in [26] and [29] are shown in Fig. 2.3.
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Figure 2.3: A concentric tube robotic platform (left), and a 4 DoF elastic elements robotic instru-
ment (right), intended for the endonasal approach.

On a broader scope, a cable-based actuation method specifically designed for EEA has
been reported and tested on a 5.8mm DoF steerable robot in [30]. It is worth mentioning that
there have been several reports of instrument holder robots, not articulated surgical tools,
for endoscopic endonasal surgery [31, 32]. Finally, there are robots that could be used as
holders but can also cater to more surgeries than just the endonasal approach, such as the
one developed in [33].

Commercially, the field of minimally invasive neurosurgery is relatively unexplored,
with only a few existing solutions. Other than the neurosurgical robotic systems mentioned
in the introduction, one of the more notable systems is the ROSA One Brain (Zimmer
Biomet, Warsaw, IN, USA), a robotic stereotactic assistance device which can assist sur-
geons in planning and performing complex neurosurgical procedures through a small drill
hole in the skull. This robot has proven to be useful for an array of neurosurgical procedures
ranging from Deep Brain Stimulation [34], to Endoscopic Third Ventriculostomy [35] and

pediatric neurosurgery [36]. Fig. 2.4 depicts the ROSA One Brain robotic system.

2.4 Robotic end-effector for minimally invasive surgery

Miniature robotic end-effectors for surgery is an extensive research field populated with
systems that aim to expand the capabilities of the surgeon through added articulation and
enhanced dexterity. From the various end-effector designs found in literature and in com-

mercial systems, such as continuum structures, articulated joints and concentric designs just
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Figure 2.4: The ROSA One Brain robotic system intra-op by the patient side [34].

to name a few, in this thesis, a tendon-driven spherical joint end-effector is developed, as
it will be explored in Chapter 3. Thus, in this section, pre-existing work on these specific

categories of surgical robotic end-effectors is presented.

2.4.1 Tendon-driven robotic end-effectors

A tendon-driven manipulator has a specific tendon traction force transmission mechanism,
in which the joint actuators are located at the base of the robot and a pair of tendons drive
the joint by transmitting the actuating power to it [37]. Using tendon-driven robotic end-
effectors is popular in RAMIS due to their increased distal dexterity, robust stiffness control
and force-delivery capabilities [38].

Tendon-driven robotic end-effectors can vary based on their structural design. One
of the most common types of tendon-driven robotic end-effector used in RAMIS is the
articulated end-effector. In this category, the end-effector is comprised of a number of small
links, with a joint being formed in between two consecutive links. In [39], a novel, modular
joint design compatible with the constraints of minimally invasive surgery is presented. A
tendon-driven actuation logic was combined with a micromotor in order to transmit the
rotary motion of this embedded micromotor to joint rotation. After the authors presented
the positioning accuracy as well as the force and torque transmission attributes of the joint,
they combined five of these mechanisms to form a 7 degrees-of-freedom (DoF) flexible
access robotic platform for Natural Orifice Translumenal Endoscopic Surgery (NOTES).

This system was tested in-vivo to demonstrate its feasibility, and it was successfully proven
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that it can provide navigation along curved pathways.

An expansion of this joint design, is the robotic platform presented in [40], which aims
to improve complex endoscopic procedures. This robotic platform incorporates a snake-
like robotic endoscope, two robotic instruments, as well as a robotic arm for global posi-
tioning and insertion. Using a combination of tendons and micromotors leads to limited
manipulation force at the tip of the instrument, thus the authors chose to incorporate a fully
tendon-driven control architecture with the actuation motors located outside of the body of
the robotic arms. Thus, each robotic arm is comprised of a total of 13 links with 16mm
diammeter bodies. In between each pair of links, a rolling joint is located. In this study,
the control workflow of the platform was validated in simulation, and then implemented
in a physical experimental setup. The results showcased that the presented robot has clear

clinical potential in endoscopy.

Similar to these designs, is the single-port robotic platform for transanal endoscopic
micro-surgery that is introduced in [41]. A number of robotic instruments is incorporated
in this surgical platform, including energy delivery devices, graspers and needle drivers.
The robotic instruments in this study are also fully tendon-driven, with an antagonistic pair
of tendons driving each of the articulation joints, and are comprised of an elbow and a
wrist. The elbow incorporated two segments moving on perpendicular planes, each featur-
ing two mechanically coupled serially linked joints, while the wrist is driven by three pairs
of tendons that are routed through a catheter which ensures that movement of the elbow is
not transferred to the wrist. After the design considerations and kinematic control of this
platform were analysed, multiple surgical procedures on bovine tissue were performed to

showcase that the system is effective during transanal procedures.

A very different approach to these designs is taken in [42], where the authors tackle the
problem of yaw and pitch axes coupling, that is often met in commercially available robotic
end-effectors, by proposing a novel tendon-driven end-effector that allows the two DoF to
be actuated independently. This novel design introduces stationary tendon guides so that
the tendons are routed through the plane of symmetry of the tool, and the robotic wrist is
decoupled. To evaluate the efficacy of this proposed design, a prototype was implemented.
Experimental and analytical results confirm that the end-effector has decoupled actuation
capabilities, and suggest that it can be further developed to be incorporated into surgical

applications.
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Apart from the articulated end-effectors, another popular type of tendon-driven de-
signs is the continuum end-effector. Contrary to articulated types, where the end-effector
is comprised of individual links and joints, the backbone of a continuum robot is a contin-
uous structure. In [43], the authors investigate the underlying mechanics of tendon-driven
continuum manipulators when applied to a steerable cardiac catheter, and more specifically
the forward and inverse kinematic mapping between tendon displacements and beam con-
figuration. The model presented in this study can be used to optimise the performance
of tendon-driven continuum robots by means of tendons slacking elimination, and tendon
displacement calculation. An articulated tendon-driven surgical robotic end-effector [41],

alongside a similar continuum tendon-driven rendition [43] is depicted in Fig. 2.5.

Figure 2.5: An articulated tendon-driven surgical end-effector (left), and a continuum tendon-driven
surgical end-effector (right).

Finally, in the study presented in [44], a multi-section continuum robot that focuses
on wide-angle visualization and flexible positioning of the distal tip is developed. A kine-
matic mapping model with tension propagation including friction between the tendons and
the robot links was employed for accurate tip position estimation at large viewing angles.
This kinematic mapping model was tested in simulation and with a 10:1 scale experimental
prototype, resulting into tip-to-tip errors significantly smaller than the errors produced by

conventional continuum robot models.

2.4.2 Spherical joint robotic end-effectors

Spherical joints are commonly used in robotic applications, as they can accommodate both
the wrist and shoulder configurations of a manipulator, concentrating three DoF in a single-
volume device, as opposed to one device per DoF that is usually found in an articulated

robotic end-effector. The idea of using this type of joint for robotic applications, also re-
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ferred to as a ’ball-joint’, is not a new concept. In [45], a spherical induction motor for
robotic applications was conceptualised. This new, at the time, robotic manipulator design
incorporated a spherical motor capable of three degrees of motion in a single joint, combin-
ing pitch, roll and yaw motions. Intelligent planning and control algorithms were designed

to guarantee computational speed and robustness.

An alternative spherical actuator based on the operating principle of a stepper motor
was introduced in [46]. This type of spherical motor was based on the concept of variable
reluctance stepper motors, and would be easier to manufacture than the induction motor
previously presented. In this particular study, the authors highlighted the fundamental dif-
ferences between a three-axes stepper motor and a single-axis stepper motor, since even
though the proposed device is based on the conventional variable reluctance stepper mo-
tor, its operation differs significantly. The torque and resolution attributes that this sort of
device should posses are analysed, before the kinematic and dynamic relationships are dis-
cussed. An experimental prototype was developed as part of this study, with its performance

validating the suggested proof-of-concept design.

Since the introduction of the spherical joint in robotic applications, technological ad-
vancements have made it possible to produce similar ball-joints in miniature size and, thus,
make them suitable for surgery. The concept of taking the standard spherical joint and re-
produce it in miniature scale for a robotic tool was explored and validated in [47], where a
three DoF spherical joint was implemented and evaluated for its control feasibility. After
the kinematic and mechanical properties were evaluated and modeled, both open and closed
loop control algorithms were developed to control this spherical joint device. By employing
a single joint three DoF design, rather than one separate joint for each DoF, the design is
simplified, the authors suggest, and the chance that a tendon pair has to be routed through
a joint is eliminated. The simulated and experimental procedures conducted in this study
showed that a miniature ball-joint can be successfully controlled in all three DoF, and can

be potentially incorporated in a surgical robotic tool.

In the study of [48], a 4mm spherical joint is used as part of a robotic instrument aimed
for general Minimally Invasive Surgery (MIS). In this work the spherical joint is part of
a larger articulated robot body rather than being the focal point of the development. The
robotic instrument consists of six antagonistically controlled DoF and a wristed gripper. A

ball joint enables the wrist to move in two DoF, namely the yaw and pitch, while maintaining
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the origin of the wrist joint as close as possible to the end-effector. This robotic prototype
was evaluated for its workspace and force-delivery capabilities. As referenced in the study,
a limitation of having a spherical joint for wrist dexterity as the last joint of a robotic tool,
is that the instrument is compressed under the high tension required to straighten the joint,

something not applicable when the spherical joint acts as the sole manipulation means.

These types of configurations, where the spherical joint acts as the common origin for
three DoF is only one of the configurations met in surgical robotics. A 2.4mm miniature
fetal surgery end-effector with two spherical joints that contribute towards a small bending
radius of 2.45mm is implemented in [49]. The mechanism of this end-effector includes
two ball joints, each able to bend through 90° in any direction, that are driven using four
tendons. The actuation unit of the prototyped device consists of two ultrasonic motors. Pre-
liminary experimental results suggest that this small diameter manipulator can successfully
demonstrate high rigidity. This fact, when combined with the ease of fabrication of the

mechanism, showcases potential towards surgical adaptation in fetal and other procedures.

A more complex assembly that takes advantage of some of the spherical joint attributes
is presented in [50]. This robotic platform achieves enhanced articulation by using an as-
sembly of ball joints, plates and wires, and antagonistic tendons. The system was tested
for its workspace and force-delivery capabilities, while a user study was also conducted
where participants carried out two standard surgical training tasks with a conventional non-
articulated surgical tool, and then with the proposed robotic system. Results of these afore-
mentioned studies suggest that this spherical end-effector with its actuation unit can offer
functionality equivalent to commercially available systems. The spherical joint described
in [48], alongside the different configurations proposed in [49] and [50] are shown in Fig.
2.6.

2.5 Handheld robots for minimally invasive surgery: Review on
Ergonomics

It is evident that most robotic systems in use or in development for surgery, including the
EEEA, are tele-operated. Recently, however, handheld robotic devices have started gaining
increased popularity. Depending on the use-case, these devices can offer a series of advan-
tages over the more complex remotely controlled systems. Handheld robotic instruments

have a smaller footprint and are associated with smaller purchasing and maintenance costs.
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Figure 2.6: A surgical end-effector with a spherical joint that is part of a larger continuum body
(left), an end-effector with two ball-joints that contribute towards an extended bending radius (mid-
dle), and an end-effector with an assembly of ball joints and plates (right).

Additionally, they can be easily integrated into the surgical work-flow due to their ability
of quick instrument change intra-operatively, and they often resemble traditional devices
which the surgeons already know how to control, reducing, thus, the surgeon’s training
period [19].

However, despite these features that handheld devices can bring in the operating the-
atre, taking the surgeon away from the comfort of their master-console can lead to undesir-
able results such as fatigue or physical injury. In fact, in a recent study it was found that
during minimally invasive approaches, more than 80% of the participating surgeons have
succumbed to a work-related injury or illness as a consequence of sustaining awkward or
static positions throughout lengthy operations over a career. This important but little recog-
nised fact can lead to operation cancellations due to surgeon unavailability, or even threaten
a surgeon’s career [51].

Some suggestions to reduce the occurrence of these physiological problems are dis-
cussed in the same study. One such suggestion is the formal ergonomic education through
tailored training to inform surgeons of subjects such as operative posture, ergonomics, and
risk mitigation. Another is the optimization of the operating room ergonomics and equip-
ment placement. Most important, however, is the shift towards designing surgical instru-
ments which have considered procedural ergonomics to reduce the chance of surgeon fa-
tigue and injury.

In this chapter, the ergonomic considerations of some state-of-the-art commercially
available and research-stage handheld robotic surgical systems are analysed. First, a re-
search literature on surgical ergonomics is conducted to compile instructions that could lead

to an ergonomically-designed robotic device. Then, the state-of-the-art handheld robotic
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devices are identified, and based on these instructions, it is investigated whether any er-
gonomic guidelines were considered during their development. Finally, the chapter con-
cludes with suggestions on engineering solutions that could potentially improve device er-

gonomics, without sacrificing efficacy.

2.5.1 Optimal design considerations

Long-term use of non-ergonomically designed surgical tools can cause significant physio-
logical problems, such as carpal-tunnel syndrome [52] or pain in the regions of the neck
and upper extremities [53]. Ergonomic considerations during device design and develop-

ment could reduce the occurrence of these problems.

According to [54], it is difficult to define a universal consensus on specific guidelines
that make a handle design ergonomic and comfortable to use. Despite this difficulty, there
are still some characteristics that are found to be contributing towards an ergonomic device
design. In [55], it is found that the size of the surgeon’s hand is related to the handle
size that they consider optimal, since the optimal diameter of the instrument’s handle was
different for the four hand size categories that were investigated in that study. In [56],
it is proposed that the preferable handle manipulation type is finger-operated, specifically
with the thumb and index finger. According to this study, users perceive a finger-operated
handle as more precise than an articulated handle. The major reason for this is that with
an articulated handle, it is difficult to keep the position of the end-effector steady while
changing its orientation. In [57], it is suggested that the thumb should be employed for
controlling the robotic joints for manipulation precision, either via joystick, rotary switch
or other device as these interfaces were surveyed as the most favorable among the surgeon
cohort of this study, while the index finger should actuate a round trigger for the opening
and closing of the robotic gripper as was objectively evaluated during an ergonomic video
assessment in [58].

In terms of comfort and fatigue, in [59] it is suggested that in order for a handle to
feel comfortable, when the instrument is kept at rest, the surgeon’s hand should maintain
a partially opened pose. When the instrument is maintained by a partially open hand, it is
held in place between the thenar eminence and the fourth and fifth fingers, just like the hand
is kept at rest, minimizing fatigue. Handle weight has a significant effect on muscle load
when performing manual tasks [60], thus transferring the instrument weight that the wrist

supports to the forearm could potentially ease the wrist load and reduce fatigue. This would
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also create a stable platform for intuitive robot-joint control, something that could increase
the chance of developing a surgical instrument with good usability [61].

Finally, regarding the geometry of the handle, an improved ergonomic handle shape
could include a large palmar grip surface and the combination of precision and turning
ability [62]. This provides a better fit for different hand sizes, and the fingers have a larger
contact surface thus reducing the pressure on localized areas, especially the thumb.. In the
same study it is also stated that the handle with the shaft should maintain a 45° angle. This
design consideration prevents extreme wrist positions. Ulnar deviation can be prevented by
introducing an angle between the handle and the shaft, while maintaining this angle also
prevents abduction of the arm. All these design considerations are compiled in the table
below:

Table 2.1: Design considerations that could lead to an ergonomic handheld surgical robot.

The same handle design should cater to different hand sizes.

The instrument actuation means should be finger operated.

For precision control, the thumb should control the robot-joints, and the index-finger should
operate the robotic gripper.

A resting hand pose should hold the instrument at rest.

The wrist should not support much weight throughout the duration of the procedure.

The instrument should allow for intuitive control.

The handle should include a large palmar grip surface.

The handle with the shaft should maintain a 45° angle.

The instrument should provide a platform to incorporate complex robotic assistance.

2.5.2 Papers search methodology

Now that the list of design considerations was compiled, the next step was identifying the
state-of-the-art handheld robotic systems and investigating their ergonomics. To find pub-
lished works on the subject of handheld surgical robotic instruments, the systematic ap-
proach depicted in Fig. 2.7 was followed.

The following query {handheld OR hand-held OR portable} AND {surgical OR med-
ical OR surgery} AND {robot OR {{robotic OR robotized OR smart} AND {instrument OR
tool} }} was input into five different research databases to compile a total of 1494 papers. It
is worth mentioning that all databases except Google Scholar had search query capabilities,

thus for this particular database, all search query combinations had to be input individually.
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Figure 2.7: The search methodology that was followed to find published works on the subject of
handheld surgical robotic instruments.

That preliminary paper list was investigated for duplicate papers, a search that led
to 522 papers being discarded bringing the total of unique published works to 972. This
number was reduced to 841 papers after reviews, theses, books, patents and non-english
works were excluded. Having decided on a curated list of potentially relevant works, each
paper was investigated individually to evaluate whether the work presented was introducing
or validating a novel handheld surgical robot. This initial screening brought the number of
relevant papers down to 220. After a second screening to find works which were evaluating
the same device or works which upgraded the device capabilities without any device design

changes, the paper search methodology concluded with 55 original works.

2.5.3 Handheld robotic instruments for surgery

The handheld robotic instruments presented in this study were classified into four different
categories based on their main functionality feature. These four categories are 1. Added
articulation, II. Hand-tremor compensation, III. Force-feedback, and IV. Navigation and
depth-estimation. A summary of all reviewed papers is presented in Table 2.2, whereas
some of these reviewed systems are showcased in Fig. 2.8. Then, indicative systems from

each category are presented for a better understanding of their distinctive functionalities.
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Table 2.2: Summary of all reviewed papers, their categories, intended aim, and target surgical oper-
ation.

Device category Intended aim in surgery Target surgical operation References
Added articulation Surgeon’s dexterity and reachability general laparoscopy, neurosurgery, [63], [64], [65],
enhancement. endoscopy, orthopaedic surgery [66], [67], [68],
[69], [70], [71],

[72], [73], [74],
[75], [76], [77],
[78], [79], [80],
[81], [82], [83],
[84], [85], [86],
[871, [88], [89],

[90], [91], [56]
Hand-tremor compensation Undesired motion filtering, and motion microsurgery, endomicrosopy, [921, [93], [94],
sensing and actuation. vitreoretinal surgery [951, [96], [97],
[98], [99], [100]
Force-feedback Safety increase with force-measurement and microsurgery, general laparoscopy [101], [102], [103],
force-thresholding. [104], [105], [106],
[107], [108], [109]
Navigation and Cutting and drilling planning, and orthopaedic surgery, neurosurgery [110], [111], [112],
depth-estimation penetration-depth estimation. [113], [114], [115],
[116]

I. Added articulation

One of the main and most popular features that handheld surgical robotic instruments de-
ploy is the added articulation they offer when compared to traditional non-articulated sur-
gical tools. This robotic component increases the surgeon dexterity and makes distant areas
inside the operative workspace reachable. Simultaneously, these instruments can incorpo-
rate motion-scaling and assist in complex surgical tasks that require dexterous movements
such as suturing.

One such device utilising this enhanced articulation capability is presented in [78].
There, a new hand-held robotic device for laparoscopy is developed to overcome common
laparoscopic surgery problems such as the restricted mobility inside the human body. Fur-
thermore, the first fully handheld CTR cabaple of 6-DOF motion was introduced in [73]. A
different design philosophy is followed in [88], where a steerable robotic instrument with
a curved sliding-joints is presented, and in [83], where a robotic device with a flexible ma-
nipulator with intelligent trajectory following for athroscopic interventions is developed.

Combining handheld controllers with endoscopes, the authors in [65] propose four
novel designs for a steerable two degree-of-freedom robotic tool body to be deployed
through a rigid endoscope and a handheld controller for such a tool body. Similarly, a new
system that enables handheld coordination of both an endoscope and two CTRs through a
Smm working channel is presented in [75]. This system aims for seamless integration into
the OR by keeping the same surgical setup as the current clinical workflow.

The design feature all these instruments had in common was the use of a standard
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actuation means, such as a joystick, rotary switch or trigger. Some handheld devices employ
more intuitively designed controllers that aim to map the surgeon’s hand movements into
the robotic joints. A forearm-mounted surgical instrument handle prototype that maps the
surgeon’s wrist directly to the robot joints was developed in [68]. In [117], a modular
dexterous handheld surgical robot with an ergonomic handle and 4 DoF interchangeable
instruments was developed. An instinctive manipulation strategy is also followed in [118],
where a dexterous and ergonomic instrument for laparoscopy is presented and in [81], where

a master-slave robot is showcased which however has the size of a handheld device.

All these systems, while in various developmental stages, were still presented in a re-
search capacity. There are some handheld robotic instruments, however, that have already
been commercialised and used in the operating theatre. [79] is the first study to describe and
objectively evaluate the use of the DEX mechatronic system (DEX Surgical, Verriéres-le-
Buisson, France), a robotic-driven needle holder with an ergonomic handle, during laparo-
scopic practice. Additionally, the study in [20] assesses the surgeon’s performance and er-
gonomics when using the Kymerax Precision-Drive Articulating Surgical System (Terumo
Europe NV) while the robotized needle holder with two intracorporeal DoF Jaimy-en-2

(Endocontrol, La Tronche, France) was compared with a classic needle holder in [63].

II. Hand-tremor compensation

One of the main issues associated with handheld robotic instruments aimed for surgical ap-
proaches is the operator’s hand-tremor that even at very low magnitudes can be disruptive
for some operative tasks that require very high precision, such as those in microsurgical
procedures. The high level of accuracy that these operations require shortens the pool of
available qualified surgeons to undertake them. Thus, handheld robotic tools that can distin-
guish between intended and erroneous motion have been developed to increase the efficacy
and wide adoption of these highly complex surgical operations. These instruments need
to be lightweight and compact so that they resemble the commonly used passive instru-
ments, and able to compensate for hand-tremor movements, cancelling out low-magnitude

involuntary hand-motions.

One of the first handheld systems aimed for hand-tremor compensation is the Micron
[93]. This active intelligent handheld microsurgical instrument performs real-time tremor
compensation, and preliminary laboratory testing showcased significant reduction of simu-

lated tremulous motion. A similar intelligent handheld instrument is the iTrem?2 [94] that
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Figure 2.8: Some of the reviewed robotic systems presented in this chapter. Added articulation:
A forearm-mounted intuitively controlled handheld robot [68], a system that enables handheld coor-
dination of both an endoscope and two CTRs [75], a handheld CTR capable of 6-DOF manipulator
[73], and a handheld robotized needle holder [119]. Hand-tremor compensation: The Micron ac-
tive intelligent handheld microsurgical instrument [93], a compact fiber bragg grating force-sensing
micro-forceps incorporated with the Micron [96], and a parallel manipulator for the suppression
of physiological hand tremor [95] Force-feedback: A force-measuring capable handheld robotic
tool [106], a tactile capacitive sensor and tactile display with a dielectric elastomer equipped in-
strument [105], and a servo-assisted robotic handle [102]. Navigation and depth-estimation: The
Navio handheld robotic system [110], a handheld active steering robotic system for curved drilling
and milling [115], and a handheld steerable surgical drill with a novel miniaturized articulated joint
module [116].
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enhances manual positioning accuracy with hand tremor cancellation. At the same time,
it provides automatic micromanipulation functions. Experimental setup showcased 67%

amplitude error reduction in 1-DOF tests.

