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Abstract

Abstract

Continuum robots are gaining increasing interest in medical applications, due to
their slender shape and compliant nature which makes them safer for human-to-
robot interaction. In addition, they are able to follow a 3D complex path, thanks
to their infinite degrees of freedom. The goal of this thesis is to take advantage of
glass flexibility at the microscale to actualize novel and more miniature continuum
robots when compared to those in the literature. The first contribution is a con-
ceptual study, addressing the design and fabrication of different CTR prototypes
and deriving a general classification approach while proposing to the research com-
munity a concise methodology for the evaluation of CTR in the future. Secondly,
we proposed a new generation of a miniaturized sub-millimeter CTR that is made
of glass, which has a tube with an external diameter down to 90um and a 5mm
radius of curvature. Furthermore, we presented a novel, easy, and rapid patient-
specific/customizable approach to obtaining a pre-curved tube using glass, which
was characterized, followed by the robot model validation (forward kinematic,
inverse kinematics, and stability analysis). Various demonstrations of proofs-of-
concept for the different application capabilities e.g. vitreoretinal deployment in a
fish eye, constraint deployment through 3-stationed needles (~1mm orifice), pre-
curved helical and fiber optics CTR deployment with laser transmission capability,
and then, fluid suction and delivery. The third contribution was the investigation
and demonstration of a miniaturized 3-DoF PCR using glass optical fiber. The
robot design has a dimension of 2.5 x 2.5 x 6mm and can reach +90 to —80 de-
grees in the tip and tilt angle. The robot’s performance such as the workspace,
manipulability, and stiffness was evaluated as a function of variations of differ-
ent geometrical parameters of the robot. For the model validation, different path
movements were presented such as vertical plane circumradius and workspace fol-
lowed by the circular and square shapes in the horizontal plane, which shows the
great prospect of the robot for increasing dexterity in confined space. Finally,
for both cases, the robot design analysis was very important for investigating the
robot stability, for CTR due to torsion, and for PCR, due to the actuation length.
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General Introduction

General Introduction

MOTIVATION

The evolution in medical intervention from traditional open surgery to min-
imally invasive surgery (MIS) has resulted in improved surgical outcomes such
as less patient trauma, less blood loss, and shorter recovery time. These im-
provements are due to miniature incisions compared to the large openings in the
patient’s body. However, this technique has significant challenges such as difficulty
in accessing surgical targets through complex 3D paths and the ability to control
the rigid instruments due to limited maneuverability, dexterity, and degrees of
freedom [Vitiello 13]. The goal of robotic-assisted surgery was to improve surgical
procedures while maintaining the advantages of open surgery in MIS [Satava 04].
These include facilitating easy access to complex or hard-to-reach surgical targets
with greater dexterity and DoFs, enhanced visualization of the anatomy; improved
tool deployment precision/accuracy; reduced surgeon hand tremors and fatigue
during tool manipulation or teleoperation [Satava 11]. All these have paved the
way for developing different MIS intervention tools and instruments categorized
into three by Dupont et al. [Dupont 10b] as presented in Figure 1. With lots of

@ Elongated steerable device
with flexible backbone

@ @ Bevel tip

“&
o) B

\/,;_

Articulated
tool mount

Straight and stiff shaft

\11’

Continuum robot

Figure 1: The three classes of MIS intervention instruments A) Flexible needle with a
straight shaft having a bevel tip that steers and changes its direction upon application
of lateral force at the base. Its drawback is high dependence on solid tissue penetra-
tion to produce lateral tip motion and secondly, it cannot maneuver through curved
cavity /anatomy, B) Straight and stiff shaft with a tip-mounted articulated tool, which
reaches the surgical site through a straight path. It is difficult to steer through complex
anatomy and the tool manipulation can often cause tissue deformation e.g. forceps and
da Vinci, Intuitive Surgical tools, C) Elongated steerable device with a flexible backbone.
They consist of flexible catheters or multistage dexterous devices like continuum robots.
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different progress today, there are still huge areas in medical intervention needing
technological improvements. The majority of these demands have been in the area
of developing smart devices with better properties and characteristics for targeted
applications. These include achieving high overall robot miniaturization for pos-
sible handheld capability and single-port deployability. Among other features are
high dexterity, high precision, high maneuverability, and safer robot-to-human in-
teraction. To that effect, all these have resulted in the paradigm shift in medical
robotics research, from the traditional rigid robot to the continuum (continuously
deformable) and soft robots. This emerging field of research has drawn enormous
focus today due to its overwhelming potential and benefits.