A new design of a parallel manipulator for the suppression of physiological hand
tremor in microsurgery was proposed in [95]. This mechanism design is based on the Lin-
ear Delta configuration which can compensate for tremor signals in the three translational
directions. Concluding with the review of hand-tremor compensation devices, a hand-held
instrument that can provide a predetermined contact force to obtain consistent images de-
spite involuntary hand movements that could alter the image quality during probe-based
confocal laser endomicroscopy has been developed in [97]. The force control performance

of the instrument is evaluated in bench tests and hand-held experiments.

III. Force-feedback

As mentioned before, complex and delicate procedures such as neurosurgery or operations
that employ microsurgical techniques require high precision. Another very important skill
surgeons need to master is accurate force application. While the forces applied to deli-
cate tissue matter must be adequate to carry out the surgical procedure, excessively applied
forces can have a damaging effect on these sensitive structures. The introduction of robotics
in microsurgery has allowed for force measuring that can help in improving the tissue in-
teraction consistency, as well as in avoiding the application of excessive forces. This can
happen by either implementing force limiters or by providing tactile feedback to the sur-
geon’s hand, informing them that the force applied can potentially be dangerous.

A handheld robotic tool capable of force-measuring is presented in [106]. This work
introduces a modified blunt dissector that incorporates sensors which can measure lateral
forces applied to its tip. When a force threshold has been exceeded, the on-board actuator
produces an easily perceptible vibration. Psychophysical user experiments demonstrated
that this approach can limit the amount of force that is applied when users are distracted or
when their force perception has been deliberately altered.

Another smart surgical tool for microsurgery was developed in [105], equipped with
a tactile capacitive sensor and a tactile display with a dielectric elastomer. The fingertip
grasping the tool is stimulated by the tactile display to transmit the contact force information
measured by the sensor. The fabricated prototype was experimentally evaluated and showed

promise in contributing to the improvement of surgical technologies. Finally, a robotic
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instrument aiming to increase safety and dexterity of MIS was developed and tested in
simulation, as well as in a clinical environment in [102]. The tool uses servo-assistance to

support the surgeon in terms of reduction of fatigue and increase of dexterity.

I'V. Navigation and depth-estimation

Orthopaedic and spine surgery are often associated with higher risk, since any bone al-
teration requires careful handling of the surgical tools to avoid injury. Especially during
drilling and cutting, even a slight deviation from the pre-planned trajectory can lead to irre-
versible damage. This is why the use of robotized handheld drills can be beneficial, aiding
the procedure in a variety of ways. These robotic tools can incorporate navigation and
increase operational accuracy by restricting drilling and cutting within the confines of the
pre-operatively defined resection area. They can also enhance the efficacy of the operation
by providing sensory data of the bone temperature, as well as the drill-bit penetration depth.

A system that can restrict the bone cutting into pre-defined areas with the use of navi-
gation, is the handheld robotic system NAVIO (Smith & Nephew, Watford, UK). This tool
assists surgeons in planning implant positioning and in preparing the bone surface during
unicomparmental knee arthroplasty (UKA). This robotic tool was evaluated for its early
implant survivorship results associated with its use in [110]. A similar compact handheld
surgical drill is proposed in [112]. A thrust force sensor and an active infrared LED marker
are integrated into the portable device in order to enable high accuracy during pedicle screw
positioning without permanent X-radiation exposure.

In [114], a compact and patient-safe handheld robotized system for bone manipulation
is presented. The system consists of two 2-DoF modules that share a common control
block, one for bone drilling, and one for bone cutting. Finally, a handheld active steering
robotic system for curved drilling and milling in minimally-invasive orthopaedic surgery is
developed by the authors of [115]. This device employs a flexible rotary cutting tool that
passes through a continuous dexterous manipulator and is flexible enough to allow for target
reachability in constrained spaces, while retaining a sufficiently stiff pose for debriding hard

tissue.

2.5.4 Ergonomic considerations in handheld surgical robots

Without a question, handheld robotic surgical devices are used in the operating theatre, and
research and development around novel systems is of great interest to the scientific com-

munity. The main factors contributing to the popularity of handheld devices, as previously
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explained, can be narrowed down to their offering of an increased array of robotic tech-
nologies while maintaining a compact form factor that allows for easy integration into the
surgical workflow. While the benefits for the patient are clear, it is worth investigating
whether these commercially available and research devices have been ergonomically de-
signed to simultaneously aid their operators. In this section, an analysis is carried out to
investigate whether the devices presented in the reviewed papers were designed following
ergonomic requirements, and if so, which optimal design considerations from Section 2.5.1

were covered.

Of the 55 published papers investigated in this review chapter, a total of 37 devices had
been designed following at least one ergonomic suggestion. The remaining 18 bodies of
work did not mention any design considerations affecting the human factors of the presented
device. The main design requirements met in the reviewed papers were that the robotic
instruments should have reduced weight, be compact and miniaturised, they should have an
ergonomic and comfortable to use handle shape, if possible maintain a resting hand while

holding the hand at rest, and finally allow for intuitive and instinctive control.

Handheld devices are often preferred in the operating theatre because of their reduced
weight and overall compactness. That is why a number of the developed devices aimed at
an optimal weight. In [73] and in [114], one of the requirements stated is that the device
should be compact and lightweight, so that it can be used for standard surgical operations
without causing the operator fatigue or pain, whereas in [75] the robotic system employs
a spring-loaded counterbalanced arm to assist the surgeon by supporting the weight of the
handheld robot. In the same work, the weight reduction is taken a step further, by the
construction of a custom 3 DoF orientation frame that allows the surgeon to manipulate the
robotic tool without perceiving the weight of the system. Reduction of the device weight
was also important in [81], where the pneumatically-driven robotic forceps is supported by
a 4-DoF passive holder, and in [112], where the motor actuating the handheld robotic drill

is placed outside the device and connected via flexshaft to the rotation shaft.

While some works did not optimize their robotic instrument design to minimize
weight, the researchers still appreciated the importance of developing a compact surgical
tool. For example in [78], reducing the size and weight of the robotic device for added
articulation is presented as part of future work, and in [97], while the current tool is nei-

ther too heavy nor bulky, the authors planned on selecting a smaller and lighter actuator to
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achieve better miniaturization and thus improved manipulation and ergonomics.

Another popular ergonomic design solution was the development of an ergonomically
shaped handle that felt comfortable and provided an easy palmar grip. Such a device is
presented in [63] where the instrument possesses two intracorporeal DOF, yaw and roll,
controlled by a joystick placed on an ergonomic handle, and in [72], where the developers
chose a common ergonomic grip, the foil grip. An innovative handle design is presented in
[79], where the instrument ergonomic handle is a grip-type handle which is connected by
a mechanical joint to the instrument shaft. This reduces forced wrist movements since the
handle works independently from the shaft. Finally, a different suggestion when it comes
to designing the robotic handle was presented in [65], where the authors propose that the
controller for operating the robotic tool tip must be in the range of existing devices used

with commercially available endoscopes in terms of its size.

A more difficult to satisfy but equally important requirement is the incorporation of
intuitive control that can reduce the surgeon’s learning curve and training period. Such an
intuitive control pattern is followed in [117], where the handle is the motion input interface,
which converts the attitude of the surgeon’s hand into electrical signals and in [96] where the
handle mechanism preserves the intuitive actuation mechanism on the existing disposable
forceps being actuated simply by squeezing the tool handle. Similarly, the device presented
in [102], was required to accurately transmit the interaction forces and reproduce faithfully
the mechanical impedance of the tissue so that the surgeon can sense the tissue interaction

realistically.

The final ergonomic requirement that was repeatedly met in the reviewed works was
the suggestion that in order for the device to not induce strain and fatigue on the surgeon’s
wrist, it should be mostly maintained by a resting hand. This was met in [88], where after a
number of meetings with laparoscopic surgeons it was highlighted that operators should be
able to maintain a natural position of the hand with the instrument, and in [68], where the
resting position of the actuating gimbal joystick coincides with a resting hand. Concluding,
the instrument presented in [118] has a pivot between the handle and the shaft letting the
surgeon keep the handle at an angle with respect to the shaft. Table 2.3 below summarizes
the optimal design considerations found in Table 2.1, and highlights the papers that follow

each one.
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Table 2.3: The optimal design considerations, and the papers that presented robotic instruments that

were developed following them.

Design considerations

References

The same handle design should cater to different hand sizes.

[93], [65], [68], [69], [71], [72],
[75], [112], [76], [92], [77],
[78], [98], [79], [83], [106],
[86], [87], [107], [88], [108],
[90], [116]

The instrument actuation means should be finger operated

[102], [101], [93], [95]. [65],
[68], [69], [70], [72], [73], [96],
[751, [104], [76], [92]. [77],
[78], [115], [79]. [80], [81],
[83], [84], [85], [86], [87], [88],
(901, [56]

For precision control, the thumb should control the robot-joints, and
the index-finger should operate the robotic gripper.

[63], [65], [69], [72], [73], [75],
(761, [771, 78], [79], [80], [84],
[86], [88], [90], [56]

A resting hand pose should hold the instrument at rest.

[68], [101], [68], [76], [77],
(98], [791, [82], [84], [85],
[107], [88], [108], [116], [56]

The wrist should not support much weight throughout the duration
of the procedure.

[93], [94], [110], [65], [68],
[69], [70], [73], [75], [112],
[104], [76], [92], [114], [77],
[97], [105], [98], [79], [81],
[83], [106], [86], [87], [107],
[116], [90], [56]

The instrument should allow for intuitive control.

[102], [68], [71], [103], [96],
[76], [80], [901], [56]

The handle should include a large palmar grip surface.

[102], [110], [63], [69], [70],
[103], [73], [75], [76], [114],
[78], [115], [82], [86], [88],
[116],[56]

The handle with the shaft should maintain a 450 angle.

[63], [69], [92], [88], [56]

The instrument should provide a platform to incorporate complex
robotic assistance.

[110], [68], [69], [71], [103],
[112], [76], [77], [97], [105],
[78], [115], [87], [90]

2.5.5 Ergonomically designed tools and procedural ergonomics

The majority of the devices presented in this chapter have incorporated at least some of the

ergonomic suggestions found in literature in their development. However, only a few of

them have been investigated during a pre-clinical, clinical, phantom, or comparative study

to effectively validate whether these design choices led to an improvement of the procedural

ergonomics associated with the targeted surgical application. Out of all the papers that were

reviewed for the purposes of this review chapter, and while all of them were evaluated

for their efficacy and performance, the number of papers that evaluated the device they
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presented for its impact on procedural ergonomics was only 12, less than 22% of the total
number of devices. Out of these 12 studies, 6 reported results on improved procedural
ergonomics.

The robotized needle holder presented in [63] was investigated in a crossover ran-
domized study and indicated that it can improve the surgeon postural comfort, whereas
the forearm-mounted instinctively controlled handle in [68] outperformed a conventional
neurosurgical tool in a preliminary clinical experiment that assessed their performance and
ergonomics.

Similarly, the DEX mechatronic system that was evaluated in [79] for the first time,
resulted in better ergonomics for the surgeon’s hand posture during suturing, even though
it did not show significant improvement in terms of precision and quality. Finally, another
commercial system that did not necessarily result in better performance was the Kymerax
handheld robotic instrument. While execution time as well as precision during a set of basic
suturing tasks were superior when using the conventional tool, the robotic instrument can
be associated with improved ergonomic body posture [20].

Less encouraging to those ergonomic results are the findings in [78] and [72]. In the
former study, while the hand-held robotic device for laparoscopy showed promise by out-
performing the conventional tool in some difficult laparoscopic tasks, it left a large space
for improvement in terms of ergonomics and comfort. Similarly, in the latter study, the
hand-held lightweight dexterous instrument that incorporates end-effectors from the En-
doWrist family showcased improved performance to non-articulated tools, but the surgeons
that operated the device did not agree with the use of the joystick.

The figure below, Fig. 2.9, breaks down the devices in categories based on whether
they incorporate ergonomic suggestions into their design, and whether they were evaluated

for their impact on the target application procedural ergonomics.

2.5.6 Bridging the gap between efficacy and ergonomics

All design guidelines suggested in Section 2.5.1 are satisfied at least in four different papers.
It is very common for handheld surgical robots to cater to various hand-sizes, to be finger-
operated with a large palmar grip surface, and to be compact and lightweight, so that the
wrist is alleviated from excess weight and fatigue. All these ergonomic suggestions are met
with the use of miniaturized motors and electronics that can be housed inside compact and

lightweight handles, that allow for a comfortable palmar grip. When the device is mostly
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Devices without ergonomic considerations.

Devices with ergonomic considerations, but
without procedural ergonomics validation.

Devices with ergonomic considerations, and
positive procedural ergonomics validation.

Devices with ergonomic considerations, and
negative procedural ergonomics validation.

Figure 2.9: Pie-chart breaking down the number of devices that were ergonomically designed, and
the number of devices that lead to improved procedural ergonomics.

maintained by the palm and hand, the surgeon is then free to use their fingers to operate the
robotic joints of the device with an actuation module, such as a joystick, rotary switch or

trigger.

More complex design guidelines, such as the need for instinctive and intuitive control,
or trying to maintain the hand at rest, are satisfied with greater effort. To achieve intuitive
control, the device should incorporate a manipulation module that can immediately map the
surgeon’s wrist movements to the robotic joint movements. This module can be a gimbal-
joystick, a pointing and control device specialized for movement in 3D environments, or
even an array of electromyography sensors that would transfer the surgeon’s muscles move-

ment to the robot joints.

No matter the module used, this handheld device would require to have a stable plat-
form around which the operator would actuate the module. In most laparoscopic operations
this role could be carried out by the trocar, which functions as a portal for the placement of
surgical instruments. However, in surgical operations where these mounts are not used, such
as in minimally invasive neurosurgery, the tool itself should incorporate this platform. To
achieve that, the tool can be wrist- or forearm-mounted, or in the case of heavier handheld
devices, the intuitive control can be aided by the external usage of a robotic or non-robotic

holder.

One of the least commonly met ergonomic suggestions in developed handheld devices,

is the ability to maintain a resting hand for a significant portion of the operation. This is
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because actuation modules such as joysticks are placed at the exact centre of the device as
to allow usage by both right- and left-handed surgeons. A potential solution to this problem
could be the development of handedness specific tools, that would place the joystick at an
angle either to the left or to the right of the device shaft so that the fingers and the thumb
can maintain a resting pose. Ideally, the device would employ a movable part that could be
placed at the optimal position for each surgeon’s hand.

Finally, one crucial step into developing a widely-adopted handheld robotic device is to
involve human factors evaluation from the earlier stages of development. Of all the devices
presented in this study, 22% had gone through an ergonomic assessment, with only 11%
presenting ergonomic improvements. Usability, user experience, as well as ergonomics
assessment studies during pre-clinical and clinical studies that evaluate the ergonomics of
a device can play a crucial role into its development, and the feedback that comes out of
these studies can have a major impact on increasing the chances for a successful clinical

adoption.

2.6 Discussion

Technological advancements, combined with the need to increase the efficacy of complex
surgical approaches, propelled the development of a plethora of surgical robotic instruments
to aid in a variety of operations. Common features incorporated in robotic instruments
such as enhanced articulation and force feedback capabilities, have popularised the usage
of robotic systems into the operating theatre, and expanded this field of research. In this
chapter, work relating to the technologies developed as part of this thesis was presented.

Section 2.3, which introduces a wide range of neurosurgical robots, relates to the the-
sis in its entirety, since the aim of this work is to develop a novel neurosurgical robot. The
miniature end-effector aimed to be incorporated in the handheld robotic neurosurgerical
instrument is tendon-driven and employs a spherical joint. This is why studies showcas-
ing tendon-driven end-effectors, as well as spherical joint manipulators were introduced in
Section 2.4 and are related to Chapter 3.

Due to the exceptionally limited and narrow workspace of the nasal access path, robotic
end-effectors developed for endonasal procedures should be miniaturised. This restricts
the usage of traditional robotic end-effectors with diameters close to 10mm in minimally
invasive neurosurgery. Concentric tube manipulators have smaller diameters that can reach

sub-millimetre scale and thus are perfect for constrained spaces, but their distal dexterity
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and force delivery capabilities are limiting for complex surgical procedures. The choice of
a spherical joint was based on these findings, and the fact that such joints can concentrate
large sums of material in small volumes, increasing the chances for adequate force delivery
without fatigue and breakage.

Having analysed pre-existing work on robotic end-effectors, and since the robotic in-
strument developed in this thesis will be handheld, a review on handheld robots for min-
imally invasive surgery and their ergonomics considerations was also included in Section
2.5, relating to Chapter 4. Handheld robots are a convenient solution for the operating the-
atre, since they offer a wide range of robotic features, while maintaining a compact design
and resemblance to conventional instruments. This makes their integration into the surgi-
cal workflow easier than bulkier tele-operated robotic systems. However, handheld surgical
robots are often non-ergonomically designed, and even when they are, it is rare that they
have been validated for their procedural ergonomics.

The aim of this thesis is to develop a handheld robotic instrument that can cater both
to the patient and the surgeon. To aid the patient, the enhanced articulation of the robotic
end-effector aims to expand the operational workspace and surgeon dexterity, and thus,
the operative efficacy. To aid the surgeon, the ergonomic design of the handle and related
validation studies aim to improve procedural ergonomics, and avoid burdening the surgeon
with physiological problems. In the following chapters, the effort to develop such a device

is presented.



Chapter 3

A robotic end-effector for the Expanded
Endoscopic Endonasal Approach

3.1 Introduction

The first step in developing a handheld robotic tool for the EEEA was the fabrication of a
miniature robotic end-effector that satisfies the requirements of this specific surgical pro-
cedure. To iterate through the various joint-designs and assembly arrangements, a modular
motor test-bench was fabricated that allowed for easy component replacement and expan-
sion. After the joint-design and actuation means were selected to accommodate the ar-
ticulation and structural integrity requirements, the prototype was investigated for these
characteristics to evaluate its efficacy. Preliminary experimental evaluation suggested fea-
sibility and increased capability, but left room for improvement. This is why an iterative
development process was followed that produced a more robust articulated end-effector.

In this chapter, the development of a novel, tendon-driven, 3 DoF robotic instrument
for the EEEA with end-effector articulation based on a spherical joint design is explored.
The end-effector is actuated by a miniautre differential drive tendon-routing system. The
joint mechanism has increased distal-tip dexterity and can be fabricated in a small diameter
profile. Initial experiments suggest that the tool achieves favourable structural integrity,
repeatability and workspace reach. This miniaturised prototype set the foundation for an
articulated end-effector that could be fabricated in such a way as to avoid breakage and
structural fatigue limitations.

The contributions that are associated with this chapter are:

» Dimitrakakis, E., et al., ”A spherical joint robotic end-effector for the Expanded En-

doscopic Endonasal Approach.”, (2020), Journal of Medical Robotics Research
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» Dimitrakakis, E., et al., "Towards the Development of a Novel Handheld Robotic Tool
for the Expanded Endoscopic Endonasal Approach.”, (2019), 9th Joint Workshop on
New Technologies for Computer/Robot Assisted Surgery (CRAS)

» Dimitrakakis, E., et al., "Handheld Robotic System for Endoscopic Neurosurgery”,
(2023), IEEE Robotics and Automation Letters, (submitted)

3.2 Proposed tool implementation
3.2.1 Design and fabrication

When designing the robotic end-effector, the main constraint present was the very limited
operative workspace. In endonasal surgery, the main surgical workspace is the sphenoidal
sinus which is mostly resembled by a 25mm diameter sphere [120]. This limitation, com-
bined with the narrow passage that the tool must follow to reach the sinus and the fact that
more than one instruments are often used through one nostril at the same time, lead to the
need for a small diameter. The proposed robot mechanism has a diameter of 3.6mm and a
length of 19.4mm. Commercially available tools for endonasal surgery have diameters in
the range of 1mm to 7mm, and end-effector lengths in the range of approximately 10mm to
20mm [121], which deem the proposed end-effector adequately small and simultaneously
big enough to avoid breakages as discussed in Section 3.4.3.

The end-effector’s articulation properties were based around the use of a spherical joint
design rather than a more traditional articulated mechanism. This is motivated by using
the spherical joint as a platform for easy tool adaptation and also for potentially enhanced
robustness since a sphere concentrates a large amount of material and is difficult to break.
Furthermore, the spherical joint concentrates both pitch and yaw rotations around the same
origin, achieving articulation at a minimum size. Six nylon tendons, two for each DoF, with
a diameter of 0.25mm terminate on the distal end of the sphere, passing through 0.5mm
diameter channels. The end-effector of the robot is coupled on the distal end of the sphere
completing the robot assembly.

The tendons pass through the 6 channels that exist throughout the robot body and
terminate at different positions depending on which DoF they actuate. Tendons 1 and 2
actuate the pitch axis DoF and terminate at the distal end of the main body of the robot.
Tendons 3 and 4 actuate the yaw axis DoF and also terminate at the distal end of the main

body of the robot, but in points whose connecting line is perpendicular to the line that
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connects the termination points of tendons 1 and 2. Lastly, tendons 5 and 6 actuate the
gripper DoF and terminate on the upper part of the gripper. The tendon channels and the

tendon termination points are shown in Fig. 3.1.

Figure 3.1: The channels that tendons pass through (left) and their termination points (right). Blue
is for the pitch axis DoF, red is for the yaw axis DoF and green is for the gripper DoF.

The tendons are fixed to their corresponding termination positions by either tying their
loose end in an 8-figure knot, or by crimping a small piece of tubing at the tendon’s very
end. After tendons 1 —4 are fixed at their termination points, the bottom part of the gripper
is coupled with the main body, and the upper part is coupled with the bottom part. The
tendons work in antagonistic fashion, meaning that when one of the tendons pulls, the other
one lets go, giving, thus, each DoF a two-way actuation capability (up/down, left/right,
open/close). This antagonistic logic is depicted in Fig. 3.2. The arrows show the direction

towards which the tendon is either pulled or let go.

Figure 3.2: The antagonistic configuration that controls each DoF. The arrows show the tendon
movement direction.

Additive manufacturing, and more specifically stereolithography (SLA), was used to
print the initial implementation of the 3.6mm robotic end-effector. The printing material
was clear resin, a type of resin used in fluidics, optics and mold-making. This material

was chosen because it allows for printing resolutions as small as 25um. The printer used
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was the desktop 3D printer Form 2 (FormLabs, Somerville, Massachusetts, United States).
A number of different end-effectors were designed as part of this study to cover a larger
number of tasks during the endonasal approach. These end-effectors are a flat-long spatula
dissector, a round spatula dissector, a ring curette and a spring-loaded bone punch that,
however, needs further prototyping. Their design and implementation is shown in Fig.
3.3. All these surgical instruments would benefit by articulation capabilities and in large

part they share the same kinematic model, which means their kinematics and control were

Figure 3.3: CAD renderings (left) and SLA-printed implementation of the end-effectors (right)

uniform.

The robot end-effector is fixed to a stainless steel grade 316 seamless tube shaft of
3mm outer diameter and all the tendons pass through 0.457mm diameter 304 welded hard
drawn stainless steel wire-guiding tubes which do not allow the tendons to get tangled with
each other. This 3mm shaft is then fixed on a test-bench setup that was used to validate
the end-effector’s efficacy. The test-bench setup consists of an upper tendon-housing part
that contains the axes where the tendons terminate and their rerouting system, and a lower
actuation part with all the motors. It was again produced via additive manufacturing tech-
niques, this time in polylactic acid (PLA) plastic using the desktop 3D printer Ultimaker S5
(Ultimaker, Geldermalsen, Netherlands).

The tendons starting from the joints of the end-effector terminate on capstans that lie
on three 3mm diameter rigid stainless steel shafts on the tendon-housing part, which are
co-axially connected with the motor shafts on the actuation part of the system. Each DoF is
controlled by two nylon tendons that are fixed on capstans on the same rigid shaft. Since the
tendon insertion points from the shaft to the test-bench upper part are not colinear with their
corresponding capstans, there is also a rerouting mechanism that uses pulleys to redirect the
tendons from their one point to the other in order to reduce their backlash and friction. The

rerouting mechanism as well as the tendons insertion points are shown in Fig. 3.4.

For a deeper understanding of how the tendon pulling and pushing leads to robot joint
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=DoF#1

Figure 3.4: CAD renderings of the rerouting mechanism with the tendon insertion points and the
actual tendon routing. Red is for the first DoF, blue - light blue is for the second DoF and green -
light green is for the third DoF.

movement, Fig. 3.5 depicts the physical relationship between the tendons of one of the

robot DoF and their corresponding robot joint.
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Figure 3.5: Physical relationship between one of the robot joints and its corresponding tendons.

The motors used for the actuation system were three MX-28T Dynamixel Robot Servo
Actuators (Robotis CO. Ltd, South Korea) with a stall torque of 25.5kg - cm and an an-
gular step resolution of 0.088°. Each actuator utilizes an embedded PID-controller and
communicates through a USB-to-TTL bus at a rate of 50Hz. Motor selection for this setup
was based on the torque capabilities of the motors and their seamless integration into the
system, a result of their embedded encoders and controllers. The motors are fixed on a PLA-

prototyped base and covered by a PLA mount-plate while on the rotating shaft of each motor
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an SLA-prototyped coupler is fixed. The mount-plate of the actuation part of the test-bench
is equipped with a coupling pattern on which the tendon-housing part is fitted, while the
motor shaft couplers connect with the rigid rotation shafts that stand inside the upper part.
In this way, the actuation system is separated from the tendon-housing for easy end-effector
swapping. A complete overview of the system, both in CAD and its implementation, is

shown in Fig. 3.6.

bearing

tendons capstans-
rigid shaft

bearing

motor-shaft
couplers

Figure 3.6: (Left) CAD renderings of the test-bench system and the end-effector. The top-left cir-
cled assembly indicates the 3mm diameter rigid stainless steel shaft on which the tendons terminate,
whereas the top-down circled assembly is an exploded view of the end-effector. (Right) Implemen-
tation of the test-bench system and the end-effector.

3.3 Kinematic analysis
3.3.1 Forward kinematics

The kinematic model of the robot is extracted using the Denavit-Hartenberg (DH) conven-
tion with the frames of the first two DoF located on the middle point at the base of the
spherical joint, while the frame of the third DoF is located on the axis of rotation of the
gripper end-effector. Although a spherical joint design was used, the joint is rotating over
two axes only, namely the pitch and yaw axes, and not over the roll axis since the tendons
and antagonistic motion constrain such rotation. The missing roll motion, as well as the
translation of the tool, will be carried out by the surgeon’s hand when the handheld robotic
tool is implemented in future work. The end-effector frame is located on the distal middle
point of the robot, namely on the bottom-middle part of the rotating part of the gripper.
The joint frames of the robotic end-effector are shown in Fig. 3.7, and the produced DH

parameters are found in Table 3.1.
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Figure 3.7: The robotic end-effector joint frames.

Table 3.1: The DH parameters of the 3.6mm robotic end-effector.

i | ai(mm) | a;(rad) | d;(mm) | 6;(rad)
1 0 /2 0 0
2 8.6 0 0 6,
3 9.5 0 0 03

3.3.2 Workspace analysis

The end-effector design was produced based on the operative space requirements. It was
then important to evaluate its workspace capabilities to make sure that while miniature in
size, it would pose a substantial improvement over current non-articulated instruments.

In Fig. 3.8, the target-reaching capabilities of the proposed end-effector are compared
to that of traditional tools using the open-source software CHAI3D [122]. This simulator
was implemented using the robot’s forward kinematics equations and was controlled by a
6-DoF joystick that controls the robot joints and the shaft movement in 3D space.

Alongside the robotic end-effector, a traditional non-articulated tool was implemented
in the same framework, again controlled by the joystick. The aim of this simulator was
to test the robot kinematics and showcase that some areas besides the pituitary gland and
around the base of the brain can be reached with the robotic end-effector but are out of reach
with the conventional tool. This is depicted when all three red points can be reached and turn
to green with the articulated tool, but only one of them with the traditional non-articulated
end-effector.

Expanding on this preliminary proof-of-concept workspace analysis of the end-
effector, a more thorough analysis was carried out in the robot simulation platform Cop-
peliaSim [123]. Both the robotic end-effector and a non-articulated tool with the same

dimensions were simulated in this environment.
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Figure 3.8: Reaching areas beneath the pituitary gland with a simulated traditional instrument (left),
and with the proposed robotic end-effector (right). Red points represent points the conventional tool
can not reach whereas the green points represent the points the tools can reach. Red Xs represent
no-go areas besides the pituitary gland.

To also simulate the physical constraint within which the tools operate during surgery,
a 3D model of a cranial CT scan, modified so that it only features the EEEA areas of interest,
was also input into the simulation platform. Apart from the cropping of the 3D model to
exclude areas of the skull that are out of scope for this procedure and would slow down
the simulation, a cylindrical channel was also created starting at the sphenoid ostium, and
passing through the sphenoid sinus granting access to the pituitary gland area. This channel
is created by the surgeon during the EEEA procedure to access the pituitary gland, and is
highly constraining the tool motion. The diameter chosen for the cylindrical channel is 1cm

[10]. The modified 3D model is shown in Fig. 3.9.

5 ’ y \
artificial channel \

Figure 3.9: 3D model of a cranial CT scan used to determine the available workspaces during
EEEA. The artificial channel shown inside the circled areas represents the channel that the surgeon
creates during surgery and grants access to the pituitary gland area.

The goal of this workspace analysis was to compare the effective workspace of the
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Figure 3.10: DoF coordinate frames of the traditional non-articulated tool (left), and of the sug-
gested robotic end-effector (right). The robotic end-effector comprises of an additional two articu-
lated joints represented by frames (xo,yo,z0) and (x1,y1,z1)-

non-articulated tool with that of the suggested robotic end-effector. To calculate both
workspaces, a search was carried out that iterated through each tool’s various DoF. The
non-articulated tool was simulated by a 5 DoF system. 3 DoF for the (x,y,z) translation
of the shaft, and 2 DoF for the (yaw, pitch) rotation of the shaft. The robotic end-effector
was modelled similarly, with the addition of 2 DoF for the end-effector joints. In both cases
the roll DoF, as well as the gripper open and close DoF, were not taken into considera-
tion for simplification reasons. The DoF coordinate frames for both tools on a side-by-side
comparison can be seen in Fig. 3.10.

The workspaces were evaluated by accessing a number of different shaft positions,
entering from the right side of the nasal cavity, and different shaft and robot-joints orienta-
tions. The range of translation of the shaft was 20mm with an increment of 0.6mm on each
axis, the range of rotation of the shaft was 10° with an increment of 0.5° on each axis, and
the range of the robotic end-effector DoF joint-space angle vector was 70°, from —35° to
35¢, discretised by 5°. These specific ranges and steps were a result of trial-and-error testing
to find the most suitable values. The physical constraint was incorporated by determining
mesh collision between the tools and the cranial model. An end-effector point was pushed
into the point cloud only if no part of the tool was in contact with the physical constraint
by employing the mesh collision checking capability of the CoppeliaSim software. The
resulting effective workspaces are shown in Fig. 3.11.

It is evident that the robotic end-effector has a broader workspace and can reach a

significantly larger amount of points in 3D space, suggesting that it can potentially improve
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Figure 3.11: Workspace comparison between the proposed robotic end-effector (green) and a tradi-
tional, non-articulated tool with the same dimensions (blue), from three different viewing angles.

the efficacy of EEEA. Adding to this analysis, it could be useful to conduct the workspace
search in the entirety of the available workspace, rather than just after the sphenoid sinus.
This would require a high accuracy 3D model, inclusive of soft-tissue and other structures

and could be the scope of future work.

3.3.3 Inverse kinematics and tendon lengths

For the inverse kinematics model of the robot, the forward kinematics equations extracted
using the Denavit-Hartenberg convention were used, resulting into closed form solutions

for the calculation of [0y, 6,, 65] as shown in Eq. 3.1.

( arcsin(ry3), fori=1,
y—0.0098 -sin(6;) - 3, :
+ fori=2
6, — ) TS (0006 sin(a) ) O 3.1
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with the Homogeneous Transformation being: H(0;,6,,65) =

31 I rj3 oz

0 0 0 1

Assuming a computed joint-space angle vector, the stroke of each antagonistic tendon

pair must be computed in order to control the robot. The method used is similar to the one
used in [124]. For each rotational DoF there are two tendons that control the movement

of each angle in an agonist-antagonist fashion. The length of the tendon is defined as the
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Figure 3.12: The 6 channels on the spherical joint where the tendons pass through. The exact same
pattern is followed on the base of the end-effector, whereas only tendons 5 and 6 arrive at the upper
part of the gripper.

distance between the base of the robot, rather than the starting point of the tendon on the

tool-housing capstan, to the point that each tendon terminates.

The lengths of the tendons are computed by locating the 3D positions of the pass-
through channels for every tendon and calculating the distance between two consecutive

channels. As is evident in Fig. 3.12, the robot has six channels that tendons pass through.

Four of them, channels i = 1 to 4, are diametrically positioned at an 1mm radius from
the centre, terminate on the distal end of the sphere and control the two first DoF. The
remaining two, channels i = 5 and 6, control the gripper end-effector DoF, are located with
a +0.35mm offset from the centre on the z-axis, and terminate on the gripper attachments.
On the base of the robot the six holes are positioned as shown in Eq. 3.2 for r; = 1mm and

r, = 0.35mm.

x0,Y0+11,20), ifi=1,
X0,Y0,20+11), ifi=2,

X0,Y0 —7r1,20), lfl:?”

Pi(x,y,2) = 3-2)

(

(

( )

(x0,¥0,20 — 1), ifi=4,
(x0,¥0,20 +72), ifi=35,
(x0,Y0,20—12), ifi=6.
After the channels have been positioned in 3D space using the forward kinematics,

the resulting homogeneous transformation matrices are used to calculate the Euclidean ge-

ometric distances. Finally, the difference between the lengths of the tendon on the current
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joint-space and the desired joint-space is turned into the angle by which the motor should
rotate in position control.

The positions of the channels P;/ and P;”, for channel i = 1 to 6, in 3D space for a
specific joint-space angle vector [0y, 8,,65] are calculated using Eq. 3.3 and Eq. 3.4. P/,
for channels i = 1 to 4, represents the positions where the corresponding tendons terminate,
whereas for channels i = 5 and i = 6, P/ represents the passing-through channels on the
spherical joint for tendons 5 and 6. The termination points of the latter pair of tendons is

represented by the P;” position pair.

P/ (x,y,2) = Adi- Pi(x,y,2),fori =1to0 6, (3.3)

P/ (x,y,z) = A} - P(x,y,z),for i = 5 and 6, (3.4)

where Aé,- is the Homogeneous transformation that corresponds to joint j and channel i.

Then, the Euclidean distance L; between two consecutive channels is:

Li = HPi/(x,y,Z) _Pi('x?va)Haforl-: 1 to 4’ (35)
Li = HPi/('xay?Z) —P,-(x,y,z)H-l—

||1P" (x,y,2) — P/ (x,y,2)||,fori = 5 and 6, (3.6)

and to compute the displacement of tendon i between two joint-space angle vectors j and

J', the tendon lengths L{ and L{ " need to be computed and subtracted.

AL=|L! —L!| (3.7)

A visual example of how these lengths are computed is shown in Fig. 3.13.
Finally, to compute the angle ¢ by which the motor needs to rotate so that the tendons

are pulled/pushed by the appropriate amount, Eq. 3.8 is used:

= 3.8
R (3.8)
where R, is the radius of the capstan on which the tendon terminates. In this case capstans

of radius 1.5mm were used, and thus R, = 1.5mm. Since AL is always positive, the sign
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For joint-space vector j: Lé = ||P, (x, ¥, Z;) - P2 (x5, ¥}, Zj)|

Tendon #2
j' '
For joint-space vector j': L, = ||Py(xj1,¥;r, i) = Po(xjr, 1, 2|
P, Py -1
AR — \

Tendon #2

Figure 3.13: Visual representation of how the length of tendon 2 is computed for two different joint-
spaces jand j .

of the angle is decided by a software convention taking into account the direction of joint
movement. This joint movement direction is easy to calculate, because both the current
joint-space angle vector and the target joint-space angle vector are known. The sign of
each motor angle is determined by the sign of the difference between the angle of its corre-
sponding joint at its current joint-space and the angle of its corresponding joint at the goal

joint-space.

It is worth mentioning that some simplifications took place during this mathematical
process. Each pair of tendons does not always move by the exact same distance because
for a spherical joint, movement of DoF 1 results in minor movement of DoF 2 and vice
versa. Thus, there is chance that for some joint-space angle vectors one tendon is pulled or
pushed more than its antagonist is pushed or pulled. This coupling could potentially vanish
by better constraining the spherical joint inside its base, or by placing the tendon channels
on different positions on the joint. This difference in tendon lengths between antagonistic
pairs, however, and more specifically between tendon pairs 1 and 3, 2 and 4, and 5 and 6,
was found out to be very small numerically. Since only one motor per tendon pair is used,
this difference was disregarded and the rotation of the motor was based on the average of the

two lengths, without trying to build a better base constraint for the spherical joint. Another
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simplification is that in this analysis tendon bending radii that would appear in extreme joint

angles because of the geometry of the spherical joint were not taken into account.

3.4 Experimental Evaluation

3.4.1 Workspace and repeatability study

The robotic end-effector was tested for its repeatability and workspace capabilities. The
focus was on repeatability rather than accuracy since in robotically assisted surgical pro-
cedures the robot is either tele-operated via a master console or directly controlled with a
handheld mechanism by the surgeon making sure the desired motions are achieved under
endoscopic view. For both tests, optical tracking was employed to measure the position of
the end-effector. More specifically, two optical markers that were fixed on an SLA-printed
attachment were tracked in 3D space. The attachment was again printed in clear resin using
the Form 2 desktop 3D printer. The end-effector was firmly gripping the marker attach-
ment so that the tracked positions of the markers could be used to extract the position of the
end-effector as detailed later in the section.

For the repeatability test, a vector of 19 desired workspace joint values uniformly gen-
erated within the joint-space range between [—30,—30,30] and [30,30,30] was created,
with 03 = 30 the gripper angle required to get a good grip on the SLA-printed tracking
marker attachment. The robotic end-effector was instructed to move between those 19
points, and each time a movement was finished the positions of the markers in 3D space
were recorded with the NDI Optotrak Certus motion capture system (Northern Digital Inc,
Canada). This system has a tracking accuracy of 0.1mm and a resolution of 0.01mm. The
robotic end-effector and its test-bench were positioned in front of the tracking system so
that the markers are in direct line-of-sight of its three cameras.

Both the robot with its test-bench actuation system, and the capture system were op-
erating within the Robot Operating System (ROS) framework [125]. The application con-
sisted of two nodes. Within the first node, the kinematic computations took place and
the motors were instructed to rotate by a specific angle, which corresponded to the de-
sired end-effector position, as shown in Section 3.3. To ensure that the motors had reached
their desired position before moving on to measure the position of the tracking markers, a
’do-while’ logic was implemented. The desired position was fed into the motors until the
current position was measured to be within a threshold of 0.18° maximum error in motor

angle. The capture system was operating within the second node and was constantly pub-
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Figure 3.14: Flow diagram showing the interaction between the two ROS nodes of the tracking
experiment.

lishing transformations that the first node would look up every time it was instructed. When
these transformations were obtained, they would be stored in a rosbag file. The data flow

between these two nodes is shown in the flow diagram of Fig. 3.14.

The robot end-effector gripping the marker attachment with the NDI markers on it can
be seen in Fig. 3.15. In the same figure, and for demonstration purposes, the end-effector
inside a training head phantom is shown. This picture provides an illustration of the robotic
EEEA, while simultaneously relating the dimensions of the instrument shaft to those of the

head phantom.

The SLA-printed marker attachment was designed in a way so that the line connecting
the centres of the two markers passes by the distal point of the gripper, where the last
frame of the end-effector was mathematically defined. Thus, the robot end-effector position
could be represented by the mean point between the two marker-point positions. Since
position is only measured without taking into account the orientation, just the two markers
are sufficient. The markers where tight-fitted and hot-glued to the attachment to avoid
shifting or falling out of place, and a number of different gripper angle values were tried
making sure that the gripper holds on the attachment tightly enough. This was essential to

make sure that the measurements kept were indicative of the robot movements.

After all 19 moves were carried out, the vector of points was shuffled and the robot
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Figure 3.15: The robotic end-effector holding the NDI tracking markers attachment (left), and inside
a training phantom to illustrate insertion during the robotic EEEA procedure (right).

was instructed to rotate by the same joint-space values, but in a different order. By shuffling
the desired joint-space values the bias in the measurements that following the same order of
values every time would produce was reduced. The vector of values was shuffled 19 times,

resulting in 20 different sequence groups and 380 moves overall.

To test the workspace capabilities of the robot, it was instructed to move to the bound-
aries of the joint-space, in the range between [—30,—30,30] and [30,30,30]. After the
robot reached every position, again the positions of the tracking markers in 3D space were
recorded to be used for the construction of the robot end-effector workspace boundaries.
Finally, to confirm that the robot is rotating around fixed axes, the end-effector was in-
structed to move into 1000 random joint values between the same range [—30, —30, 30] and
[30,30,30]. The resulting positions were tracked using the NDI trackers and then organised
into a point cloud. The fitted sphere on the workspace point cloud was calculated with the
purpose to measure its radius and compare it to the distance between the first and the last

frame of the robot end-effector as shown in Fig. 3.7.

To calculate the repeatability value of the robot end-effector, all 19 tracker transfor-
mation measurements that correspond to the same joint-space values from each of the 20
iterations are put into a group and their standard deviation (STD) is calculated, resulting in
19 different STD values. Each STD value represents the repeatability of that specific joint-
space value and physically corresponds to the positional deviation from the average of dis-
placement [126]. These values rounded up on the second decimal digit, and the joint-space

they correspond to, can be seen in Table 3.2. The overall repeatability of the end-effector is
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defined as the average of those STD values. With this method, the repeatability of the robot
is measured at 0.42mm.

Table 3.2: The STD values of the 19 different joint positions.

Joint (°,°) | STD (mm) | Joint (°,°) | STD (mm)
(—21,-29) | 029 | (=19,-23)| 043
(18, —27) 0.21 (15, —21) 0.39
(4, 14) 1.02 (=9, 5) 0.39
(—12,-1) | 0.48 (15, —1) 0.26
(15, —30) 0.20 (—13,4) 0.33
(6, 23) 0.12 (—5 —22) 0.32
(—25, 16) 082 | (=12,-22) | 023
(—12,-12) | 0.66 (24, 18) 0.94
(11, -19) 0.39 (—19,29) 0.26
(7, =27) 0.19 Average 0.42

The boundaries of the workspace of the robot end-effector, as recorded using the NDI
tracking markers, compared to the corresponding theoretical boundaries for the joint-space

range of [—30,—30,0] to [30,30,0] are shown in Fig. 3.16.
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Figure 3.16: Comparison between the boundaries of the theoretical workspace (red) and the mea-
sured workspace (blue).

According to these tracking data, the maximum distance that the robot end-effector can
cover while constrained to a fixed point, which is the origin of frames 0 and 1 as shown in
Fig. 3.7, is 13.1mm on the Y-axis, whereas on the Z-axis is 12.5mm. The theoretical value

for both these axes is 18.5mm which means there is an error in movement range of 5.4mm
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on the Y-axis and another one of 6mm on the Z-axis. It is worth mentioning that although
the end-effector has a fixed point where the axes of rotation pass through, its purpose is to
be integrated into a handheld mechanism and held by the surgeon that would be moving that
fixed point in space, allowing thus for a wider and more sophisticated effective workspace.
This is why it was important to verify whether this point was in fact fixed or whether any

slides in movement were present that could lead to inaccuracies in the measurements.

As previously mentioned, to confirm that the robot is indeed rotating around fixed
axes, the fitted sphere on the point cloud was calculated, which was created by moving the
end-effector to 1000 random joint values between the previously specified joint-space angle

vectors. The resulting sphere has a radius of 19.6mm and a fitting error of 29.1um.

The actual distance between the axis of rotation and the distal point of the robot end-
effector, the movement of which was tracked, was measured at 19.4mm, using vernier
calipers with a resolution of 0.01mm, comparable to the fitted sphere radius, verifying that
the rotating axis of the robot is not sliding. The tendons are responsible for keeping the base
of the robot end-effector fixed to the distal end of the instrument shaft through tension. The

robot end-effector is not otherwise fixed to the shaft.

3.4.2 Structural integrity study

Considering its miniature size, it was important to also test the structural integrity of the
end-effector and the amount of load it can support without its gripper or any other part of
the robot breaking. To test that, a set of precision weights in the range of 100g to 700g was
tied on an SLA-printed attachment using stainless steel wire. Then, a two-pulley system
was used to transfer the weight of each object along the wire and change its direction so
that the end-effector can grasp the attachment and support the object. The pulleys were of
the same size, were placed at the same height and the wire did not wrap around the pulleys,
only passed above them. Disregarding the losses generated by the friction on each pulley, it
is acceptable to assume that the effort required by the robot to support the object is almost
equal to the weight of the object. The experimental setup for the end-effector’s structural
integrity is shown in Fig. 3.17.