Rigid Hyper-redundant Continuum

Figure 2: Transition from conventional rigid robot to continuum robot due to its ben-
efits, A) a typical conventional serial robot with discrete links connected by joints B) a
hyper-redundant type of rigid robot in order to increase its dexterity and maneuverabil-
ity, C) continuum robot type with infinite DOFs and deformable link(s) which is safer
for human-to-robot interaction.

One of the key challenges in MIS is navigating to the surgical site through
complex 3D curves while avoiding sensitive organs or bony structures and most
preferably passing through a natural body orifice e.g. nose, mouth, or ear. In fact,
on reaching the surgical site, the next issue is the capability to control its distal
tip, while the proximal end is held relatively immobile during tool manipulation.
These have motivated the constant rise in the development of smart compact de-
vices with the possibility of teleoperation, as seen in the high research throughput
on continuum robots today. Comparing the three categories of MIS intervention
instruments (see Figure 1), the continuum robots which includes the concentric
tube robots (CTRs), tendon-driven, and parallel continuum robot (PCR) pos-
sess the best properties of all the three types [Dupont 10b]. The reasons for the
paradigm shift in the field of robotics from conventional robots that are composed
of rigid links connected by discrete joints to continuum robots as shown in Figure 2
include:

1. Infinite degree of freedom thanks to its continuously deformable backbone
meaning high dexterity and maneuverability,




General Introduction

2. Provides much more safe human-to-robot interaction due to its inherent com-
pliant property,

3. With all the motors/actuators located externally at the proximal end, this
makes the robot suitable for MIS.

These have given rise to the creation and upsurge of new research communi-
ties/clusters around the globe focusing on continuum robots. Today, there are
vastly different design prototypes and publications on continuum robots as the ma-
jority of them are proposed for medical applications [Jones 05, Yang 18a]. Though,
Chapter-1 discussed extensively the state of the art of the two continuum robots
of interest. Notably, the benefits and advantages of MIS today are undeniable and
these are the driving force for the several proposed use of continuum robots due to
their scalability. Even with the current state-of-the-art of continuum robots, there
are still demands for further invasiveness, which are aimed at accessing hard-to-
reach surgical regions in clinical interventions. These have resulted in the need for
miniaturization of clinical instruments/devices, which are detailed further below.

NEED FOR MINIATURIZATION

To further enhance MIS capabilities, there is a growing demand for smaller
and more precise devices. Considering the most popular commercial surgical
robotic system, which is da Vinci, has more than 10 million MIS performed world-
wide [Badani 07, D’Ettorre 21, Marcus 14, Intuitive 21]. This surgical robot uses
instruments that are rigid and straight with articulating tips. In addition, they
also have a large footprint in the operating room. Hence, the trend toward minia-
turization of MIS tools is evident in order to maximize the benefits and advantages
that come with it [Yang 18a]. Some of the key benefits or reasons for MIS device
miniaturization include:

1. Enable less invasive procedures: With smaller devices, surgeons can per-
form interventions through smaller incisions or natural orifices, minimizing
tissue damage and reducing patient trauma. This approach results in faster
healing times, shorter hospital stays, and improved patient outcomes.

2. Need for improved dexterity: The availability of highly specialized in-
struments and devices allows surgeons to perform tasks swiftly with a high
level of dexterity and reliability. Indeed, miniaturized devices can navigate
intricate anatomical structures, enabling surgeons to access challenging ar-
eas that were previously difficult to reach. For example, transcatheter pro-
cedures like aortic valve replacement can now be performed entirely from a
groin-area access site [Onan 20, Kalogeropoulos 22, Toggweiler 13], thanks
to miniaturized devices.