The part of the rerouting system that controls the first two DoF tied to the spherical joint
movement was constrained by tying an extra tendon around the capstans that disallowed
them to move. This was done in order to make sure that any deflection appearing on the

axis of the spherical joint was solely due to the effort created by the weight, rather than a
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Figure 3.17: The experimental setup to test the end-effector’s structural integrity.

normal rotation of the joint. The only DoF that was free to move was that of the gripper.
As is evident in Fig. 3.17 the tool-housing is unattached from the actuation system and the
gripper was moved manually rather than using its designated motor. This approach was
chosen to simplify the experiment design and since the purpose of the experiment is to test

the mechanical integrity of the end-effector, the motors are not necessary.

One by one the objects were tied to the attachment and each time the end-effector was
tasked with grasping them. The rigid shaft on which the gripper tendons terminate was
then manually rotated until the gripper closed and the weight was lifted. Depending on
the weight, a deflection angle appeared. Here, the deflection angle is defined as the angle
formed on the pitch axis of the spherical joint between the resting position and the final
position of the end-effector. This angle is later illustrated as part of the experimental results
in Fig. 3.18.

The end-effector was evaluated on its abilities to maintain a grasp on the attachment
and support the weight for 15sec. For each object, the deflection angle was measured. One
prototype was used throughout this series of experiments and each weight was tested twice.
Between the two series of experiments, the difference in deflection angles for the same

weight were negligible.

The end-effector supporting the objects and the corresponding deflection are shown
in Fig. 3.18. The end-effector was able to support all the objects up to a mass of 600g,
which corresponds to approximately 6N, and was able to maintain a grasp up to a mass of
500g. Here, a successful grasp is defined by the upper part of the gripper not moving from
its ’grasping’ position for the whole duration of the 15sec, after the rigid shaft had been

rotated. Thus, even though the gripper is not fully closed for some of the weights because
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Figure 3.18: (Left to right, top to bottom) The end-effector at its resting position, and supporting
objects of 100g, 200g, 500g, 600g and 700g mass. The deflection angle is also evident in the figure.

the rigid shaft was not manually rotated to its full extent, as is evident in Fig. 3.18, the
grasping test for these corresponding weights was still considered successful.

For the 600g object it could not maintain a grasp and the gripper was gradually opening
as the seconds passed by, even though the capstans and the shaft connected to the gripper-
tendons were manually kept still. For the 700g object, the gripper was able to support the
weight for barely 3sec before opening and letting go of it. The results of this structural

integrity study are concentrated in Table 3.3.

Table 3.3: The results of the structural integrity study.

Effort(~N) | Deflection(°) | Support | Grasp
1 15 v v
2 25 v v
5 35 v v
6 35 v X
7 55 X X

The deflection angle presents a fairly expected behavior. It is relatively small for the
100g object, bigger for the 200g and for the 500g and 600g it reaches and even surpasses
the boundaries of the effective workspace as they were calculated in the previous set of

experiments. For the 700g object the deflection angle is well over the effective workspace
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boundaries and although the end-effector did not break, such a large effort during an opera-
tion would significantly weaken the tool. By design, the forces exerted during the endonasal

approach are rarely larger than 2N [127], on the axis in question in this experiment.

3.4.3 Preliminary findings

During the experimental procedure it was found that the robot has an adequately high re-
peatability and that the effective workspace, although with boundaries almost 30% more
constrained than their theoretical values, is extensive and a clear advancement compared
with that of current rigid tools. The repeatability of 0.42mm achieved by the suggested
robotic end-effector is low when related to its workspace boundaries. This fact, combined
with the very limited workspace of the endonasal approach and the intention for a handheld
robotic tool where the surgeon is immediately controlling the robot and can thus provide

visual feedback on the goal position, suggests adequate robot repeatability.

In this presented implementation, the joint-space is capped at an adequate but lower
than expected £30° range because it was noticed that in movements beneath this threshold
there was a small chance of tendon snapping. The nylon tendons used for this end-effector
were not able to withstand the forces required to rotate the joints more than 35, thus the
movements were capped at a lower and safer value. Another limitation of this study is,
of course, the difference between the theoretical workspace boundaries and the tracked
ones. This, again, can be traced back to the tendons’ elasticity and slipping. It is also
speculated that this inaccuracy could be a result of a less sophisticated motor control. When
compared with other manipulators intended for the endonasal approach [29], [128], the
workspace is smaller, but when combined with the promising repeatability and structural
integrity, the end-effector could potentially suggest a substantial improvement over current

instrumentation.

For the repeatability test, it is evident that the STD values for some of the joint-space
angle vectors are abnormally large, especially the STD value for joint-space angle vector
[4,14] being 1.02mm. Such a large error could be attributed to various factors. There are
some uncertainties concerning the implementation of the mechanism, namely tendon slack-
ing resulting into an accumulated mechanical error, or kinematics simplifications resulting
in a slight positioning error. Additionally, another factor that needs to be taken into account
is the possible measuring error that appears when the tracker has an unclear view of the

markers.
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Last but not least, during the structural integrity tests, although the results showed
that the end-effector could avoid breakage and support a large amount of weight, a clear
limitation appears in the large deflection angle created by the increasing load that would be
a drawback during surgery. This deflection angle, that is relative to the weight of the object,
could also be one of the reasons contributing to the end-effector’s inability to maintain hold
of the object attachment, as is evident in Fig. 3.18. However, the weight is most possibly
still the main contributor since the deflection angle was the same for both the 500gr and
600gr objects, with only the 600gr object attachment slipping from the end-effector. Using
a spherical joint requires careful tendon pre-tensioning since the joint and the base are not
physically connected, as they would be in an articulated design. Thus, it is suspected that

the large deflection angle could be decreased with a better choice in tendons.

3.5 Improvement of the end-effector joint-design

It is evident from the previous sections that the robotic end-effector located at the distal
end of this novel handheld robotic instrument needed further development. While that pre-
liminary work suggested that introducing a miniature robotic end-effector could enhance
surgical capability, the joint-space of the end-effector, and more importantly its structural
integrity, left room for improvement. This is why following those preliminary experiments,
an iterative trial-and-error development process was followed to produce a more robust
miniature articulated end-effector prototype.

The two main factors affecting the workspace of the end-effector were the tendon
channel placement and the tendon termination points. In the previous design, the tendons
were passing through the main body of the spherical joint. Additionally, the tendons were
terminating on the inside surface of the joint, facing the distal end of the design. These
design choices, while necessary at that exploratory stage of development, were limiting the
operative workspace of the device.

The design presented in this section is the natural evolution of this preliminary pro-
totype. The spherical joint has been decreased in size as to not interfere with the tendons,
and the tendon channels are now located on the outer diameter of the joint body, increasing
the workspace limits of the design. Simultaneouly, and after a series of tendon selection
tests where tendons were evaluated for their material properties and endurance during ex-
haustive actuation tests, the tendon channels have a smaller diameter, which combined with

the decreased mass of the spherical joint, allow for a slightly smaller end-effector diameter.
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All these design considerations, as well as a direct comparison between the two designs is
shown in Fig. 3.19.

base glued to the shaft

tendons terminate inside the
joint and fixed with friction

tendons terminate in a loop
and glued on joint body

diameter 3.6mm

base laser-welded
onto the shaft

diameter 3mm tendons do not interfere with the spherical joint

Figure 3.19: Design differences between the initial end-effector presented in Chapter 3 and the
newly developed end-effector presented in this chapter.

Starting from the initial end-effector implementation, there was a number of discrete
steps that lead to its finalised design. Initially, the spherical joint and the rolling surface
were inverted to further increase the workspace. With this inverted design the tendons
had more space to translate, and thus, increase the articulation angle. In that design, the
tendon-termination points were kept the same. Then, to further increase the workspace, the
tendon-termination points were on the outer diameter of the joint, laser-welded on the body
itself. This, however, lead to unreliable results, and the design was reverted to have the
same termination points as previously, with slightly extended tendon channels. While the
workspace was significantly increased with this iteration, the robustness of the device was
not adequate.

The next iteration was a combination of the first few iterations, with the spherical
joint and rolling surface reverted back to their original configuration, and the tendon rout-
ing and termination resembling later implementations. This design combined the increased
workspace of the newer prototypes, with the robustness of the original design where the
sphere could rotate comfortable around an encompassing rolling surface. All these experi-
mentation lead to the finalised design, and can be seen in Fig. 3.20.

The tendons that were used to antagonistically control the finalised end-effector were

0.3mm-diameter stainless steel wire rope (ENGELMANN Drahtseilfabrik GmbH, Han-
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initial design finalised design

Figure 3.20: The discrete steps from the initial end-effector design that lead to the finalised end-
effector design.

nover, Germany). They looped around the spherical joint-body for better grip and were
glued to avoid slippage during pre-tensioning. To actuate the grasper DoF, the tendons were
passing through a hollow channel in the middle of the spherical joint body and terminating
on the moving part of the gripper. Fig. 3.21(b). details the tendon-routing for all 3 DoF of
the articulated grasper.

The finalised end-effector has an overall diameter of 3mm and deploys a 2 DoF tendon-
driven spherical joint that allows movement in the pitch and yaw axes around a rolling sur-
face. The roll axis motion around its rolling surface is restricted by the tendons and can
be compensated by the surgeon’s hand movement. The third DoF of the end-effector is
the opening and closing of the gripper. This articulated grasper was fabricated in stainless
steel with additive manufacturing techniques, namely direct metal laser sintering (3DSys-
tems, Rock Hill, South Carolina, United States), and was laser-welded onto a 3mm-diameter

stainless steel shaft. The fully-assembled grasper is shown in Fig. 3.21(a).

(a)

Figure 3.21: (a). The miniature grasper end-effector, and (b). The tendon-routing of the 3 DoF.

To cover a larger set of neurosurgical instruments, and since the end-effector can be
easily detached and re-attached to the handheld controller, the grasper end-effector design
was amended to enhance other standard instruments with robotic articulation. Namely, these
instrument end-effectors were a ring-curette, a spatula dissector, and an endoscope. These

instruments do not deploy a third DoF, but rather only need pitch and yaw articulation,
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with the endoscope specifically also requiring an expanded hollow working channel with
a diameter of 1.8mm for the 1.66mm-diameter miniature camera to pass through. This in-
creased the overall diameter of the endoscope to 4mm to allow for direct metal laser sintering
(DMLS) fabrication. The camera used for the endoscope was the MISUMI MD-V 1000LH-
120 UVC signal camera (MISUMI Electronic Corporation, Taipei, Taiwan). All alternative

end-effectors are depicted in Fig. 3.22.

Figure 3.22: The articulated end-effectors developed as part of the novel robotic system. From left
to right, a dissector, an endoscope, a grasper, and a ring-curette.

3.6 Miniaturization of the tendon-routing system

After the issue of the limited joint-space had been addressed, it was important to improve
the structural integrity of the device. It was quickly evident that the main issue limiting the
robustness of the device was mechanical backlash. This could be attributed to the tendon
selection, that was solved with the usage of the aforementioned tendons, and more impor-

tantly to the tendon routing and pre-tensioning methodology. Fig. 3.23 showcases different

tendon routing systems developed that lead to the finalised device design.

Figure 3.23: Various tendon-routing sub-system designs. (a). System combining bevel gears and
capstans, (b) Previous system comprised of a three parts assembly and its tendon-routing paths, and
(c). Preliminary differential-drive system and its tendon-routing paths.

The motor placement on the handle design, as discussed in the next chapter, had to
be perpendicular to the tendon-termination points on the tendon routing system design.

A convenient way to cater to this design consideration is a differential drive bevel-gear
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system as this configuration can transfer rotational motor movement alongside one axis,
to rotational capstan movement alongside a different axis. The system depicted in Fig.
3.23(a). is the preliminary design of a tendon-routing system that was using bevel gears to
transfer the motor movement to the end-effector joints, alongside capstans that were used

as tendon-termination components.

An encouraging first step, this design was very difficult to assemble, and more im-
portantly pre-tension, due to the limited access to the capstans, and lack of tendon routing
paths. The design in Fig. 3.23(b). built on the previous design principles to allow for
tendon-routing through pillars on the distal part, as well as pre-tensioning on the capstans
located on the middle part. The proximal part was then the final part of the assembly that

would be responsible for the actuation of the whole sub-system.

This design was a clear improvement over the first, but was lacking in ease of actuation,
while the modular parts of the assembly decreased the robustness of the structure. The
bevel-gear arrangement was difficult to actuate when the tendons had been adequately pre-
tensioned. This problem was solved by the differential-drive system design of Fig. 3.23(c).,
where two pairs of bevel gears were used per DoF, one for each tendon, rather than a single

capstan.

This sub-system was functioning as expected, increasing the robustness of the end-
effector while been easy to actuate. It did, however, have one major limitation. The tendon
pre-tensioning was done qualitatively and by hand, by rotating the pair of bevel gears in
opposite directions. This led to unreliable pre-tensioning with each tendon having different
pre-tension values, as well as not adequately robust end-effectors, since the pressure that
can be applied by the human hand is limited. These limitations led to the finalised design

of the tendon-routing sub-system described below.

To route the tendons from the distal end of the tool, where the robotic end-effector
is located, to the proximal end of the tool, at the point where it couples with the handheld
controller, a routing sub-system was used. The tendons were terminating on the end-effector
socket-joint as shown in Fig. 3.21(b). The termination points were chosen so that they are
opposite each other in order to accommodate the antagonistic control methodology of the
device. The tendons loop around the gripper body to provide a stable actuation surface, and

to minimize complexity.

They were then routed through the stainless steel shaft of the tool and additionally
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through a series of 3 contact points before passing through geared capstans. The tendon-
routing structure incorporating those contact points was designed based on a few design
requirements. The exertion point from the stainless steel shaft was on a different frame of
reference than the insertion point on the capstan. Additionally, a pair of antagonistically op-
posed tendons should terminate on co-axial capstans. Friction at the concact points should
be minimal, and finally, the overall size of the end-effector body should be big enough to al-
low seamless movement, but simultaneously remain reasonably small. The routing structure

generated based on these requirements is shown in Fig. 3.24(a).,

To minimise friction, the tendons were passing through small Polytetrafluoroethylene
(PTFE) tubing with a diameter of 0.4mm. They were pre-tensioned at 15N using a manual
newton-meter, and were crimped to stay in place and at that pre-tension value. This value
was a result of trial-and-error testing, where smaller values would lead to an end-effector
with inadequate structural integrity, whereas bigger values would lead to tendon snapping.
Thus, the result of this experimentation achieved a balance between robustness and freedom
to move. Finally, the two capstans were rotating in opposite directions with a perpendicular
bevel gear. The differential gearing system with the tendon pre-tensioning mechanism is

evident in Fig. 3.24(b).

PTFE tubing for b
(a) friction reduction ( )

Z
|| | ¥ 1

grub screw for shaft gearing system fixer )

. bearing stainless steel
reinforcement i .
reinforced axis

male coupling on controller female coupling on end-effector

Figure 3.24: (a). The tendon-routing system for a single DoF with the other two DoF tendons fol-
lowing similar routing paths, (b). The differential gearing system, highlighted in grey, with tendons
for a single DoF, (c). The coupling on the handheld controller side, and (d). The coupling on the
end-effector side.

To couple the end-effector with the handheld controller, a male-to-female connection
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is used between the gears that are placed on the motors shafts, and the bevel gears that are
part of the differential gearing system. The coupling on both the handheld controller and
end-effector sides are depicted in Fig. 3.24(c). and (d). The end-effector and the handheld
controller coupling is secured with two alignment pins, one on either side of the instrument.
Finally, the tendon routing system is housed inside a two-part casing.

The routing system inside an open casing, as well as the fully assembled robotic end-

effector, are shown in Fig. 3.25.

Figure 3.25: (a). The routing system inside an open end-effector casing, and (b). The fully assem-
bled grasper end-effector.

3.7 Discussion

In this chapter, an articulated 3 DoF robotic end-effector for a novel handheld robotic tool
intended for the EEEA was presented. Using an actuation test-bench, the design prototype
in terms of its repeatability and workspace capabilities was evaluated, as well as in terms of
its structural integrity. Preliminary testing showcased potential, with further development
leading to a fully functional miniaturised robotic end-effector.

The choice of a tendon-driven mechanism was based on the improved distal point
abilities and robustness that such designs offer. To be able to operate inside a very limited
workspace, the robot must have a small diameter which often leads to breakages and fatigue.
The proposed robot end-effector has a spherical joint in order to create a robust structure by
taking advantage of the fact that a sphere can concentrate a large amount of material despite

being fabricated in a small size. Other than aiding in miniaturization through increased
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structural integrity, the use of a spherical joint can reduce the end-effector size because it
concentrates all actuation DoF around the same origin. This minimizes the length of the
articulated joint, enabling access even in very narrow corridors and constrained operative

workspaces.

A large portion of the development work of this chapter was spent on tendon-selection
as well as the tendon routing sub-system. Tendon-driven devices offer plenty of advantages,
such as high maneuverability and relatively simple design, but their performance is often
limited by nonlinear friction and hysteresis phenomena [129]. An analysis and subsequent
mathematical compensation for tendon hysteresis could have improved the performance of
this device and could be the scope of future work. Another common issue associated with
tendon-driven systems is stretching, which with time could lead to loss of articulation or
structural robustness [130]. One way to address that would be be building a capstan test-

bench that would pre-stretch the tendons prior to tensioning them.

Reliable tensioning is also very important, and the current methodology left room for
human error in pre-tensioning. Active tensioning compensation could compensate for that
error. To avoid these errors all together, more sophisticated pre-tensioning methodologies
could be deployed by digitally measuring the tension on the tendons, or using strain gauges
to extract that information. By implementing such hysteresis, pre-stretching and tensioning
methodologies, backlash would be drastically minimised. Finally, in this chapter, friction
was addressed by routing the tendons through small cuts of PTFE tubing. Incorporating
pulleys on the routing contact points would also reduce friction and allow for smoother

motion.

To minimise backlash and increase the end-effector accuracy, new device manufactur-
ing methods need to be explored. The robot joints could be manufactured with subtractive
rather than additive manufacturing, namely Computer Numerical Control (CNC) machin-
ing, to improve surface finish and smoothness. The difference in surface finish between a
prototype manufactured with metal 3D printing and a prototype manufactured with CNC

machining is presented in Fig. 3.26.

Then, the gearing system design, as well as the tendon-routing structure and its casings
should be amended to accommodate moulding, which will reduce manufacturing inaccura-
cies that are associated with increased friction and misalignments. Finally, new and more

durable materials, such as high-performance engineering plastics or stainless steel, could be
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Figure 3.26: Comparison between an end-effector manufactured with DMLS and an end-effector
manufactured with CNC machining.

investigated for the manufacturing of the tendon-structure, to increase the device robustness.



Chapter 4

A handheld controller for the robotic

end-effector

4.1 Introduction

This chapter aims to continue the development of the novel robotic system by introducing a
handheld controller that is intended to actuate the robotic end-effector previously presented.
Trying to satisfy as many design requirements from the ones presented in Section 2.5.1, two
novel handle concepts were developed. A forearm-mounted handle design and a joystick-
and-trigger handle with a rotating-joystick component. These two handles were compared
alongside a standard instrument during a multi-participant randomised crossover user-study
for their performance and ergonomics. The joystick-and-trigger handle proved superior,
which lead to the selection of that handle concept.

In the final section of this chapter, the superior handle concept is further developed
in order to produce a functional handheld controller incorporating miniature motors and
electronics for the control of the robotic end effector. The produced handheld controller
is intended to be paired with the end-effector presented in Chapter 3 to form a functional
version of the proposed neurosurgical robotic tool.

The contributions that are associated with this chapter are:

» Dimitrakakis, E., et al., ”An intuitive surgical handle design for robotic neuro-

surgery.”, (2021), International Journal of Computer Assisted Radiology and Surgery

» Dimitrakakis, E., et al., "Robotic Handle Prototypes for Endoscopic Endonasal Skull
Base Surgery: Pre-clinical Randomised Controlled Trial of Performance and Er-

gonomics.”, (2022), Annals of Biomedical Engineering
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» Dimitrakakis, E., et al., "Towards the Development and Evaluation of a Handle Pro-
totype for a Handheld Robotic Neurosurgical Instrument.”, (2020), 10th Joint Work-
shop on New Technologies for Computer/Robot Assisted Surgery (CRAS)

» Dimitrakakis, E., et al., "Handheld Robotic System for Endoscopic Neurosurgery”,
(2023), IEEE Robotics and Automation Letters, (submitted)

* ’Audience award for best innovation: First place’, (2021), In The 12th International

Conference on Information Processing in Computer-Assisted Interventions (IPCAI)

* ’Flash talk award: Second place’, (2021), In UCL Institute of Healthcare Engineering
Early-Career Researcher Symposium (UCL ITHE ECR)

4.2 Development of a forearm-mounted handle

In this section, an ergonomic handle prototype which maps the surgeon’s wrist movements
to that of the robot-joints is presented. To alleviate the surgeon’s wrist of any excessive
strain and fatigue, the tool is mounted on the surgeon’s forearm, making the shaft of the
instrument parallel to the forearm. To evaluate the handle’s performance and limitations, a
custom ’peg-transfer’ surgical task simulator was developed and used to compare the novel

handle with a standard neurosurgical tool.

4.2.1 Design criteria

The goal of this section is to develop a safe and effective handle which focuses on er-
gonomics and comfort. It should also have a fast adoption rate so that it can be easily
integrated into the operating theatre.

To design the tool, some of the suggested design considerations presented in Section
2.5.1 were followed. The handle should be designed in a way so that it is indifferent to the
surgeon’s hand-size [55], and its actuation means should me finger-operated [56]. Addi-
tionally, in order for the handle to feel comfortable, when the instrument is kept at rest, the
surgeon’s hand should maintain a partially opened pose [59].

Handle weight has a significant effect on muscle load when performing manual tasks
[60]. Transferring the weight that the wrist supports to the forearm, could ease the wrist
load and reduce fatigue. Simultaneously, with this setup, the end-effector is decoupled from

the wrist, meaning that any forces applied on the distal-end of the instrument, that would
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normally be directly transferred back to the wrist, are now directed to the forearm. Mount-
ing the instrument on the surgeon’s forearm creates the possibility to map the surgeon’s
wrist directly to the robot-joints which could increase the chance of developing a surgical
instrument with good usability [61]. Simultaneously, it could potentially ease the realisation
of difficult tasks such as suturing by replicating the full range of motion of the surgeon’s
hand.

All aforementioned instructions and suggestions lead to the following design criteria
defined for the proposed handle summarized in Table 4.1. Although, it is evident that these
instructions do not describe the perfect ergonomic handle, combining all of them in the same

design could potentially prove a substantial improvement over current instrumentation.

Table 4.1: Design criteria for the novel forearm-mounted handle prototype.

The same handle design should cater to different hand sizes.