Ut
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3. Easy patient-specific adaptability: In all cases, due to the fact that at
the same scale, one has to adapt to the anatomy, this benefits by having a
smaller device that can easily be customized to adapt patient-specific need
or anatomy structure. There is a higher benefit /possibility of organ collision
avoidance using a miniaturized MIS device.

4. Cost reduction and improvement of patient comfort: Smaller devices
require fewer resources and materials, resulting in cost savings in manufac-
turing and medical procedures. Additionally, the use of miniaturized devices
can contribute to reduced pain, scarring, and discomfort for patients, en-
hancing their overall experience during and after surgery.

As technology advances, the convergence of various aspects is expected to drive
development in terms of smaller, more dexterous, and less expensive devices for a
wide range of procedures. The ongoing improvements in MIS device miniaturiza-
tion are vital for pushing the boundaries of what is possible in surgical interven-
tions, ultimately leading to enhanced patient care and outcomes. Therefore, hav-
ing manipulators that are scalable to a small size, flexible yet strong, and capable
of reaching difficult-to-access surgical sites via complex pathways and completing
the surgical task with dexterity would be extremely beneficial. Continuum robots
with small sizes are more suitable for MIS compared to using straight rigid instru-
ments [Burgner 15a]. Although, among all the different types of medical robots,
the continuum robot has witnessed a sporadic rise in research and the highest pub-
lication throughput currently. Yet, one major aspect of research and need in the
field of medicine that was identified was the area of miniaturization [Yang 18a].
In as much the importance of robots in medicine is undoubtedly overemphasized,
there are still large areas calling for a research breakthrough, especially in micro-
surgery and micromanipulation.

Miniaturized manipulators are designed to manipulate small objects with a
high degree of accuracy and repeatability in confined spaces. These devices have a
wide range of applications in different fields, such as the manipulation of samples
inside scanning electron microscopes (SEM) or for endoscopic medical procedures.
For endoscopic medical procedures, the manipulators are inserted into the body
through small incisions and are used to perform delicate procedures, such as imag-
ing, biopsy, suturing, or removing small tissue samples. Inside SEM, miniaturized
manipulators are used for handling samples for imaging, performing various mea-
surements, or assembling components. One of the current challenges of microma-
nipulation e.g in SEM or medical is to increase the dexterity of the manipulators by
integrating rotations at the distal end, to actualize tool orientation with large an-
gles. Indeed, the three translational movements of the end-effector in the z—, y—,
and z—axis, can be generated by proximal joints, whereas only distal ones can pro-
duce the orientation of the tool. Having a distal orientation section is well known
to improve manipulator dexterity [Wu 17b, Chikhaoui 16, Peyron 22, Li 17].
When considering parallel manipulators, which has many advantages such as
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high precision, high speed, high payload/force capabilities, and extrinsic actua-
tion, that enable locating the actuators outside of the confined space leading to a
very high miniaturization potential but they are often limited in workspace vol-
ume [Jin 15]. Presently, the smallest parallel manipulators in the literature include
Millidelta [McClintock 18] and Migribot [Leveziel 22]. Though each presents key
benefits thanks to their parallel configurations, they are both restricted to transla-
tive motion. Conversely, this issue and limitation can be solved using a new
type of parallel robot called parallel continuum robots (PCRs) [Bryson 14]. For
this reason, added to the benefits and possibilities of using flexible glass at a small
scale, this is one of the key research investigations and analyses in this dissertation.

Current MIS tools still have challenges to access some confined regions of sur-
gical sites due to the size, location, or sensitivity/complexity nature of anatomical
structure e.g. when considering the use of the conventional rigid straight instru-
ment. Considering the trend in medicine for further miniaturization, which targets
the possibility of accessing hard-to-reach zone of interest. In fact, the rising trend

>

Link type

Continuously
flexible links

Flexible links with
redundant joints

Level of backbone flexibility

Rigid links

Articulated robots

>mm )

Overall diameter

~cm >cm ~mm

Level of miniaturization

Figure 3: Trend in medical robotic devices with a paradigm shift from rigid link/articulated
robots to continuum robots on the bases of backbone flexibility and level of miniaturization.
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in medicine for micro-port multi-deployment strategy has given rise to the need
for the development of devices that can meet the demand, especially in neuro-
surgery. The ongoing advancements in MIS device miniaturization contribute to
the evolution of surgical techniques, offering numerous benefits to patients and
healthcare providers alike. In general, the need for miniaturization has motivated
the rise in small-scale smart devices, which are proposed for microsurgery or MIS,
and has paved the way for the high research throughput in compact continuum
robots. The trend for further miniaturization with its benefits, has put continuum
robots on top of the ladder among clinical instruments and devices for MIS (refer
to Figure 3).

In Figure 3, concentric tube robots (CTRs) are at the top of the ladder when
considering the level of backbone flexibility due to no redundant joint by disk. In
the case of miniaturization, they are simply composed of nested pre-curved tubes
that can be easily scaled down sub-millimeter level. Considering the conventional
use of Nitinol for continuum robot fabrication, which is now the predominant
material for prototyping different continuum robots in the literature. However,
researchers had reached a stagnating point of constant use of Nitinol and then
began to call for investigation of other viable materials [Gilbert 16b]. These paved
the way for the use of 3D print materials but unfortunately, the process is highly
dependent on the printer setting, and output or mechanical qualities were poor
compared to the use of Nitinol. To that effect and in regard to the present demand
for further miniaturization, we considered and explored the use of glass at a small
scale for the fabrication of miniaturized continuum robots. Since thin glass at a
small scale is flexible e.g. optical fiber, this presents great benefits considering
the inherent properties of glass like the light carry capacity, and this will open
entirely new doors in the domain of continuum robots along with the application
potentials.

USING GLASS MATERIAL FOR MINIATURIZED CONTIN-
UUM ROBOTS

Glass has proved to be one of the most inevitable materials for the fast-
emerging field of micromachining technology. It has a desirable optical and good
isolation property [Tay 06, Takahashi 13], which in addition to their biocompat-
ibility, chemical stability, hydrophilicity, and optical transparency, makes them
suited for various applications ranging from Optical/Bio-MEMS, micro-actuators,
micro-sensors, and the Lab-on-chip device. The development of microfabrication
in glass techniques over the years enabled different microcomponents and applica-
tions ranging from microfluidic (microchannels) [Tang 21, Cheng 03a, Kikutani 02,
Hnatovsky 06], optical (optical alignment, waveguide, and positioners) [Rosa 15,
Karnaushkin 21, Kronig 18, Mittholiya 16], mechanical parts (nozzles, gears) [Niza 10,
Montanero 10, Eklund 08, Wang 10], micro-actuators [Lenssen 12a, Hata 99, Wang 09,
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Figure 4: Different 3D miniature devices and monolithic microstructure fabricated in glass A)
Volumetric 3D printing of silica glass with microscale computed axial lithography to fabricate
a 3D transparent and complex microfluidic structure, having trusses and lattice with minimum
feature sizes of 50um, [Toombs 22a], B) Microfluidic device using laser micro-welding process
in which the two glass plates are permanently bonded together without using any adhesives nor
intermediate layer [Wlodarczyk 19], C) SEM image of a 500nm diameter silica micro/nanofibre
(MNF) tied into a ring and placed on a 60pum diameter human hair, with the MNF often used for
optical sensors [Tong 18], D) Intertwined microfluidic spiral channels in fused silica glass with a
channel width of 74um, which is filled with dyes (scale: 140pm) [Kotz 19], E) Quartz glass chip
for cell sorting application with a dimension of 34mm x 12 mm X 2mm, fabricated by selective
laser-induced etching [Gottmann 17], F) Top and side view of a nested nozzle in quartz glass
for biological application (diameter: 10mm, height: 7mm), fabricated by selective laser-induced
etching [Gottmann 17], G) Quartz glass connector for capillary electrophoresis, diameter 15mm,
thickness 2mm, fabricated by selective laser-induced etching [Gottmann 17] H) Transparent sus-
pended microchannel resonator (SMR) in fused silica with fluidic channels with a cross-section
around 10pum x 5um flowing underneath [FEMTOprint 18b], I) Monolithic 3D micromixer with
an impeller for glass microfluidic systems using selective laser-induced etching [Kim 20d], J)
Microfluidic mixer with 5 inlets and 1 outlet (channels diameter of 100 pm) [FEMTOprint 17],
K) Passive compliant tool for retinal vein cannulation (RVC) that relies on a buckling mechan-
ical principle [FEMTOprint 18a], L) 3D complex lab-on-a-chip (smallest channel diameter of 3
pm) [FEMTOprint 17], M) Optically transparent glass micro-actuator fabricated by femtosec-
ond laser exposure and chemical etching [Lenssen 12a], N) 3D microfluidic channel fabricated
by using selective laser-assisted etching [FEMTOprint 23].