The instrument actuation means should be finger operated.

A resting hand pose should hold the instrument at rest.

The wrist should not support much weight throughout the duration of the procedure.

The instrument should allow for intuitive control.

The instrument should provide a platform to incorporate complex robotic assistance.

4.2.2 Handle design

A rendering of the suggested intuitive handle, that is based on the design criteria from the
previous section is found in Fig. 4.1. The robotic end-effector that this handle is intended
to manipulate is the tendon-driven, 3 DoF robot that was presented in Chapter 3. The
coordinate frames in 3D space of the end-effector are shown in Fig. 4.2. In the same figure,
an added frame for the roll motion is evident which will be carried out by the motorized
rotation of the outermost part of the handle body that is connected with the end-effector
shaft.

As mentioned before, the handle directly maps the neurosurgeon’s wrist motion, in-
cluding that of the roll axis. This is also evident in Fig. 4.1, where the joint on the handle
that corresponds to the roll axis is specified. This additional DoF, has not been implemented
immediately on the end-effector, but will rather be included in the final fabrication of the

handle.

The handle itself is larger than currently used tools but lightweight, with maximum
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adjustable straps

4-dof joystick

Figure 4.1: A rendering of the suggested intuitive handle with the coordinate frames of the handle
joints (left), and the corresponding coordinate frames of the robot-joints (right).

y 43 —0z,

Figure 4.2: The coordinate frames of the end-effector that the handle is intended to manipulate
(left), and the corresponding frames on the wrist (right).

dimensions of 42cm length, 16cm height, and a weight of 431gr. Naturally, the weight is
subject to change between the handle prototype and its finalised version, with the addition
of motors and electronics. It consists of a 4 DoF joystick, that resembles a three axis of
rotation gimbal structure, with an additional DoF for the gripper actuation. This gripper
DoF is finger operated, namely with the index finger and the thumb, with a rolling pinch

motion.

The surgeon’s hand rests on the base of the joystick and the three axes of rotation, dis-
regarding the gripper actuation axis, form an imaginary origin in space that coincides with
the surgeon’s wrist. The angle of each handle joint is measured by a rotary potentiometer
and control the end-effector joints in joint-space. The handle is hollow on the inside to
allow for cable rerouting and space for electronics. There is adequate space left specifically
for any electronics that would need to be used in the future, when this handle is paired with

the end-effector to form a finalised surgical robot.
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Looking back at the design criteria that were set in Section 4.2.1, the suggested handle
is finger-operated in part, and its three axis of rotation immediately map the surgeon’s wrist
yaw, pitch and roll axes rotations. At a handle resting position, namely when the surgeon is
not manipulating the robot joints, the surgeon’s hand is also maintained at a resting pose, as

is evident in Fig. 4.3 [131].

(a). (b).

Figure 4.3: (a). The hand at its resting position, and (b). The resting position of the handle coincides
with the resting position of the wrist.

The handle is forearm-mounted with adjustable straps, meaning that all weight is al-
leviated from the wrist, and transferred to the forearm. Since a mounting point, such as a
trocar port, is missing during the EEEA procedure, the adjustable straps constrain the handle
to the surgeon’s forearm creating a stable platform on which the surgeon can freely move
their wrist. The base frame of the end-effector is directly manipulated by the surgeon’s arm,

as the instrument shaft is rigidly fixed parallel to the surgeon’s forearm.

4.2.3 Prototype fabrication

The handle prototype was implemented with additive manufacturing techniques, namely
3D printing. All parts of the handle were 3D-printed (Ultimaker S5, Ultimaker BV, Utrecht,
Netherlands), using polylactic acid (PLA). For the end-effector shaft, a 3mm diameter stain-
less steel rod was used. The joint angle values were measured with 4 rotary potentiome-
ters, and were read and handled with the use of a miniature single-board microcontroller
(Arduino Nano, Arduino AG, Italy). The inside of the handle body contains only the mi-
crocontroller, a mini bread-board to connect it with the potentiometers, and the cables. To
mount the handle to the forearm, 2 12-inch hook-and-loop adjustable straps were used.

An exploded view of the handle with more details on the design, alongside the 3D printed
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prototype with its optical marker is shown in Fig. 4.4.
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Figure 4.4: (a). Exploded view of the proposed handle rendering, and (b). its 3D-printed imple-
mentation (right).

4.2.4 Experimental methods

To evaluate the performance and intuitiveness of the handle, and whether mounting it on
the surgeon’s forearm would reduce the benefits of the added articulation and ergonomic
design as [132] suggests, development of a custom surgical task simulator was needed to
compare it with a standard rigid instrument that is commonly used in keyhole brain-surgery.
The task chosen to be simulated was a ’peg-transfer’ task, taken from the McGill Inanimate
System for Training and Evaluation of Laparoscopic Skills (MISTELS) [133].This task
was chosen because it was evaluated in [134] as indicative of surgical skill when carried
out in constrained spaces, with specific mention to the operative space of keyhole brain-
surgery. The added articulation and dexterity required to perform this task could be linked
to operative steps 9.-14. as presented in Section 2.2. The focal investigative point of this
experiment was whether the proposed handle can out-perform the conventional tool despite
being constrained on the user’s forearm, while alleviating the wrist of any added fatigue,
something that would indicate that there is no loss of robotic dexterity.

To investigate whether that is the case, the simulation platform, and specifically the
peg-board dimensions, has been designed in accordance to specifications from [134] that de-
scribe an experimental setup that would correspond to the constrained operative workspace
of keyhole brain-surgery. Some of the pegs were purposefully positioned in coordinates
where it would be difficult for the standard instrument to reach them, to highlight the im-
portance of articulation, and evaluate whether the forearm-mount limits the dexterity of the
end-effector.

The conventional tool that was used for the comparative experiment was a 28164TA

surgical forceps (Karl Storz SE & Co. KG), on which a push-button and a microcontroller
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were placed to simulate the grasping motion. Additionally, a 3D-printed endoscopic device
was fabricated to manipulate the camera and its field of view, throughout the duration of
the task. The manufactured device was inspired by the 4mm Endocameleon Neuro Hopkins
Endoscope (Karl Storz SE & Co. KG).

To try and realistically replicate the physical constraint of the EEEA, a 3D model of
a cranial CT scan was also prototyped, modified so that it only features the EEEA areas of
interest, similar to the phantom used for the kinematic analysis of the previous chapter. This
phantom constraint also guides the endoscope to be placed at the angle and distance from
the pituitary gland area that the endoscope would be placed in a real surgical operation,
providing a similar camera field of view and video feed to that of the procedure. Same
as before, this physical phantom constraint included an 1cm-diameter artificial cylindrical
channel passing through the sphenoid sinus and granting access to the pituitary gland area
[10]. The modified conventional tool, the endoscope, and the phantom are shown in Fig.

45.

(a). ().

Figure 4.5: (a). Rendering of the modified surgical forceps, (b). Rendering of the endoscope, and
(c). Rendering of the physical nasal channel constraint, with the artificial channel circled, a whole
skull for reference, and the 3D-printed phantom constraint..

The simulation environment used to develop the *peg-transfer’ task was once again the
CoppeliaSim simulation platform. To simulate the conventional tool, the same CAD model
as the robotic end-effector was used, but without the robotic-joints, to avoid differences in
the surgeon’s performance due to difference in tools geometries. Communication between
the tools and the simulation environment was achieved through ROS. All prototyped tools,
as well as the constraint, were optically tracked using the motion capture system (Opti-
track V120:trio, NaturalPoint Inc., Canada) and custom marker attachments. Each rigid

body was tracked with four 11mm spherical markers. The attachment with all four markers
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attached to it, weighed less than 15gr, deeming the marker-setup weight negligible when
compared to the overall device weight. Thus, it can be safely assumed that it did not affect
the ergonomics of the device.

The peg base was placed in 3D space at specific offsets from the constraint markers
and the tracking for both instruments was calibrated in such a way so that when the shaft
of each instrument would touch the desk, that point would correspond to a point just below
the peg-board in the 3D space of the simulation, so as to not obstruct the surgeon’s motion.
This simple solution aimed to give the user-subject of the experiment a hard limit when
inserting the instrument’s shaft inside the physical phantom constraint, and thus a basic feel
for haptics.

The simulation environment, as well as the instruments, constraint, and their markers
are shown in Fig. 4.6. The constraint markers are not shown, because they were placed at a

position where they would not block the view of the tool markers.

Figure 4.6: The custom-built simulated surgical task using the conventional tool (upper row) and
the proposed handle (bottom row).

As previously mentioned, the purpose of this custom simulation environment was to
design a comparative experiment to assess the intuitiveness and shortcomings of the pro-
posed handle. To do this, it was necessary to evaluate the behavior of the handles kine-
matically, rather than to offer a hyper-realistic simulation environment. This lead to some
minor inaccuracies in object interaction, such as mesh-clashing, which, however, did not
affect the efficacy of the experiment. Since there is no intention for this simulator to be used
for training or other demonstration purposes, and since the simulation parameters are the

exact same for both tools as to not give advantage to one over the other, it was decided that
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hyper-realism in interactions should not be a focal point in development.

An expert neurosurgeon specializing in EEEA procedures was tasked with running the
comparative experiment to help evaluate the efficacy of the handle prototype. An initial
single minute test-run for each tool was carried out so that the surgeon familiarizes them-
selves with the simulation environment and handling of the tools. Upon completion of the
test-runs, a total of 20 attempts to transfer all hoops from the set of pegs on the left to that
on the right were carried out for each tool, with a maximum duration of 2 minutes each.
The surgeon carried out all 20 repetitions of the task using the conventional tool, before
switching to the proposed handle.

The objective metrics used to compare the two instruments were the number of at-
tempts it took to complete the task for the first time, and the task success rate. Addition-
ally, the learning curve when operating with the handles was investigated. To examine the
ergonomics of the proposed handle, a researcher was observing the surgeon during the ex-
periment completing parts of the Rapid Upper Limb Assessment (RULA) [135], a validated
measure to assess the ergonomics of operating posture. Finally, and after the experiment
was completed, the surgeon was asked to complete the Surgery Task Load Index (SURG-
TLX) questionnaire [136] for each of the two tools, the most commonly used subjective

assessment of perceived cognitive load among individuals within a surgical team.

4.2.5 Preliminary findings

The number of tries until first completion, the average success rate and the successful at-
tempts rate are summarized in Table 4.2. Here, the success rate is defined as the rate of
hoops successfully transferred from one set of pegs to the other, over the total amount of
hoops, whereas the successful attempt rate is defined as the rate of completed tasks, with all

6 hoops transferred from one set of pegs to the other, over the total number of tasks.

Table 4.2: Comparative table between the conventional tool and the proposed handle.

Tool Conventional tool | Proposed handle
Attempts until first completion NA 2
Average success rate 40.83% 80%
Successful attempts rate 0% 20%

In Fig. 4.7, the graph compares the surgeon’s success rate, as previously defined,

between the conventional tool and the proposed handle. In the same graph, the learning
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curve is visualised as the linear curve fitted to the function of the success rate over the
number of attempts. As shown in [137], it is very difficult to define a generally accepted
learning curve definition. In [138] and [139], however, 20 attempts were enough to evaluate

this measure.
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Figure 4.7: Comparison graph of the success rates and learning curves of the two instruments.

On the RULA measure scale, using the conventional tool the RULA score was 3 at
the worst posture throughout the procedure, whereas with the proposed handle, the same
RULA score was 2. A score of 3 falls under the ’further investigation, change may be
needed’ category, with a score of 2 falling under the ’acceptable posture’ category. The

RULA score decision trees are shown in Fig. 4.8.

RULA score for the conventional tool RULA score for the proposed handle
Upper Arm Score X Upper Arm Score .
Wrist & Arm Score Wrist & Arm Score
Lower Arm Score—-lZl 3 Lower Arm Score 7
Wrist Twist Score—E / Wrist Twist Score /
Wrist Scoreglzl RULA Score Wrist Scoreglzl RULA Score
+1
Neck Score { 1 urrence) Neck Score —«{I]
Trunk Scoreﬂ Trunk Score
Leg Score Leg Score
Neck, Trunk, Leg Score Neck, Trunk, Leg Score

Figure 4.8: The RULA score decision trees.

Finally, the results of the SURG-TLX questionnaire in terms of mental demands, phys-

ical demands, temporal demands, task complexity, situations stress and distraction are pre-
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sented in Fig. 4.9.
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Figure 4.9: The SURG-TLX questionnaire scores.

The suggested prototype outperformed the neurosurgical tool in terms of number of
attempts until first completion, average success rate and completed tasks rate. In fact, the
surgeon that tested the instruments was not able to complete the task using the conventional
handle, even though they had extensive experience using such instruments. This was due
to the fact that some pegs were placed outside the effective workspace of the standard tool,
but within the normal workspace of neurosurgical procedures.

It is self-evident that an articulated end-effector would result in an expanded workspace
when compared to a conventional tool, a trait that could be used by different input devices
such as haptic controllers. However, in this chapter the focus is the implementation of a
handheld tool that is mounted on the surgeon’s forearm, something that could theoretically
lead to loss of dexterity. The proposed handle, however, still outperformed the conven-
tional tool, and thus, the results of the experimental study indicate that the slight loss in
manipulability from constraining the forearm, does not necessarily lead to loss of robotic
dexterity.

The learning curves plotted in Fig. 4.7., showcase that when the surgeon was using
the conventional tool, no plateau had been reached by the 20th attempt, whereas with the

proposed handle, the learning curve is almost non-existent with an immediate improvement



4.2. Development of a forearm-mounted handle 104

in success rate. Although these findings are promising and could indicate towards fast
tool adoption, further investigation with more user-subjects needs to be conducted. This
limitation in user-subjects is especially telling in the case of the SURG-TLX questionnaire
results, where although the improved evaluation could potentially prove encouraging, its

small study size and subjective nature does not allow for concrete conclusions to be reached.

Finally, one of the goals set early on in the development of the handle prototype was
the design of an ergonomic and comfortable to use handle. Based on the preliminary RULA
scores, the worst posture adopted throughout the test when using the suggested handle was

deemed acceptable.

Even though the preliminary results on the proposed handle are encouraging, there are
some limitations that need addressing. Of all the design criteria defined in Section 4.2.1,
the adaptation for variable surgeons’ hand sizes and the potential incorporation of robotic
assistance were not addressed in the current implementation. The adjustable straps and large
joystick size can potentially cater to different hand-sizes, whereas some handle components,
such as the potentiometers, could be replaced by devices that offer force-feedback or gravity

compensation.

If this handle prototype were to be incorporated in a final robotic instrument, it is
certain that some re-design iterations will be required to address new electronics added and
new robotic assistance that is yet to be implemented. Naturally, the weight of the device will
also change, although not drastically since miniature motors and electronics will be used to
control the miniature end-effector. To validate the robotic prototype, a similar peg-transfer
task could be deployed, only this time in a realistic physical scenario with real pegs and
rings.

Regarding the simulation, the conventional tool’s poorer performance can be attributed
in part to the fact that the experienced user-subject has developed a preferred physical oper-
ating setup. Simultaneously, the fact that the surgeon used the conventional tool first, could
have contributed to the better performance of the proposed handle. However, there is indi-
cation to believe that this was not significant. The two simulated tasks differ substantially
depending on the tool used because of the distinctively different manipulation means of the
tools. The fact that the surgeon could achieve the task with the proposed handle after only
two attempts, despite being unfamiliar with how it operates, could still suggest the absence

of a learning curve beyond familiarity with the simulation environment.
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Finally, despite the limitations of a single surgeon user, it helped to illustrate some
of the potential of the proposed handle. The development of a user-facing neurosurgical
robotic instrument, however, requires a larger user study where a group of medical trainees
and experts test its handle prototype in random repetition patterns as to further investigate
whether the familiarity with the setup affects the learning curve. Using the same simulated
"peg-transfer’ task developed in this chapter, the results and findings from a larger study can
drive the evolution for the design and further verification for the improvement over the state

of the art.

4.3 Development of a rotating joystick-body handle

To address some of the study limitations that were previously mentioned, and simultane-
ously to cater to a larger set of literature suggestions when it comes to ergonomically de-
signed surgical robotic tools, an alternative prototype is presented in this section. This con-
cept follows a drastically different design philosophy than the forearm-mounted concept.
This prototype is a joystick-and-trigger handle with a rotating body that places the joystick
at the position most comfortable for the surgeon. This handle was also incorporated into
the custom-designed surgical virtual simulator previously presented. Alongside with the
forearm-mounted handle, they were both assessed for their performance and ergonomics
when compared with a standard neurosurgical grasper as part of a randomised crossover
user-study, with the aim to identify the most suitable instrument design for the expanded
endoscopic endonasal approach.

Similarly to the prototype presented in Section 4.2, this handle was also developed
based on design suggestions extracted from the literature. Like the forearm-mounted device,
this handle should also be indifferent to the surgeon’s hand-size [55], with a finger-operated
manipulation means, more specifically with the thumb and index finger [56]. Literature
suggests that it is important that the thumb is employed for controlling the robotic joints
for manipulation precision [57], either via joystick, rotary switch or other device, while the
index finger should actuate a round trigger for the opening and closing of the robotic gripper
[58].

Regarding the geometry of the handle, an improved ergonomic handle shape could
include a large palmar grip surface and the combination of precision and turning ability
[62]. In the same study it is also stated that the handle with the shaft should maintain a

45 angle. Finally, one of the more important features of an ergonomic handle remains the
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general guideline that the instrument at rest should be maintained by a partially open hand,
just like the hand is kept at rest [59]. All aforementioned instructions and suggestions lead

to the following design criteria defined for the proposed handle summarized in Table 4.3.

Table 4.3: Design considerations that could lead to an ergonomic handheld surgical robot.

The same handle design should cater to different hand sizes.

The instrument actuation means should be finger operated.

For precision control, the thumb should control the robot-joints, and the index-finger should
operate the robotic gripper.

A resting hand pose should hold the instrument at rest.

The handle should include a large palmar grip surface.

The handle with the shaft should maintain a 45° angle.

The instrument should provide a platform to incorporate complex robotic assistance.

Following these design specifications, the handle presented in Fig. 4.10(a). was devel-
oped, with its ergonomic design specifications reflected in Fig. 4.10(b). It is finger-operated,
employing a thumb-controlled joystick that actuates the robot joints, namely the yaw and
pitch motions since the roll motion is carried out by the surgeon holding the tool, and a
standard trigger controlled by the index finger that actuates the robot gripper. It contains
a large handle surface that provides the surgeon with palmar grip and the handle-shaft an-
gle is 45°. The robot-joints are controlled by a 2-axis joystick module, while the trigger is
controlled by a rotary switch. In this preliminary evaluation prototype, where motors and
electronics are absent, the inner structure of the handle consists of the two aforementioned
sensory modules, as well as a miniature microcontroller and cabling. A cross-section sketch
of the device showcasing these components is presented in Fig. 4.10(c).

All these suggested ergonomic parameters were accounted for with design modifica-
tions. The indifference to the surgeon’s hand-size, and designing the handle in a way that
the instrument at rest is maintained by a hand that is also kept at rest, were bigger chal-
lenges. To solve both problems, a rotating joystick-body was introduced. This component
is modifiable and can be rotated and tight-fitted into seven discrete positions, in order to be
placed at the position that each surgeon feels most comfortable with. Fig. 4.11(a). shows the
handle with its rotating body in its different positions. The angles for these positions were
+15°, £35°, and 55, in order to cater to small, medium, and large hands respectively as

literature defines them [140].
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Figure 4.10: (a). Rendering of the rotating joystick-body handle prototype with the coordinate
frames of the handle joints and the axis of rotation of the rotating body (right), and the corresponding
coordinate frames of the robot-joints (left). The roll robot DoF is carried out by the surgeon’s hand.
(b). The ergonomic specifications analysed in Section 4.3 reflected on the handle design, and (c). A
cross-section sketch of the device that reveals its inner structure.

The level/resting position of the hand is shown in Fig. 4.11(b). and in Fig. 4.11(d)., the
thumb is shown in ’adduction’ (left) and ’abduction’ (right). It is evident from this figure

that the resting position of the hand requires the thumb to be in an ’abduction’ position.

If the joystick was placed at the exact centre of the handle, the thumb would be at an
“adduction’ position and the chance that the surgeon would feel uncomfortable and easily
tired could be higher. By placing the joystick on a rotating body, the surgeon can rotate the
joystick to the left if they are to use it with their right hand, and to the right, if they are to
use it with their left hand. The angle of rotation, namely the angle by which the surgeon
needs to rotate the joystick body to feel comfortable, depends on the surgeon’s hand-size.
In Figure 4.11(c)., it is shown how this handle can cater to different hand-sizes and can be
used independently of right- or left-handedness. To cater to the smaller hand, the rotating

body has been rotated by 15, whereas for the larger hand, the angle was 55°.
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Figure 4.11: (a). The seven discrete joystick positions on the same 3D-printed rotating joystick-
body handle prototype. The axis of rotation of the joystick-body and the angle of each position
highlight the rotating function. (b). The hand at its resting position, (c). (left to right and top to
bottom) The handle held by a small left hand, a small right hand, a large left hand, and a large right
hand, and (d). Thumb adduction (left), thumb abduction (right).

4.4 Comparing the two handles during a randomised crossover
user-study

The purpose of this study was to expand on the preliminary findings obtained for the
forearm-mounted handle (FMH) presented in Section 4.2, to evaluate the newly developed
rotating joystick-body handle (RJH), and to investigate if one of the two is superior. To do
that, a randomised crossover user-study was organised and ran, where a total of 9 medi-
cal students used the novel handles and a standard neurosurgical instrument carrying out a
surgical training task inside the previously presented custom virtual simulator. To conduct
the study, ethics approval was obtained by the University College London Research Ethics
Committee (UCL REC - reference 18035/001).

The simulated surgical training task was again the ’peg-transfer’ task, taken from the
McGill Inanimate System for Training and Evaluation of Laparoscopic Skills (MISTELS)

[133], since it has been validated as indicative of surgical skill during keyhole brain-surgery
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[134]. Once again, additive manufacturing techniques were deployed to prototype the RJH,
namely 3D printing. All parts of the handles were 3D-printed (Ultimaker S5, Ultimaker BV,
Utrecht, Netherlands), using PLA. For the end-effector shaft, a 3mm diameter stainless steel
rod was used, whereas the end-effector was simulated within the virtual environment. The
data from the joystick and rotary potentiometers used in both prototypes were processed

using a miniature microcontroller (Arduino Nano, Arduino AG, Italy).

Other than the two handle prototypes, a 28164TA surgical forceps (Karl Storz SE &
Co. KG), and a 3D-printed endoscopic device aimed for camera manipulation were used
for the comparative experiment. During the endonasal approach, a single surgeon can hold
the camera in their one hand and the operating instrument in their other hand, a passive
endoscope-holder can be used, or an assistant surgeon can hold the endoscope while the
operating surgeon is using an instrument in each nostril [11]. In this study, the first scenario
was replicated, with each user-subject of the study manipulating both the prototypes and

endoscope, so that they have complete control of the task.