Minami 93, Sakurai 15, Kometani 04, Wang 09, Fiizesi 07] and sensors [Lin 97,
Waltermann 15, Zusman 90, Rogers 95, Gao 10, He 14, Vlasov 94, Gharbi 23, Butt
Zhang 22a]. Figure 4 presents some of the 3D miniaturized and monolithic devices
in the literature that are fabricated with glass using different approaches. Fig-
ure 4A show the possibility of 3D volumetric additive manufacturing of silica glass
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with microscale computed axial lithography for microstructures with minimum
feature sizes of 50um. It is also possible to use a maskless approach to fabricate in
glass by laser micro-welding which usually involves non-adhesive bonding of two
pre-printed surfaces (see 4 B) The case of 500 nm diameter silica micro/nanofibre
for optical sensors, which is fabricated by taper-drawing glass fiber at high tem-
perature is presented in 4C. It is also possible to fabricate arbitrary 3D suspended
hollow microstructures in transparent fused silica glass using stereolithography as
shown in 4D. Using selective laser-induced etching, this presents the most predom-
inant approach which is used from Figure 4E to Figure 4N, for designing different
complex 3D monolithic micro-structures in a glass.

While conventional glass at the macro scale is rigid and brittle, conversely, at
the micro-scale level, thin glass is flexible with high tensile strength [Rafael 16,
Garner 17]. These inherent properties of glass on a micro-scale are beneficial in
the design of miniaturized 3D structures. Therefore, one can take advantage of
glass at the micro-scale to design and fabricate miniaturized flexible microstruc-
ture [Tong 18]. Consequently, this solidifies the possibility of designing and fabri-
cating a continuum robot using thin glass. Moreover, for CTRs, higher dexterity
in a tightly confined region requires a small radius of curvature [Chikhaoui 16].
For this reason, we ask the question of whether tubes made of glass, with a
sub-millimeter diameter can permit a small radius of curvature without break-
ing. The proposed glass for the robot design is fused silica. Its surface stress
can significantly be reduced by using a protective polymer coating, which is com-
mon in optics fiber to increase its mechanical rigidity. In addition, its mechan-
ical strength can be further improved by minimizing the flaws in glass and en-
abling a low surface area because a small size limits the risk of the presence of
flaws [Tomozawa 96, Wondraczek 22, Bellouard 11]. All these factors guarantee
the ability of capillary glass to withstand high bending stress (see Figure 5). It
also allows the capillary glass to have flexibility similar to the spring steel. Fused

Figure 5: Illustration of glass beam bending experiments undergoing several stress deformation
for loading and unloading without breaking (see video). The beam is characterized by a 40um
thick flexure in its thinnest part, Image © 2011 Optical Society of America [Bellouard 11].
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silica has a non-linear elastic property and the applied strain determines the elastic
modulus [Scott 17, Matthewson 93], with the maximum bend radius of curvature,
deduced by considering tensile strength in Equation 1.

a:Eo% l1+a7;f+ﬁ(7;f>2] (1)

o is the surface stress, F, is Young’s modulus at zero strain (70GPa), r. is the
capillary radius, and r is the bending radius of curvature. o = 2.30 and [ = 8.48
are the second-order and third-order nonlinear material coefficients, respectively.