All tools used were optically tracked using a motion capture system (Optitrack
V120:trio, NaturalPoint Inc., Canada) and custom marker attachments of negligible weight.
The optical markers were placed in positions on the handle body where they would not
affect the handling of the instrument. Their physical pose on the handle was transformed
in the software environment in relation to the simulated robotic end-effector, and thus the
operator manipulation could by realistically replicated inside the simulation environment.
To constrain the tools in 3D space, the same physical constraint of a model of a cranial CT

was used.

The experimental setup is shown in Fig. 4.12(a)., the simulation environment in Fig.
4.12(b)., and the task being carried out by a researcher holding all the tools with their optical

markers is shown in Fig. 4.12(c).

The performance and ergonomic assessment of the participants using this universal
experimental setup could be highly affected by the individual surgeon’s preferred surgical
setup. To alleviate this potential bias, medical students rather than senior trainees or staff
neurosurgeons were recruited, who did not have developed an operating preference yet.
A total of 9 participants were recruited, with two thirds of them covering the 6 possible
combinations between the three devices. The remaining 3 participants used the devices in

random sequence. The device sequence for each participant is depicted in Fig. 4.13.
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(a). ~___.data collection

© ., peg-transfer task simulator

Figure 4.12: (a). Experimental setup with renderings matched to their respective prototypes. The
FMH and RJH are shown on the left side of the image, and the conventional tool that was used as
a comparison on the right. Also on the right, the endoscope prototype that was used to manipulate
the camera is showcased, alongside the 3D-printed skull constraint. (b). The simulated environment
when a researcher is carrying out the peg-transfer task, and (c). The researcher using the prototypes
when carrying out the peg-transfer task.

At the start of the experiment the participants were asked to complete an adapted ver-
sion of an already published questionnaire [57] to assess their initial impressions of the three
handles. In order to complete this questionnaire, the participants inspected the different pro-
totypes, and briefly used them inside the virtual simulator to get a feel of their operation and
control. The aim of this was to assess the face validity of each handle and explore whether
there is a general consensus of subjective opinion about each handle between participants.
The questionnaire that the volunteers were asked to fill-in is shown in Fig. 4.14.

Then, the following measurements of participants’ hands were taken: length of the
hand, length of the palm, width of the hand at the metacarpal, length of the index finger,
width of the index finger-proximal, width of the index finger-distal, and width of the thumb.
The purpose of these measurements was to assess if hand-size impacts the performance of
each handle [141].

Using each device in random sequence and whilst wearing surgical gloves, the partici-
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Figure 4.13: The device sequence for each participant represented by a different color.

pants carried out the peg-transfer task. They were maintaining a standing pose and looking
at a screen at their eye level, where the simulated task was taking place, and their task was
to transfer all rings from one set of pegs to the other, with no particular order. With each
device, they attempted the task a total of 10 times, with a maximum duration of 2 minutes
for each attempt. No breaks were taken between these individual 2-minute attempts to sim-
ulate continuous instrument usage, whereas a S-minute break was scheduled between tool
changes. For each attempt, the time at which each ring was successfully transferred was
recorded, something that can give insight on the completion and success rates, as well as
the learning curve of the handles.

To investigate the procedural ergonomics, the participants were observed and assessed
while carrying out the tasks, completing the Rapid Upper Limb Assessment, a validated
measure to assess the ergonomics of instruments [142]. When using this score-based sys-
tem, lower RULA scores for a procedure are associated with better ergonomic postures.
The RULA ergonomic scores throughout the experimental procedure with each device were
taken at the participant’s worst demonstrated posture.

At the end of the task with each device, the participants were asked to complete the
Surgery Task Load Index questionnaire [136]. This questionnaire assesses the mental, phys-
ical, and temporal demands of using an instrument, along with situational stress and distrac-
tions during the task. Each participant completed this two-part questionnaire for each of the
three devices, and based on their answers, 6 weighted SURG-TLX dimension scores for
each one of them, and for each device were extracted. The aim of this questionnaire was to

assess the ergonomics of the handles from the participants perspective, alongside the more
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Handle Evaluation
1. Please look at and touch the handles. Hold each handle, and operate the joysticks and
triggers of each one. Then, please indicate a score on a scale of 1 (strongly disagree) to 5
(strongly agree), indicating how much you agree each handle was intuitive, comfortable,
precise, and stable,
a. Rotating joystick-body handle
i. Intuitiveness:
ii. Comfort:
iii. Precision:
iv. Stability:
b. Forearm-mounted handle
i. Intuitiveness:

ii. Comfort:
iii. Precision:
iv. Stability:

2. Would you like to have any additional commands and/or triggers on the handle?
a. Rotating joystick-body handle: Yes/No

b. Forearm-mounted handle: Yes/No

Handle Preference

1. Please indicate the instrument handle that you prefer:
a. Rotating joystick-body handle
b. Forearm -mounted handle

2. Please could you briefly explain why you prefer this instrument handle:

3. If you have any additional comments about any other handles, please provide them here:

Figure 4.14: The handle evaluation and preference questionnaire that the participants were asked to
fill-in after they inspected the devices and before carrying out the tasks with them.

objective Rapid Upper Limb Assessment.

4.4.1 Evaluation and preference questionnaire

For the first question of the "Handle Evaluation’ questionnaire, the participants were asked
to rate the two handles on four different categories as shown in Fig. 4.14. Overall, the
participants preferred the RJH, which scored mean ratings of 4.1 for intuitiveness, 4 for
comfort, 3.8 for precision and 3.8 for stability, with the respective ratings for the FMH
being 3.7, 3, 3.6 and 3.8. This preference was also reflected in the "Handle Preference’ part
of the questionnaire, where the majority of the participants agreed that the RJH felt easier
to use, was less tiresome, and it employed easier gripper control. To improve the design
of the handles, it was suggested that the RJH incorporates a clicking joystick rather than

a standard trigger, while the FMH would feel better with an articulated trigger or button
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Participant #

mea::.-l:rr::nent ! 2 3 4 3 6 7 8 ?
a. 19 16.5 18 17.5 17 16.5 16.5 20 18.5
b. 10.5 10 10.5 10 10 9 10 11 10
c. 8.5 7.5 8 8 8 7.5 7 9 8.5
d. 7.5 7.4 7 8 7 7 7 9 7.5
e. 2 2 2 15 1.5 1.5 1.25 1.75 1.5
f. 1.5 1.7 1.6 1 1 1 1 1.5 1.25
g. 2 1.5 2.3 2 1.75 1.75 15 2 2

Table 4.4: The participants’ hands measurements with a. length of the hand, b. length of the palm,
c. width of the hand at the metacarpal, d. length of the index finger, e. width of the index finger-
proximal, f. width of the index finger-distal, and g. width of the thumb.

controlling the trigger, rather than the pen-like rotating trigger that controls it in this current
iteration.

The hand measurements a.-g. as mentioned in Section 4.4 taken during this part of the
experiment are shown in Table 4.4. The participants’ hands were split into categories based
on hand length, and following the definition that a hand is considered small when its length
is between 16.3cm and 17.9cm, medium when its length is between 17.9cm and 19.4cm,
whereas for lengths between 19.4cm and 21.2cm, the hand is considered large [140]. Thus,
the study included 5 participants with small-sized hands, 3 with medium-sized hands, and 1
participant with large-sized hands. Resultantly, the respective angles by which the rotating

body on the RJH was rotated based on hand-size category were 15°, 35° and 55°.

4.4.2 Performance evaluation

The completion rate, here defined as the percentage of rings that were successfully trans-
ferred from one set of pegs to the other out of the total of 6 rings, for each of the 9 partic-
ipants throughout their 10 2-minute attempts, and for each of the 3 devices is depicted in
Fig. 4.15. In the same set of figures, the mean average values of the completion rate per
participant are shown.

The median of rings transferred between the 9 participants when they were using the
standard instrument was 4, whereas for both the RJH and FMH was 6. With the standard
instrument, 2 participants did not manage to transfer any rings at all at least once during
their 10 attempts. The least amount of rings that were transferred with the RJH during a
single attempt were 2, and with the FMH 3, with the exception of participant #2, who asked

to end the experiment early due to shoulder discomfort, as discussed in Section 4.4.5.

Overall, the participants showcased significantly improved performances with the
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Figure 4.15: The completion rate during all 10 attempts for each of the 9 participants, for (a) the
conventional tool, (b) the RJH, and (c) the FMH. The red crosses are the outliers of the box-plots,
while the black and white x-marks in sub-figures are the mean average values of the completion rate
per participant and the completion rate per attempt respectively.
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robotic handles rather than with the standard instrument, with both the lower and upper
quartiles of their box-plots scoring higher for the two novel handles. The mean completion
rate (p = 0.44) , here defined as the arithmetic average percentage of rings that were suc-
cessfully transferred from one set of pegs to the other out of the total of 6 rings, between all

9 participants, and for each of the 3 devices is depicted in Fig. 4.16.
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Figure 4.16: The mean completion rate for all 9 participants for each of the 3 devices. The red
crosses are the outliers of the box-plots.

It is evident that the two handles clearly outperformed the standard instrument. Fig.
4.17. shows the successful attempt rate (p = 0.37), defined as the percentage of attempts
out of the 10 attempts when a participant was able to transfer all 6 rings. Once again, the
same trend is noticed of the two handles being superior to the standard instrument that had
a 0% successful attempt rate throughout.

To have an understanding of the time-efficiency of each handle, the mean time (p =
0.29) it took the participants to transfer each one of the 6 rings was calculated. The results
are shown in Fig. 4.18. The participants had the most time-efficient performance using the
FMH, and managed to complete the task in a mean time of 87.1sec, almost 20sec faster than
when using the RJH that had a mean time of successful completion of 106.7sec.

Finally, in Fig. 4.19, the learning curve of the devices is quantified as the relationship
between the completion rate for all 9 participants during each of their 10 attempts. In the

same set of figures, the mean average values of the completion rate per attempt are shown.
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Figure 4.17: The successful attempt rate for each of the 9 participants, and for each of the 3 devices.
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Figure 4.18: The mean time it took all participants to successfully transfer each ring.

When the participants were using the standard instrument, and by the 4zh attempt, they
were confidently achieving 4 rings, a pattern that stayed mostly the same by the end of
the experimental session. On the contrary, when participants were using the RJH and the
FMH, they achieved completion rates of over 80% early, and after the 5t/ attempt they were
regularly successfully completing the task, suggesting that the novel handles have small

learning curves. Between the two handles, the RJH seems to present a more consistent
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Figure 4.19: The learning curve of (a) the conventional tool, (b) the RJH, and (c) the FMH, presented
as the relationship between the completion rate for all 9 participants for each of the 10 attempts. The
red crosses are the outliers of the box-plots, while the black and white x-marks in sub-figures are
the mean average values of the completion rate per participant and the completion rate per attempt
respectively.
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learning curve with less noise in each attempt compared to the FMH.

4.4.3 RULA ergonomic assessment

The RULA survey method posture scores for all 9 participants, and for each individual pos-
ture of the upper limbs, neck, trunk, and legs are shown in Fig. 4.20., whereas in Fig. 4.21.,
these scores are used to calculate the overall RULA ergonomic score for each individual
participant when using each device. Compiling these individual posture scores into overall
RULA scores for each participant, the RJTH had a mean RULA score of 3.2, followed by the

FMH with a mean score of 4.3, and the standard instrument that scored 5.4.

The upper arm posture was worst for the FMH, where the participants had to raise
their shoulders to translate the simulated robotic end-effector, followed by the standard
instrument, and then by the RJTH. The lower arm posture was similar for the first two devices
with the participants occasionally working across the midline of their bodies, and again best

performance occurred with the RTH.

As expected, wrist posture was worse with the standard instrument, with extreme an-
gles occurring and participants having to bend their wrist away from the midline. When
using the FMH, participants needed to often employ mid-range and extreme angles, while
bending their wrist, and when using the RJH they were mostly within a healthy angle range.
The final parameter for the RULA posture group A, which includes the arms and wrists, was
the wrist-twist, that was almost always near the end of the twisting range for the standard
instrument, mainly mid-range for the RJH, and always at the natural wrist twist position for

the FMH.

As far as the RULA group B is concerned, namely the neck, the trunk and the legs,
participants seemed to struggle more to find a comfortable neck position when using the
standard instrument, and they would often twist their neck. The corresponding behavior
with the two novel robotic handles was similar between each other, and slightly better than
with the standard instrument. When using the RJH the participants would mostly maintain
a well-supported trunk and would rarely flex forward, twist or bend it. The same cannot be
said for the other two devices, where the participants showed similar behavior that included
all flexion, twisting and bending. Finally, throughout the experiment the participants’ legs
and feet were well supported and in an evenly balanced posture, meaning that no participant

scored more than a score of 1.
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Figure 4.20: The RULA posture scores for all 9 participants for each posture, and for (a) the con-
ventional tool, (b) the RJH, and (c) the FMH. The red crosses are the outliers of the box-plots.
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Figure 4.21: The overall RULA score for each participant, and for each of the 3 devices

4.44 Surg-TLX questionnaire

The final measure to assess the participants’ ergonomic behaviour was the SURG-TLX
questionnaire, a subjective questionnaire that aims to assess the participants’ mental, phys-
ical, and temporal demands while using an instrument, alongside with situational stress
and distractions during the task. The mean of the weighted SURG-TLX scores, for each

dimension and for each device are shown in Fig. 4.22.
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Figure 4.22: The mean SURG-TLX scores for each individual SURG-TLX dimension, and for each
of the 3 devices

Summing up all the individual scores for each participant, the total SURG-TLX work-
load for each participant and for each device can be calculated, shown in Table 4.5. The

smaller the workload, the more favorably in terms of ergonomics the device has been per-
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Total SURG — TLX workload
Pal’tiCiPa nt# Standard Rotating joystick- Forearm-mounted
instrument body handle handle

1 230 186 99

2 205 10 197
3 209 192 157
4 188 124 127
5 236 123 124
6 221 212 223
7 171 160 132
8 193 187 142
9 230 143 81

Average 209.22 148.55 142.44

Table 4.5: The total SURG - TLX workload for each participant, and for each of the 3 devices, as
well as the mean SURG - TLX workload for each device.

ceived by the participant. The subjective opinions of all 9 participants about their own
perceived ergonomics agree that the two novel handles impose a smaller workload than the
standard instrument, with a single exception. Participant #6 preferred the standard instru-
ment over the FMH. Out of 9 participants, 6 preferred the FMH, and 3 preferred the RJH.
Finally, and on average, the former outscored the latter in terms of mean total SURG-TLX

workload.

4.4.5 Preliminary findings and concept selection

In terms of performance and efficacy, the two robotic handles clearly outperformed the
standard neurosurgical instrument. Although an expected result, since a tool with added
articulation is designed to have a larger workspace than a non-articulated instrument, per-
formance was still an important aspect to investigate. The ergonomic design considerations
implemented in the two designs, namely the forearm constraint of the one handle, and the
moving joystick-body of the other, could potentially lead to declined performance because
of dexterity loss or imprecise control. The fact that both handles outperformed the standard
tool suggests otherwise.

When comparing the performance of the two novel handles, the two devices had very
similar behaviours. The RJH showcased a slight edge in the categories of completion rate
per participant and mean successful attempt rate, while the FMH performed slightly better
in terms of mean completion rate. These differences, however, are small and thus are not
adequate to confidently suggest which one of the two novel devices is the most suitable for

the EEEA.
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Both handles seem to have similar and small learning-curves, with the RJH being asso-
ciated with a more consistent learning curve, and the participants were able to perform very
well or even complete the task very early in their 10 attempts sequence. The one category
where one handle clearly outperforms the other is time-efficiency, with participants being
able to successfully complete the task using the FMH approximately 22% faster than with
the RJH. A final note on performance is that a correlation between hand-size and handle
performance could not be immediately identified since participants of all three hand-sizes

had similar outcomes in terms of completion and successful attempt rate.

Much clearer conclusions can be drawn from the ergonomic assessment. The RJH is
the safest handle to use for an extended amount of time according to the RULA survey, since
it only scored 3 and 4, both scores falling into the "low risk’ category. On the contrary, the
FMH scored both 3 and 4, but also 5 and even 6 once, deeming it low to medium risk. As
far as the standard instrument is concerned, and with the exception of one ’low risk’ score

and one "high risk’ score, it was deemed medium risk.

Finally, when participants were able to voice their opinion at the start of the experi-
ment, the majority preferred the RJH. This consensus was inverted after the experimental
procedure took place with the majority of the participants favoring the FMH in terms of
total mental, physical and temporal workload. This preference contradicts the RULA as-
sessment outcomes, with the most probable explanation being that the participants highly
valued the intuitiveness of the handle, but only used it for a limited amount of time. Had
they used the handle for an extensive period, the RULA assessment suggests that there is a

higher likelihood for discomfort.

Despite the low mental demands and situational stress associated with the FMH, as
well as its time-efficiency, the poor ergonomic results and the similar performance, com-
bined with the increased time and effort it would take to switch between instruments during
the endonasal approach, indicate that the more favorable handle for the EEEA, amongst the

two investigated with this comparative experiment, is the RJH.

The increased time and effort would be evident in instances when non-robotic tools
would need deploying for the operation. To un-mount the FMH from the surgeon’s forearm,
the operating surgeon would need to leave whatever tool they hold with their other hand to
untie the straps, or a second clinician would need to be involved. With the RJH, on the

other hand, the operating surgeon would just need to leave the tool on the operating tray and
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pick-up another tool. Thus, it is deemed that the RJH offers a more complete solution than
the FMH with similar increased joint articulation, while simultaneously maintaining low
ergonomic risk. Simultaneously, deploying two forearm-mounted instruments at the same
time, when the surgeon would need to use articulated instruments through two insertion
points, would be very complicated and technically challenging due to the very constrained
access pathway. This is why the joystick-and-trigger handle was chosen as the more suitable
handle concept for endoscopic neurosurgery.

While the forearm-mounted handle was deemed less suitable than the alternative de-
sign for the endonasal approach, there are some surgeries that could benefit from its intro-
duction into the operative workflow. Microsurgical procedures such as foramen magnum
decompression surgery or micro-incision cataract surgery could benefit from the use of an
intuitive handheld controller that can scale the end-effector motion. During these operations
the surgeon is deploying a high-magnification microscope and handheld tools to visualise
and manipulate small structures such as nerves or vessels. A handle concept like the one
presented initially in this chapter, with an easy-to-learn manipulation method that directly
maps the surgeon’s hand movements to the robot joints could make that tissue manipula-
tion easier, while the surgeon is comfortably controlling the device with potential robotic
capabilities such as enhanced articulation, motion scaling, and tremor compensation.

As far as the rotating joystick-body handle is concerned, the design presented in this
chapter will have to be altered to incorporate motor electronics as well as the robotic end-
effector. It will, thus, have to be re-validated for its ergonomics, because while the weight
distribution of the functional device will be similar to the suggested prototype, the weight
itself will increase with the addition of motors and cables, and the geometry will have to be

amended.

4.5 A functional ergonomic handheld controller

Having suggested a suitable handle concept for the endonasal approach, that design then
needed to incorporate motor and electronics to form a functional handheld controller that
could control the robotic end-effector. While the concept design showed promise, it needed
modification in order to form a working prototype. In this section, the work that was under-
taken to develop this handheld controller while maintaining its ergonomic characteristics is
presented.

The handheld controller was aimed to be ergonomically designed to not cause the
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surgeon strain or fatigue, while also being easy to use and associated with small learning
curves. In Sections 4.2 and 4.3, two drastically different handheld controller concepts cov-
ering a wide array of ergonomic design suggestions found in literature were designed. The
two design concepts, as well as a standard instrument, were compared for their efficacy and
ergonomics during a pre-clinical randomised controlled trial, with the design shown in Fig.

4.23(a). proving superior.

According to literature suggestions [69], this finger-actuated handheld controller
should cater to different hand sizes, and include a large palmar grip surface that would
allow a comfortable and robust grip. To achieve the former ergonomic requirement, a rotat-
ing joystick-body was designed, which could be placed at a position most comfortable for

the surgeon depending on their hand size and handedness.

The handle with the shaft should maintain a 45° angle to avoid wrist-strain when main-
taining it, and to make the control instinctively easy to adopt, the thumb should control the
robot-joints, and the index-finger should operate the robotic gripper. After this concept
design was preliminarily validated in previous work, the next developmental step was to
incorporate motors and electronics to turn it into a fully-functional handheld robotic con-

troller. Fig. 4.23(b). showcases a rendering of the finalised instrument design.

One of the main challenges in incorporating the electronics into the previously sug-
gested design was the rotating joystick-body. It was a core element of the ergonomics of the
device, thus, it was important that its functionality was maintained. A translational 2-axis
joystick offers a small footprint and alongside the compact rotating platform accommodates
the motor placement inside the device, a component that was previously absent in the con-
cept implementation. To fix the rotating platform in the desired position, a multi-pin that
fixes it in place was introduced . The rotating joystick-body in its 5 discrete positions is

depicted in Fig. 4.24.

The handheld device presented in this thesis is lightweight and compact so that it does
not cause the surgeon any physical harm from repeated use. It is also 3D-printed with
resin, similar to the end-effector casing, and the motor drive unit housed inside the handle
consists of 3 lightweight and compact motors. These motors are brushed DC-motors with an
outer diameter of 8mm and a 2.34mm shaft diameter (FAULHABER, Schonaich, Germany).
Gears are fixed on the shafts of the motors that are then coupled with the gears located on

the proximal end of the end-effector tools as previously described in Section 3.6. That way



4.5. A tunctional ergonomic handheld controller 125

(a) joint controlinterface

gripper control interface

/

detachable disposable tool

rotating joystick-body

motor drive unit
/ X joint control interface

Y

/

gripper control interface

rotating joystick-body

Figure 4.23: Renderings of (a). The concept handheld design suggested in Section 4.3 which was
tested in simulation, and (b). The finalised handheld instrument design after electronics, motors, and
end-effectors were incorporated to offer functionality.

\

Figure 4.24: The rotating joystick-body in its 5 discrete positions with a rotating step of 15°.

the motor movement is transmitted over to the robot joints. Finally, other than the motors,
the handle houses the 2-axis joystick for joint control and a 10KQ trimmer potentiometer
for trigger control.

Before reaching this final handheld controller design, a number of considerations took
place. An important implementation choice, was the electronics that would be used to inter-

face with the end-effector. The handle prototype developed in Section 4.3 was deploying a
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2-axis rotational joystick module for the end-effector joints movement, and a trigger for the
grasper actuation. Naturally, the initial design of the handheld controller was incorporating
the same 2-axis rotational joystick, as seen in Fig. 4.25(a).