For the proposed miniaturized CTR, when considering the glass tube diameters
used, the relationship between their bending stress and the obtainable radius of
curvature, as derived using Equation 1 is presented in Figure 6. The figure explains
why it was possible to obtain a small bend radius of curvature in glass down to
5 mm with tube diameter below 440um (full detail in Chapter 1), which is very
flexible to sustain bending stress below nominal value without fracture. This is
highlighted and considered as our target area in Figure 6. Considering its ultimate
tensile strength, the figure indicates that it can withstand more stress in cases of
path contact during deployment and manipulation. Figure 6 also demonstrated
that it is theoretically possible for a 1 mm glass tube to sustain bending stress
over a 10 mm radius of curvature like that of Nitinol, which has a minimum radius
of curvature of 15 mm in literature [Sears 06]. The various approach explored to
obtain a pre-curved tube using thin glass for the proposed miniaturized concentric
tube robot (CTR) in Chapter 3 is discussed in detail in Chapter 2. Whereas for

— f— -— e mm mm mm omm omm mm = —90pm tube diameter
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Figure 6: The relationship between the glass capillary bending stress and the obtainable bend
radius of curvature for the glass diameters.
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the parallel continuum robot (PCR), a standard optical fiber was used directly
for the robot modeling, design, and experimental prototype, which is detailed
in Chapter 4. Overall, we demonstrated the possibility to actualize the first of
its type, a miniaturized continuum robot using glass material. This landmark
achievement and scientific breakthrough has huge prospects in the robotics and
material domain as regards microsurgery or micromanipulations.

DISSERTATION CONTRIBUTIONS

The key focus of this research is on two different continuum robot kinematics
of interest. These are concentric tube robots (CTR) and parallel continuum robots
(PCR), which are analogous to the conventional serial and parallel robots respec-
tively. Generally, the idea of the proposed robots involves, taking advantage of
glass flexibility at the microscale to actualize a novel and the smallest continuum
robot of each kind, when compared to those in the literature. The outcome of
the research is targeted for possible endoscopic biomedical applications and other
micromanipulations. The individual key contributions are detailed as follows:

For concentric tube robot (CTR)

1. An IEEE Transactions on Robotics (T-RO) journal paper [Nwafor 23b], ti-
tled “Design and Fabrication of Concentric Tube Robots: A Survey”, the
different contributions include:

(a) The paper fills the gap in the literature by providing a thorough review
of the large variety of designs and fabrication methods for all aspects of a
physical prototype, including tubes, actuation units, and end effectors.

(b) We proposed to the community, a set of specification details for future
CTR prototype assessment and evaluation as regards paper publication
and its new contribution.

(c¢) Next, we proposed and presented to the community a more general and
unifying way of classifying CTRs, which is based on the kinematics of
the actuation unit after studying the different concepts and approaches
that have been developed and proposed by research groups.

(d) Finally, the creation of an online public resource for the research com-
munity which provides details on the existing and new CTR tube de-
signs and actuation units reported in the literature (online resource
directory). This is geared to help find an avenue for creating a more
mature robotic platform, as the ultimate goal is for the researchers to
channel major efforts towards other vital research challenges for rapid
improvements without requiring the development of new prototypes
each time.
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2. Next is a research article on Advance Intelligent Systems (AIS) journal pa-
per [Nwafor 22], titled “The Caturo: A Submillimeter Diameter Glass Con-
centric Tube Robot with High Curvature”. Its contributions include:

(a) An introduction of a new generation of CTRs called Caturo, which
stands for capillary tube robot with all glass tubes < 500um in diame-
ter.

(b) Design and fabrication of smallest CTR, which possesses the tiniest ex-
ternal tube diameter (90um) and an unprecedented radius of curvature
(5mm) compared to those in the literature.

(c) Present a novel approach of fabricating pre-curved CTR tubes with
glass capillaries and even standard optic fibers, by heat treatment us-
ing a thin heat-shrink polymer and a 3D printed mold. The fabrication
process and results were characterized and moreover, the procedure is
quick, versatile, and relatively low-cost when compared to conventional
Nitinol. It can also permit patient-specific customization which is ben-
eficial for MIS applications.

(d) Actualization of the first ever CTR prototype that is composed of
glass tube material and used for different CTR demonstrations such
as 3D helical pre-curved tube deployment, conical-spiral deployment,
constrained 3D deployment through a <Imm orifice of three positioned
needles, pre-curved optic fiber deployment with laser emission capa-
bility, fluid sample suction, and delivery operation, and finally, vitreo-
retinal deployment using fish eye under optical coherence tomography
(OCT) visualization.