This, however, resulted in a large device that felt uncomfortable regardless of the oper-
ator’s hand-size. The next iteration of the handle design incorporated a 2-axis translational
joystick module that was smaller in size and was placing the operator’s thumb at a com-
fortable position. Simultaneously, the size of the device was decreased, and operation was
easier and more comfortable. This iteration of the handheld controller can be seen in Fig.

4.25(b).

(a)

Figure 4.25: (a). Handheld controller design incorporating a 2-axis rotational joystick module, and
(b). Handheld controller design incorporating a 2-axis translational joystick module.

At that developmental stage, the electronics driving the motors, namely the motion
controllers and motor cable adapters, were still housed inside the handheld device. Fig.
4.26(a). shows that arrangement. This increased the device size, and more importantly its
weight, and was deemed as an unsuitable solution. Fig. 4.26(b). depicts a sketch were
the only components left inside the device are a breadboard and the cables connect to the
motors and interface electronics. All these cables were lead to a 12-core cable that was

connected with the device control box.

4.6 The handheld controller electronics box

To keep the device lightweight, all electronics driving the motors and control interfaces,
as well as the microcontroller implementing the control operation, are placed outside of

the handheld controller. The motor drivers used for this prototype are the DRV8876 single
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Figure 4.26: (a). Cross-section of the handheld controller incorporating the motor controllers, and
(b). Cross-section of the handheld controller with motor controllers housed outside of the device.

brushed DC-motor driver carriers (Pololu, Las Vegas, NV, USA) with integrated current-
threshold measuring that was used for the robot control methodology. The motors were
moving the robot-joints in velocity domain, until a current threshold was reached. This
threshold indicated that the joints had reached their joint-space limits, and thus the mo-
tor would stop rotating. The microcontroller interfacing with all motors and electronics
was a Teensy 4.1 (PJRC, Sherwood, Oregon, USA), with all these components resting in a
custom-designed circuit board made with the Voltera V-One PCB printer (Voltera, Kitch-
ener, Ontario, Canada). An opened control box, the cabling, as well as the electronics can

be seen in Fig. 4.27.

micro-controller PSU

custom PCB

actuator cable

motor drivers § connection

joystick and
trigger cabling

Figure 4.27: The control box housing all the electronics.

4.7 Discussion
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In this chapter, a functional handheld controller to manipulate the robotic spherical-joint
end-effector is developed. Two novel handle concepts were conceptualised based on er-
gonomic suggestion found in literature, and were then compared for their performance and
ergonomics. The superior concept was re-designed while maintaining its ergonomic char-

acteristics to incorporate motors and electronics and form a functional handheld controller.

The two ergonomic handle concepts that were developed during this thesis had both
advantages and disadvantages. While the simulation study which compared them provided
enough insight to choose the superior handle, there were some limitations that need ad-
dressing. During the study design, it was decided that the operator would control both the
instruments and endoscopic device. While camera control does not immediately affect the
perceived ergonomics of each device, since the mock endoscope and instrument did not
collide inside the operative workspace, it could affect the performance of the operator. The
more time the operator would spend manipulating the camera, the better depth-perception
inside the simulated environment they would develop. To try and alleviate this risk, ran-
domized tool sequences between the participants were deployed. However, different cam-
era setups could showcase interesting results and their exploration could be scope of future

work.

Another limitation of this study design was the decision to not include expert neurosur-
geons in the experiment. The reason behind avoiding mixed cohorts for this specific com-
parative experiment between all three instruments, was that the preferred surgical setup that
expert surgeons have developed over the years, would probably lead to a non-representative
performance when using the conventional tool, introducing bias to the comparative exper-
iment. However, understanding how helpful the opinion of an expert neurosurgeon cohort
would be towards the device development, as part of future work, a human-factors workshop
consisting of expert neurosurgeons will be organised, that will validate the performance and
ergonomic behavior of the fully-functional handheld prototype. In that study, the number of
participants should also be increased to improve the statistical significance of the findings,

as showcased by the associated p-values.

One of the main points of concern was that despite the fact that most participants pre-
ferred the FMH during their SURG-TLX evaluation, one participant could not manage to
finish the part of the experiment with this handle due to shoulder discomfort. This happened

even after the surgical table was lowered as to fit the participants height, and suggests that
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this forearm-constraint can be affected by the surgical setup, and thus will not always be
suitable depending on the surgeon’s preference and also the operating theatre arrangement.
Changes in the operating theatre setup based on preference is not a strange concept to sur-
geons. An instrument, however, that would be deemed unfavourable by even a small portion

of a surgeon cohort would not be an efficient solution.

The same participant evaluated the RJH an order of magnitude lower than the other
participants in the SURG-TLX scale. If this outlier value is omitted from the average,
the FMH would score significantly lower than the RJH. More specifically, the average total
SURG-TLX score for the RJH would be 165.87, while for the FMH would be 135.62. While
the difference between the two scores would be much clearer, the outcome of this part of
the experiment remains the same, ie the participants preferred the FMH over the RJH. Still,
the objective RULA evaluation suggests that the chance of them feeling discomfort would
be higher with the FMH than with the RJH were they to use the robotic instrument for an

extended amount of time.

Operative times for endonasal approaches vary depending on the complexity of each
case and the surgeon experience, ranging from one to two hours for routine cases [143], up
to more than ten hours for more complex ones [144]. A variety of different tools are used
for each stage of the procedure, with frequent tool changes [145]. While the indication is
that each 20-minute session with each handle would be sufficient to give us representative
information on ergonomics about shorter approaches with frequent tool changes, more com-
plex procedures would necessitate more elaborate phantoms, tasks, and also the allocation

of time from participants.

Finally, while the ’peg-transfer’ task that was chosen to evaluate these two handle con-
cepts has been validated as indicative of surgical skill during keyhole brain-surgery [134],
there are alternative simulation studies that could provide further insight into the compari-
son. An example would be a cutting task, where the participants are asked to use the handle
concepts, as well as the standard instrument, to cut a pattern constrained by the sphenoid
phantom. An even more representative task of a realistic scenario would be a simulator
where the participants partake in tumour resection, but this would require extensive soft-

ware development time.

A final limitation that needs addressing is the fact that while the handle concepts were

extensively evaluated for their ergonomic behaviour, this did not happen for the final hand-
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held controller prototype. While this device component has been designed with ergonomic
considerations and is lightweight by housing its electronics and micro-controller outside of
the casing, it has not been specifically evaluated for its ergonomic performance. A multi-
participant study similar to the one presented in this chapter could provide useful feedback
for this aspect of the robotic system.

In the next chapter, the robotic end-effector presented in Chapter 3 is paired with the
handheld controller of this chapter to form the handheld robotic system. The prototype is
then put through engineering as well as preclinical testing to be evaluated for its perfor-

mance as well as clinical feasibility potential.



Chapter 5

Evaluation of the handheld robotic system

for Endoscopic Neurosurgery

5.1 Introduction

In Chapter 3, a 3mm miniature end-effector for endoscopic neurosurgery was developed
[67]. This manipulator deployed a tendon-driven spherical-joint design and was evaluated
for its extended workspace and structural integrity. Then, preliminary work on pairing this
end-effector with an appropriate handheld controller in Chapter 4 included the design and
fabrication of two concept handle prototypes that were compared in terms of performance
and ergonomics, with the superior handle concept being a joystick-and-trigger actuated con-
cept [68] [69].

In this chapter, the development of the handheld robotic system for endoscopic neu-
rosurgery concludes with the assembly of the functional robotic prototype [146] and its
experimental engineering and pre-clinical evaluation. The robotic end-effector and hand-
held controller prototypes are combined to create a full assembly of the robotic system. This
system was then experimentally evaluated for its operative workspace, structural integrity,
and force-delivery capabilities. After its engineering evaluation, the robot was put through a
pre-clinical series of testing during a phantom feasibility test, as well as during a cadaveric
pilot study by a cohort of surgeons of varied clinical experience. Finally, both novice and
expert surgeons compared their performance with manual tools and robotic tools during a
comparative phantom study. Results from this series of experiments showcased enhanced
dexterity and adequate robustness that could suggest feasibility in a clinical context, as well

as improvement over current neurosurgical instrumentts.

The contributions that are associated with this chapter are:
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» Dimitrakakis, E., et al., "Towards a Handheld Robotic Instrument for Minimally In-
vasive Neurosurgery.” (2022), 12th Conference on New Technologies for Computer

and Robot Assisted Surgery (CRAS)

» Dimitrakakis, E., et al., "Handheld Robotic System for Endoscopic Neurosurgery”,
(2023), IEEE Robotics and Automation Letters, (submitted)

» Dimitrakakis, E., et al., ”A handheld robotic device for endoscopic endonasal skull
base surgery: An updated preclinical validation study (IDEAL-D Stage 0)”, (2023),

Journal of Neurosurgery, (to be submitted)

* "NIHR MIC Prize for Best Biongineering Postgraduate Poster 2022: Finalist’, (2022),
In Healthcare Technologies Student and Early Career Awards by The Institution of
Mechanical Engineers (IMechE)

* ’Entrepreneurship Award: 2nd place’, (2022), In euRobotics European Robotics Fo-
rum (ERF)

* ’Director’s special commendation’, (2022), In Wellcome / EPSRC Centre for Inter-

ventional and Surgical Sciences (WEISS) Awards

5.2 Robotic system

The robotic system developed in this thesis is a handheld robotic device comprised of a se-
ries of exchangeable articulated surgical instruments, an ergonomically designed handheld
controller with a rotating joystick-body that can be placed at the position most comfortable
for the user, and their accompanying control box. The robotic prototype with the handleld
controller and the robotic end-effector disengaged is depicted in Fig. 5.1(a). Then in Fig.
5.1(b) and (c) the end-effectors and handheld controller are shown respectively, with Fig.
5.1(d) presenting the fully assembled robotic system alongside its alternative end-effectors
and control-box.

To best understand how this system would be used in the clinical context of the en-
donasal approach, the system context diagram is presented in Fig. 5.2. The neurosurgeon
operator would use the joystick and trigger to manipulate the end-effector of the handheld
device and perform tasks that could be enhanced by robotic articulation. As previously

mentioned, such tasks could include tumour resection and cutting, such as the operative
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Figure 5.1: (a). The robotic prototype with the handleld controller and the robotic end-effector
disengaged, (b). Various articulated end-effectors, (c). The handheld controller, and (d). The fully
assembled robotic system alongside its alternative end-effectors and control-box.

steps 9., and 11.-13. of Section 2.2 or enhanced visualisation for steps 10. and 14. in the

case of the articulated endoscope.

The operator would change end-effectors depending on the task. Steps 9. and 11. that
describe cutting the sella and the dura would require a dissector or scissors end-effector,
whereas steps 12. and 13. that undertake the tumour resection component of the operation
would require the ring-curette to manipulate and gain access to the tumour, and the grasper
to collect the resected tumour parts. Finally, steps 10. and 14. associated with visualisation

would required the endoscope end-effector.
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Figure 5.2: The system context diagram of the robotic system.

In the system developed as part of this thesis, the control-box included the electronics,
the power-supply and the micro-controller that implemented the control implementation of
the device. In a more advanced iteration of this system, the control box is envisioned to also
provide a control input interface to the operator so that they can tune some device features.
It can also incorporate a small screen that provides the surgeon with visual feedback on the

device status.

5.3 Experimental evaluation

In this section, the novel robotic system prototype is evaluated in a series of engineering
and pre-clinical studies. The robotic instruments were experimentally evaluated for their
workspace, structural integrity, and force-delivery capabilities. They then were tested in a
pre-clinical multi-surgeon cadaveric pilot study. Finally, the robotic prototype was com-

pared with a standard instrument during a multi-surgeon phantom tumour-resection study.

5.3.1 Workspace, structural integrity, and force delivery

During these experimental procedures, only the grasper and ring-curette end-effectors were
investigated, since the ring-curette and dissector share the same joint design. The grasper
end-effector, however, has a hollow middle channel for the DoF that actuates the gripper at
the distal end.

To identify the joint-space of the robotic end-effector of the handheld instrument, a

protractor was used. The end-effectors were moved to their joint limits until the motor
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would stop outputting torque. The end-effectors were actuated on each axis individually, as

well as simultaneously.

Then, to investigate the end-effectors’ structural integrity, the grasper and ring-
curette were moved to a range of joint-spaces, namely in [0,0], [£jointlimit/2,0],
[0, £ jointlimit /2], [£jointlimit,0], [0, jointlimit], and [+ jointlimit,+ jointlimit], and
forces were applied with a Newton-meter at the tip of each respective end-effector in the
Y and Z directions, with the shaft supported. The value at which angular deflection was
noticed on the joint was recorded as the maximum force the end-effector can withstand at
its tip when applied in that particular direction. This experimental setup can be seen in Fig.
5.3(a).

Finally, the two end-effectors were tested for their force-delivery capabilities with the
use of the 6-axis F/T sensor ATI Nanol7 (ATI, Markham, Ontario, Canada). With their
shaft supported, the end-effectors were actuated on each axis individually, pushing against
the force sensor until the motor would stop outputting torque, at which point the force
measurement on the sensor was recorded. This procedure was repeated 5 times, and the
average measured force was kept as the maximum output force delivered in that direction.
In the case of the grasper end-effector, its grasping force was also measured with the use of

a force-sensitive thin film sensor and an Arduino Uno microcontroller (Arduino AG, Italy).

5.3.2 Phantom feasibility test

The first pre-clinical experiment aimed at validating the feasibility of the novel device.
To do that, a tumor extraction procedure was simulated using the handheld robotic instru-
ment inside the TNS box (UpSurgeon, Milan, Italy), a phantom model for the endoscopic
endonasal approach to the pituitary fossa. This model was chosen because it has been val-
idated as a potentially useful surgical skills training tool for its face, content, and construct
validity [147]. The phantom feasibility test setup is shown in Fig. 5.3(b).

A silicon tumor was inserted in the pituitary fossa region, and in combination with a
USB-endoscope, a non-clinician participant, familiar with the TNS box and the device, was
tasked with extracting the tumor using the articulated grasper, the ring-curette, and finally
the spatula dissector. The scope of the experiment was to investigate preliminary feasibility.
More specifically, to understand whether the miniature end-effectors could maintain their
pose when interacting with the tumor in order to successfully remove it from the skull-base

cavity.
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Figure 5.3: (a). Structural integrity test experimental setup, and (b). Phantom feasibility test exper-
imental setup.

5.3.3 Cadaver pilot study

The scope of the second pre-clinical study was also exploratory, relying on qualitative sur-
geon feedback. During this study, the feasibility of the robotic device was investigated in
terms of workspace exploration and tissue interaction. Additionally, its introduction into the
surgical workflow was observed, alongside the device robustness and durability. The added
articulation and dexterity required to perform the first portion of the experiment, using the
ring-curette could be linked to operative steps 9., and 11.-13. as presented in Section 2.2,
whereas the second portion of the experiment, where the articulated endoscope is used is
mostly relating to operative steps 10. and 14.

The novel instruments that were brought into the operating theatre for this study are
found in Fig. 5.4. Additionally, the standard equipment consisted of a 0° neuroendoscope
accompanied with its tele-pack stack (Karl Storz SE & Co. KG, Tuttlingen, Germany), and
an endoscopic pituitary instrument set (B.Braun, Melsungen, Germany).

One expert neurosurgeon, one intermediate-level neurosurgical trainee, as well as four
novices with no dedicated pituitary surgery experience, were recruited from a single UK
neurosurgical unit (National Hospital for Neurology and Neurosurgery, London, UK). A
pre-clinical study design was adopted to evaluate the robotic instrument alongside the use
of standard endoscopic instruments on a single cadaver. A fresh and frozen cadaver was
procured from The Griffin Institute (Northwick Park Hospital, London, UK). The cadaver
was placed supine. The head was positioned in the ‘conversational’ position with the neck
flexed and turned to the right, facing the surgeon. The head was draped and the nares were

exposed.
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Figure 5.4: The novel robotic instruments that were tested during the cadaver pilot study. Left to
right: control box, handheld controller, and articulated tools.

The EEA including the durotomy was performed pre-task. The participants were in-
structed to navigate through the nasal passage in order to reach the sphenoid sinus with the
use of standard endoscopic instruments and expose the pituitary gland. This was followed
by the introduction of the robotic instrument, with the participants being instructed to enter
and explore the pituitary fossa using the articulated robotic instrument and interact with soft

tissue and bony structures.

Finally, after all 6 participants tried the robotic instrument, the expert and intermediate
neurosurgeons tried the robotic endoscope end-effector, alongside the robotic instrument,
both with and without the guidance of the standard rigid endoscope. The goal of this part
of the experiment was to visualize areas that were previously challenging to access with the

standard rigid endoscope.

5.3.4 Comparative phantom study

The aim of this study was to compare the robotic device to standard endoscopic instru-
ments during a tumour resection task [148]. This time, the operative task could be linked
to operative steps 9.-14. as presented in Section 2.2. Participants were recruited from a
single university teaching hospital and were defined as a) expert: if they had completed
neurosurgical training or were neurosurgical registrars (residents) with experience specifi-
cally in pituitary surgery, and c) novices: if they did not meet either of the previous criteria.

Participants included six males and two females. There were four expert and four novice
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participants, of which seven were right-handed, and one was left-handed.

To compare the handheld robotic device against a standard endoscopic instrument, a
randomised cross-over study was conducted using once again the TNS box, a previously
validated phantom model for the eTSA [147]. The TNS Box was prepared by creating a
surgical corridor such that the tumour was accessible. The silicone tumour that the partici-
pants were tasked to remove inside the phantom environment and when using the standard

and robotic instruments is evident in Fig. 5.5.

Figure 5.5: a) The eTSA phantom tumour, b) the standard instrument inside the phantom environ-
ment, and c) the articulated end-effector inside the phantom environment.

Participants were tasked with performing a durotomy and tumour resection after a short
standardised induction to the robotic and standard instruments [21]. This was performed
using either the standard instrument, a bayonet-shaped, 30° angled, ring-curette, or the
robotic device. The end effector for the robotic device consisted of a ring-curette with
similar dimensions to the standard instrument. Participants performed the resection task 5
times using each instrument for a total duration of 3 minutes per attempt. The tumour and
dura were replaced for each iteration, but the rest of the model remained the same. Tumours
were weighed before and after the resection task to calculate the percentage resection by
mass. Fig. 5.6(a) and (b) showcase the operative setup during this experiment when using
the standard and robotic instruments respectively.

Following the resection tasks, participants completed a validated, surgery-specific task
load index (SURG-TLX), which prompted them to consider various intraoperative work-
load domains, and rate the extent to which they experienced these during the resection task.
Intraoperative workload domains included: mental demands, physical demands, temporal
demands, task complexity, situational stress, and distractions. The SURG-TLX evaluation
involves performing weighted comparisons of different domains and rating each on a 20-
point scale (0 = low, 20 = high). The domain specific workload score is calculated by deter-

mining the product of these numbers (range 0-100). The total workload score is calculated
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Figure 5.6: The operative setup during the comparison phantom study when using (a) the standard
instrument, and (b) the novel handheld robotic instrument.

by adding the scores from the six workload domains.

Finally, participants completed a post-task questionnaire to score each instrument in
terms of ease of use, comfort, precision, and integrity. The scores ranged from 1 to 5 points
(1 = poor, 5 = excellent). Personal preference was assessed and qualitative feedback for

each instrument was obtained.

The primary outcome was the median extent of resection (EOR) achieved on the final
(5th) attempt. The final attempt was used as the comparative metrics to account for potential
learning curve effects. Secondary outcomes included the median EOR on first attempt, the

composite SURG-TLX workload scores and post-task questionnaire outcomes.

R Studio (2022.07.2) and Excel (Microsoft, version 16.6.1) were used for data analy-

sis and data representation. Outcome measures including the EOR, and SURG-TLX were
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expressed as median (IQR) and statistical differences were assessed using nonparametric
tests (paired, Mann-Whitney U test). For parametric data distributions (e.g. post task ques-
tionnaire), paired t-tests were performed. Categorical variables, such as the favoured instru-

ment, were evaluated using a chi squared test. P;0.05 was deemed statistically significant.

5.4 Results

5.4.1 Workspace, structural integrity, and force delivery

The joint limits of the grasper and ring-curette end-effectors when each DoF was actuated

individually can be seen in Fig. 5.7(a). and Fig. 5.7(b). respectively.
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Figure 5.7: (a). The grasper end-effector at two different joint-space limits, (b). The ring-curette
end-effector at two different joint-space limits.

For the grasper end-effector, when each DoF was actuated individually with the other
DoF staying locked at 0%, the joint limits were +30° for both DoF. In the case of the ring-
curette, however, the same joint-limits were £40°. In all end-effectors, when both DoF
were actuated simultaneously, the joint limits were reduced. The overall joint-spaces of the
end-effectors are evident in Fig. 5.8.

The maximum forces that the grasper and ring-curette end-effectors could withstand in
a wide range of joint-spaces without noticeable angular deflection, maintaining, thus, their
pose, are laid out in Table 5.1.

The grasper end-effector could withstand a maximum force of 2N when both joints

were actuated to their joint-limits and this force was applied on the Z axis. The minimum
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Figure 5.8: The overall joint-spaces of both end-effectors.

Table 5.1: The measured forces applied at the tip of the end-effectors in the ZZ’ and YY" directions
while at discrete joint-spaces, at which angular deflection was noticeable. These forces
represent the maximum forces each end-effector can withstand at its tip when applied in
that particular direction.

Robotic grasper

Joint-space

(yaw,pitch) (-30,0) | (-15,0) | (0,0) | (15,0) | (30,0) | (0,-30) | (0,-15) | (0,15) | (0,30) | (21,20) | (18,-14) | (-19,-16) | (-20,16)
Fz(N) 0.9 0.8 1 0.8 0.8 1.5 0.8 1 1.7 2 1.5 0.6 1.1
F,(N) 1.2 0.6 0.9 0.6 0.7 1.3 1 0.8 1.5 1.5 1.7 0.8 1.2
Fy(N) 1.3 0.5 0.7 0.7 1.5 1 0.6 0.8 1.1 1.6 1.4 1.1 0.9
Fy/(N) 12 0.7 0.5 0.7 12 0.8 0.6 0.6 1 1.4 12 1.2 14

Robotic curette

Joint-space

(yaw,pitch) (-40,0) | (-20,0) | (0,0) | (20,0) | (40,0) | (0,-40) | (0,-20) | (0,20) | (0,40) | (31,27) | (31,-27) | (-29,-27) | (-28,26)
Fz(N) 2.5 2 1.6 14 2.5 35 1.3 35 5 1.8 2.5 1.5 1.8
F,(N) 2.3 1.5 1.6 1.2 3 3 1.6 1.8 5 2 22 2 23
Fy(N) 2 1 1.5 1 2 1.8 1.1 1.7 2.5 1.1 13 2 2
Fy/(N) 1.5 1.2 1.5 1.2 1.8 1.9 1.2 2 2 1.3 1.6 22 1.6

force, 0.5N in the Y’ direction, was recorded at the end-effector’s neutral position. The

maximum force withstood by the ring-curette was 5N in either Z — Z’ direction when the

pitch joint was individually actuated and the minimum was 1N in the Y direction, both at

the (—207,07) joint-space, as well as at the (20°,0?). The maximum force of 5N achieved

during this experimental procedure is replicated in Fig. 5.9, where the ring-curette end-

effector maintains a 500g weight.
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Figure 5.9: The ring-curette end-effector maintaining its pose holding a 500g weight.

Finally, and regarding the force delivery capability of the end-effectors, the measured
forces when the end-effectors were moved to the individual DoF limit joint-spaces are
shown in Table 5.2. Both end-effectors showcased similar force-delivery capabilities in
all different directions, with the grasper end-effector having the lower force thresholds be-
tween the two. The grasping-force recorded with the force-sensitive sensor for the grasper

end-effector had a maximum value of 2N.

5.4.2 Phantom feasibility test

The participant managed to remove the tumor with all three end-effectors in 14sec with the
grasper, 33sec with the ring-curette, and 26sec with the dissector. Endoscopic view frames
extracted from the USB-endocope during the tumor removal experiment are depicted in Fig.

5.10.

5.4.3 Cadaver pilot study

Fig. 5.11(a). presents the robotic tool used in the cadaveric specimen, with Fig. 5.11(b).

showing the standard endoscope view of the novel robotic curette interacting with the sellar



5.4. Results 143

Table 5.2: The forces measured by the F/T sensor when the end-effectors were moved to discrete
joint-spaces.

Robotic grasper

Joint-space
(yaw,pitch) (-30,0) (30,0) (0,-30) (0,30)
F(N) 0.78 0.66 0.86 0.79

Robotic curette

Joint-space
(yaw,pitch) (-40,0) (40,0) (0,-40) (0,40)
F(N) 1.34 1.27 1.24 1.29

VX

Figure 5.10: The view from the USB-endoscope during the phantom feasibility study where the
silicone tumor at the pituitary gland region was removed with the use of (a). The robotic grasper,
(b). The robotic ring-curette, and (c). The robotic dissector.

anatomy. To qualitatively evaluate the feasibility of the device, feedback regarding the dex-
terity, force delivery, structural integrity of the robotic device, and overall user experience
was obtained through a post-task questionnaire.

All participants reported the articulated robotic instrument provided greater dexterity
than existing tools and maintained its structural integrity during the task. The instrument
maintained its robustness throughout the experiment and for the entire duration it was used
by the surgeon cohort. Other than some the untangling or snapping of single tendon strands,
which however were not concerning, it did not show any signs of significant wear or break-

ages. The state of the miniature end-effector after the completion of the experiment can be
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Figure 5.11: (a). The surgical setup with the introduction of the novel robotic instrument, and (b).
(left to right) A standard suction tool, and the robotic curette in different poses interacting with soft
tissue.

seen in Fig. 5.12.

Figure 5.12: The miniature end-effector after the completion of the cadaver pilot study. In this
figure, a snapped tendon strand can be seen.

All six participants also felt the instrument applied sufficient force when pre-positioned
at an angle in free space. However, the inability of sufficient forces to be applied during the
movement of the instrument and the lack of precise movements were noted by all partici-
pants. In terms of user experience, all six participants reported the instrument was intuitive

and comfortable to use, with the noise and wires not having an impact on workflow. Further
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minor comments included that while the participants were satisfied with the robot articu-
lation when each DoF was actuated individually, the movement felt constrained when the
end-effector was moving diagonally when both DoF were actuated. The questions and sur-

geon replies are presented in Table 5.3.

Table 5.3: The post-cadaver study questionnaire, and the surgeon replies

Question Yes No
Does the robot maintain its pose when pressing against soft and boney 6 0
tissue?

Does the robot allow for precise movements?

Does the robot allow for increased dexterity?

Does the robot apply sufficient forces when already articulated?
Does the robot apply sufficient forces while in motion?

Is the robot easy to use?

AN O O &N O O
S O o O O O

Is the robot comfortable to use?

Finally, the articulated endoscope experiment was conducted. The surgical setup with
the introduction of the robotic endoscope can be seen in Fig. 5.13. One surgeon was manip-
ulating the robotic curette, and afterwards the robotic curette and the standard neuroendo-
scope, while a second surgeon was manipulating the robotic endoscope. Concurrent views
from both endoscopes can be seen in the same figure.

Regarding the concurrent usage of an articulated instrument and articulated endoscope,
the takeaway was that while promising, this work was preliminary. The camera quality
was not sufficient, the depth perception of the articulated visual elements is challenging
and, the best usage of such a device would most likely be alongside a standard endoscope
that would ensure the articulated endoscope elements don’t collide with soft tissue. The
concurrent usage of the two robotic tools is shown in Fig. 5.14(a)., with Fig. 5.14(b). and

(c). depicting two views from the articulated endoscope.

5.4.4 Comparative phantom study

Fig. 5.15 depicts primary outcome measures. On the first attempt, participants using the
standard instrument and robotic instruments achieved a median EOR of 84% (IQR 65% —
91%) and 58.6% (IQR 52% — 77%), respectively (p = 0.055). On the final attempt, the
median EOR with the standard instrument and robotic device were 80% (IQR 70% — 89%)
and 83% (IQR 61% — 94%), respectively (p = 0.76). The EOR improved across attempts
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Figure 5.13: The surgical setup with the introduction of the robotic endoscope, alongside endo-
scopic views. Concurrently with this instrument, a robotic curette as well as a standard neuroendo-
scope were used.

Figure 5.14: (a). Concurrent usage of the robotic ring-curette and the robotic endoscope, while
in visual guidance from the standard neuroendoscope, (b). View of the sellar anatomy using the
articulated endoscope, in its initial pose, and (c). View of the sellar anatomy using the articulated
endoscope, having it actuated on the yaw axis.

with the robotic device (p = 0.38), and decreased with the standard instrument (p = 0.95),

as seen in Fig. 5.16.

Fig. 5.17 depicts the EOR on first and final attempts, across the levels of experience
with each instrument. Novices achieved a first attempt EOR of 76% (IQR 60% — 86%)
with the standard instrument, and 55% (IQR 52% — 91%) with the robotic instrument (p =
0.62). On their final attempt, novices resected 80% (IQR 70% — 84%) with the standard
instrument, and 83% (IQR 64% — 91%) with the robotic device (p = 1.0). Considering

the intermediate and expert surgeon’s first attempt, a greater EOR was achieved with the
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Figure 5.15: Primary outcome measure represented by participant performance, grouped by attempt.

standard instrument compared to the robotic device (87% (IQR 77% — 92%) versus 71%
(IQR 56% — 85%) (p = 0.12)). On their final attempt, intermediates and experts achieved
an EOR of 80% (IQR 70% — 91%) with the standard instrument and 80% (IQR 61% — 94%)
with the robotic device (p = 0.88).

Regarding the SURG-TLX evaluation, compared to the standard instrument, the
robotic device was associated with a lower mean total workload score (standard total work-
load score=156, robotic total workload score=118, p = 0.006). Considering subdomains,
the only subdomain that individually demonstrated a significant difference between devices
was the reduced perceived physical demands with the robotic device (Robotic device = 5.4,
Standard instrument = 42, p = 0.03).

Finally, the post task questionnaire found participants to favour the robotic device in
terms of comfort (3.9/5 versus 3.0/5, p = 0.28), ease of use (4.0/5 versus 3.5/5, p = 0.46),
precision (4.1/5 versus 3.6/5 p = 0.46). Participants favoured the standard device in terms
of stability (4.1/5 versus 3.9/5, p = 0.58). All but one participant (7/8) favoured the
robotic device to the standard instrument overall (p = 0.0027). The reported justifications
for favouring the robotic device included that it had a “better range of movement”, “re-
quired fewer wrist movements”, “was more comfortable”, and “more precise”. Reported

drawbacks and suggested improvements of the robotic device included that it was “uncom-
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Figure 5.16: Extent of resection on the first and fifth attempts, grouped by instrument.

fortable to hold the thumb on the joystick”, “(it) clashed with the endoscope”, “ would

benefit from a longer curette” and required “haptic feedback”.

5.5 Discussion

In this chapter, a novel handheld robotic system for endoscopic neurosurgery comprised was
evaluated during a series of engineering tests as well as pre-clinical cadaveric and phantom
multi-participant user-studies.

The spherical-joint design and routing-mechanism of this system allowed for signifi-
cant workspace increase compared to rigid instruments with a +30° joint-limit for the ar-
ticulated grasper, and +40° for the ring-curette and dissector. This difference in joint-space
is a result of the wider middle segment of the grasper, still within the 3mm diameter, that
allows a path for the gripper DoF tendons. These limits are smaller than other similar-sized
end-effectors, such as the ones presented in [128] and [149]. However, a number of advan-
tages this design offers, namely the miniature size of the 3mm robots, the concentration of
both DoF on the same point, and the handheld nature of the device, suggest significantly

increased dexterity and ability to navigate within the confined spaces of the EEEA.

In [150], itis recorded that average forces during soft tissue excision of pituitary lesions
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Figure 5.17: Extent of resection, grouped by attempt and experience.

are in the 0.1N to 0.5N range in the X, Y, and Z directions. Maximal forces tended to occur
in the Z direction, especially with bony collisions, and peaked at 2.12N. Both end-effectors
could comfortably withstand the maximum force of 0.5N associated with the soft-tissue
excision phase of the operation, as showcased during the structural-integrity tests, with the
ring-curette having the better capability to withstand even the maximum force associated
with bony collisions. The grasper would not be able to withstand 2N of force in most poses
and needs further development. The structural-integrity discrepancy between the two end-
effectors, as well as the clear limitation of the grasper in that front, is believed to be a result
of the tendon pre-tensioning value of the two end-effectors. It is possible that using the
same pre-tensioning methodology and value for both designs was not a sufficient approach,
and in future work, the most appropriate pre-tensioning values for the grasper end-effector
will be investigated.

During this engineering test-set, the end-effectors showcased the least capability in
terms of force-delivery. While there are anticipated limitations due to the miniature size of
the robot-joint, there is a number of suggestions that could increase force-delivery capabil-
ity. The mechanical backlash and friction in the end-effector housing will be reduced by

replacing current materials with better surface-finish materials, the motors and their gear-
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boxes will be replaced with higher continuous torque motor assemblies, and the coupling
gear-ratio will be investigated to maximize the torque transferred from the motor-end, to the
joint-end.

The pre-clinical evaluation re-iterated these findings. The phantom feasibility test sug-
gested increased dexterity and adequate robustness for tumor extraction, with the limita-
tion that the silicone tumor was conveniently located in the skull-base cavity, and thus,
workspace exploration could not be adequately investigated. For future validation, the
phantom physiology could be customised to allow for an operative workspace increase,
more similar to the expanded endoscopic endonasal approach.

During the cadaver pilot study, the received surgeon feedback lead to the understanding
of the current development stage of the robotic system. The favorable results on workspace
exploration, dexterity, structural integrity when interacting with soft-tissue, and ease-of-use,
suggest that future development should focus on the study limitations, namely the imprecise
control, and the force-delivery capabilities. The current control methodology, which is
open-loop velocity domain control, will be replaced with a more sophisticated position-
domain closed-loop control in future work that will map the robot joints movements to the
joystick and trigger interfaces.

Finally, in the comparative phantom study, we observed a learning curve effect, as the
robotic device was inferior to the standard instrument on the first attempt at tumour resection
(84% vs 59%, p = 0.055), but equivalent on the 5th attempt (80% vs 83%, p = 0.76).
This was observed for both novices and experts. Separately, participants scored the robotic
device higher in terms of range of movement, ergonomic manipulation, comfort, ease of use,
and precision. Indeed, the robot was the overall favoured instrument by 7/8 participants
(p = 0.0021). The robotic device was associated with a lower total cognitive workload
(p = 0.003).

Due to the need for pragmatic constraints to the trial design, our study has limitations.
Firstly, there was a small number of participants, which limits the statistical significance of
our results. Also, participants were not blinded to the intent of the trial, and thus may have

been biased in their subjective interviews.



Chapter 6

Discussion

6.1 Conclusions

The Endoscopic Endonasal Approach, one of the best examples of keyhole brain-surgery,
allows surgeons to access the pituitary gland through the natural orifice of the nose. Re-
cently, surgeons have also described an Expanded Endoscopic Endonasal Approach for the
treatment of tumours around a broader area at the base of the brain. Operating in this way,
however, with standard tools which are lacking articulation, is technically very difficult and
not widely adopted. Thus, these operations are only performed by few surgeons, in highly-
specialised centres, limiting access to most patients. While detection rates have increased
due to recent advances in medical imaging, clinical outcome has not improved in the last 20
years. Resultantly, it is widely recognised by patient groups and healthcare institutions that
there is an urgent need for surgical innovation to advance clinical outcomes in patients with
brain tumours.

Robotic technology can be the solution to the constrained operative workspaces and
limited dexterity. However, the surge in surgical robots in recent years is mainly focused on
general laparoscopy and is unsuitable for the constrained spaces and the delicate nature of
brain surgery. Additionally, these robotic solutions are often associated with high costs that
would hinder their deployment in most hospitals around the world. A further solution to
this problem that has been recently explored, could be offered by handheld robotic devices.
These smart instruments offer robotic capability, while also being smaller, simpler, less
expensive, and more easily incorporated into the existing workflow.

The focus of this thesis is to develop a handheld robotic instrument for neurosurgical
approaches that can expand the surgeon’s capabilities. The enhanced robotic articulation

aims to increase the surgeon’s dexterity, and thus, the surgical efficacy. Additionally, the er-
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gonomic design of the device, combined with the absence of a trocar-port, can decrease the
surgeon’s physical fatigue and strain associated with these demanding operations. Deploy-
ing these instrument in the operating theatre will make more surgeons capable of perform-
ing these highly specialized keyhole approaches, and can potentially cut down referral costs
with more hospitals being able to offer them. Simultaneously, repeat-procedures occurrence
due to complications or incomplete tumour resection will be reduced.

In this thesis, the system shown in Fig. 6.1 is presented, comprised of a series of hand-
held robotic insturments for the EEEA. The development started with the fabrication of a
miniature robotic end-effector which expanded the operative workspace of current standard
instruments, followed by two ergonomic handle prototypes intended for its control. To un-
derstand surgical device ergonomics, a review chapter was produced that was investigating
ergonomic considerations in pre-existing robotic devices. The two handle designs were
collectively covering a large set of ergonomic literature guidelines and were compared for
their efficacy and ergonomics. The superior handle design in terms of this comparison was
then paired with the pre-existing miniature end-effector to develop a set of handheld robotic

instruments that was tested during a pre-cinical cadaver pilot study and a multi-surgeon

comparative phantom experiment.

tissue manipulation instruments articulated endoscope

Figure 6.1: Renderings of the handheld controller and the articulated instruments.

Concluding, preliminary results from all experimental procedures evaluating the
robotic instruments presented in this thesis, including laboratory and pre-clinical testing,
suggested improvement over current neurosurgical instruments, as well as feasibility within

a clinical context.

6.2 Contributions

In Chapter 3, a novel end-effector design for the EEEA was introduced. A kinematic and
workspace analysis was presented, accompanied by repeatability and structural integrity

tests. At the time of publication and intellectual property protection filing (2020) no other
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robotic end-effector was using the spherical-joint as the focal point of development to con-
centrate both pitch and yaw DoF in a single moving point. Other research robotic devices
were using ball-joints as part of larger continuum structures that would be unsuitable for
the constrained spaces of the EEEA. Rather than having an articulated or continuum body,
this end-effector utilizes the spherical-joint concept modifying it with specific design con-
siderations, such as parts-coupling and tendons placement, to concentrate all movement in

a single point and allow for articulation at a minimum size.

In Chapter 4, an ergonomic handle design is presented aimed for the handheld con-
troller that would control the end-effector presented in the previous chapter. The handle is
forearm-mounted and maps the surgeon’s wrist directly to the robot-joints. This work in-
vestigated a popular but yet unanswered research question, that of using an intuitive control
scheme for robotics control in endonasal surgery. To achieve direct wrist-to-joint motion
mapping the design needed to provide the surgeon with a stable platform around which they
can control the robot joint. While during a preliminary study this design showcased short
learning curves and improved surgeon performance, its ergonomics needed to be further

explored.

To cater to a larger set of ergonomic literature guidelines, and to identify the most suit-
able handheld controller design for robotic neurosurgery, another handle was developed in
the same chapter. This prototype was finger-operated and employed a rotating joystick-body
which could be placed at the position where the operator would feel most comfortable. This
position most often would be the pose where the surgeon would keep their hand at a resting
pose. A randomised crossover user study took place where novice clinicians used the two
novel prototypes, as well as a traditional non-articulated tool, inside a custom virtual simu-
lator. At the conclusion of this chapter, the most suitable ergonomic design for the handheld
robotic instrument had been identified, and the research question set in the previous chapter

was answered.

Finally, Chapter 5 evaluates the work that was the result of all the preliminary develop-
ment of previous chapters. A first of its kind handheld robotic instrument with interchange-
able end-effectors is presented. This ergonomically designed instrument does not require a
remote-centre-of-motion around its shaft and deploys miniature end-effectors at a diameter
of 3mm. To the best of the author’s knowledge, this diameter is equal to the diameter of

the smallest commercial system with a wristed end-effector [151]. However, rather than
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requiring a complex tele-operated system, this capability exists at the palm of the surgeon’s
hand.

In this thesis, the handheld robotic instruments were developed for endoscopic neuro-
surgery. However, the same design and functionality principles could be applied to neigh-
bouring disciplines, such as Ear Nose and Throat (ENT) surgery, with Functional Endo-
scopic Sinus Surgery being especially relevant, as well as more disparate approaches, such
as Transanal Endoscopic Microsurgery (TEM). These procedures are also burdened with
difficult access areas, constrained workspaces, and lack of dexterity, and thus, could benefit
from robotic articulation. These instruments have the potential to be used as the foundation
for wider clinical adoption and cover a larger patient need. Finally, based on the modular-
ity of the system and its exchangeable end-effectors, in the long-term, this device has the
potential to be used in combination with pre-existing commercial systems to offer an even

more complete platform for surgical innovation.

6.3 Limitations

One of the main challenges throughout the device development was miniaturization and
fabrication. Incorporating robotic capability in such a small form-factor is associated with
many mechanical engineering issues. While an array of those was solved, some mechanical
limitations still remain today.

As with most modular electromechanical systems, mechanical components introduce
backlash that leads to undesired motion. Here, backlash is introduced as a result of various
different components. The device is tendon-driven, so tendon pre-tensioning, as well as ten-
don slack or slippage, can introduce undesired performance. Another factor that contributes
to backlash can be from slight misalignment during the coupling of the end-effector with
the handheld controller. Fig. 6.2 suggests some points on the design that might be contribut-
ing to this issue. Finally, producing the end-effectors with additive manufacturing, namely
DMLS, leads to imperfect surface finishes that can in-turn increase the device backlash.

Other than backlash, another mechanical design limitation of this device is its force-
delivery capabilities. As evident during the cadaver pilot study, while the device can main-
tain its structural integrity when a force is applied on its miniature body, the end-effector
itself cannot always apply sufficient force to interact with the anatomy. This can be at-
tributed to insufficient torque during the motor selection, as well as to the tendon-routing

and tendon-termination.
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gear-teeth skipping at
high torques

friction when routing through inadequate pre-tensioning

3D printed pillars

axes could move at
high torques

PTFE-tubing wear

Figure 6.2: Design components that could be contributing to the mechanical backlash.

Mechanical limitations can have a big impact on the device performance and percep-
tion. Equally important, however, are software limitations which could affect both the per-
formance and the clinical preference and adoption of the device. In this case, the major
software limitation was the control methodology followed to actuate the end-effector. As
evident in Chapter 4, the device is controlled in velocity-domain with a very simple open-
loop control scheme that does not take into account the end-effector and device kinematics.
It does not deploy any position encoders and thus, closed-loop position control is not possi-
ble. A surgical device needs to provide a more sophisticated control scheme with fail-safe

alternatives to the standard control methodology in order to be used in the operating theatre.

Another software limitation is the absence of a user-friendly graphical user interface
that could accompany the device and offer the operator options such as velocity scaling or
position resets. The absence of such features could hinder clinical adoption, as surgeons

might find the interaction with the device unintuitive.

Finally, and while the technical limitations are often the easiest to identify, there are
also some clinical aspects that could further strengthen the potentiality of the presented
instruments. For example, while the concept handle designs were run through an extensive
user-study to identify the most suitable design, something crucial at that development stage,
the final robotic prototype was not evaluated in-depth for its human factors and procedural
ergonomics. Furthermore, while the device was tested in pre-clinical trials, it was not tested
for tumor extraction. However understandable, since a commissioned cadaveric specimen

will very rarely have a pituitary gland abnormality, the absence of a tumor during testing is



6.4. Future work 156

a limitation nonetheless. The final clinical limitation has to do with the system usage, and
the fact that even though the main operative scenarios have been considered, more time is

needed to identify catastrophic clinical scenarios and the possibility for misuse.

6.4 Future work

The continuation of this project is focusing on translating this preliminary technology into
the operating theatre. To achieve that, the device performance and reliability will be im-
proved. Increasing force delivery is a focal point of the development. To do that, appropriate
motors and tendons will be sourced, and the joint-design, as well as the routing-design, will
be analysed to find out the best tendon termination and routing physiology. This will serve
both for force-transmission, as well as for backlash minimization. The handheld controller
will be redesigned to allow for the new motors incorporation, and the coupling interface
will be amended to not allow any misalignments.

Minimising the backlash and increasing the force delivery capability of the device are
important features. Equally if not more important, however, is increasing the safety of the
device, as well as its repeatability and accuracy. To do that, the usage of position-domain
control will be investigated. Appropriate motor encoders will be sourced, and the device
kinematics will be further explored. The joint-controller will incorporate forward and in-
verse kinematics, and a closed-loop control system will be developed to reliably actuate the
end-effector to the desired position.

Evaluation studies will be held throughout this development, with the first one being a
human-factors workshop where neurosurgeons of different surgical training experience will
test the device in a comparison study alongside traditional tools. Additionally, multi-centre
cadaveric studies will be regularly organised to evaluate the development progress and test
all assumptions and research questions that will have yet to be answered. Clinicians from
different centres have been involved and have shaped this research from an early stage,
and the intention is to keep involving and expanding those groups to keep the development
clinically relevant.

Post-development, all prototyping components that are aimed for sterilization will be
replaced with autoclaveable materials, and custom draping with sterile adapters will be
designed for the remaining components. The system will undertake all required testing and
verification, with the overarching aim being a first-in-human series of testing.

Positive results from these clinical studies will position the system one step closer
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towards clinical adoption. Smarter neurosurgical instrumentation will lead to improved

surgical outcome, and as a result, more effective care for patients with brain tumours.
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