(e) Lastly, the proposed miniature CTR prototype was used for different
applications after model validation (FKM and IKM) and stability anal-
ysis in order to highlight the robot’s capabilities and it has the bene-
fit /possibility of end-effector functionalization by using fluid or light-
driven actuators/sensors for distal tip micromanipulation.

For parallel continuum robot (PCR)

The research article is currently published in IEEE/ASME Transactions on
Mechatronics (TMECH) journal publication [Nwafor 23a], titled “Miniature Par-
allel Continuum Robot Made of Glass: Analysis, Design, and Proof-of-Concept”.
Its contribution includes:

1. Here, we present the smallest PCR in terms of footprint (actuation unit
and all links), capable of generating large rotations of the end effector from
—80°0 4+90° in a tiny volume. This provides the solution to tackle the limita-
tion and challenge of large workspace/rotation associated with miniaturized
parallel manipulators in the literature.

13
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2. We investigated in detail the effect of the variation of geometrical parame-

ters of the robot in terms of the arc length or input actuation and the end
effector dimension to the achievable stiffness, manipulability, and obtainable
tip orientation within the entire robot workspace.

. Numerical simulation using the Cosserat rod modeling approach was adopted

for the FKM and IKM, which was used to demonstrate different path shape
tracing such as vertical plane circumradius path following, the horizontal
plane circular and square shape path tracing, and finally, to assess through
experimental validation the robot boundary workspace.

ORGANIZATION OF THE MANUSCRIPT

The organization of this dissertation is as follows:

o Chapter-1 deals with the state-of-the-art of continuum robot, particularly

on the two different kinematics of interest (CTR and PCR). Starting with
the CTR by presenting an in-depth review of the design and fabrication of
all the CTRs in the literature, which covers generally the CTR tube design
and fabrication, its different actuation units, end-effectors, and finally their
applications. Next is PCR with a major focus on its design and fabrication,
modeling, and its classifications.

Chapter-2 focuses particularly on the different approaches to the fabrication
of pre-curved glass tubes at a small scale. This start with the problem
statement and then, the discussion on the different fabrication approaches
exploited which include 1) subtractive manufacturing using the FEMTO-
print machine, 2) heat treatment and annealing of a glass tube to the desired
shape, and finally 3) curving of glass tubes using an ultra-thin polymer with
heat shrink property.

Chapter-3 presents the smallest CTR in the literature that is made of glass.
It starts with a description of the sub-millimeter glass CTR, followed by
the model validation; forward kinematics model (FKM), inverse kinematics
model (IKM), and stability analysis. Next are the various demonstrations
of the sub-millimeter glass CTR deployment and their proposed applica-
tions, which are 3D conical-spiral free space deployment, helical pre-curved
glass tube deployment, constrained deployment through the orifice of three
positioned needles, deployment of pre-curved optical fiber with laser trans-
mission, fluid suction, and delivery demonstration and lastly, vitreoretinal
deployment under the optical coherence tomography (OCT). The various
limitation, challenges, and possibilities of end-effector functionalization were
also discussed here.

14
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o Chapter-4 is concerned with the miniature parallel continuum robot made
of glass: analysis, design, and proof-of-concept. First is the presentation
and discussion of the robot’s novel prototype design and then the in-depth
analysis and characterization of the robot based on its achievable workspace,
stiffness, manipulability to variation of its geometrical parameters e.g. actu-
ation length, and end-effector size. The last aspect involves various experi-
mental demonstrations for different desired path shape movements (square
and circle) and model validation.

o Finally, the last part is the conclusions and perspectives that summarize
and covers proposed areas of further research and advancement. These
are categorized as short-term (master thesis) and long-term (possible Ph.D.
project /dissertation or commercialization).




General Introduction
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Chapter 1. State-of-the-art: CTR and PCR

1.1 OBJECTIVE

1.1.1 Glass material /properties

Glass, a versatile material, has been a part of human history for thousands of
years. From ancient stained glass windows to modern high-tech applications, glass
continues to evolve. The state of the art in glass properties reflects a dynamic field
of research and innovation. Here, we explore the current understanding of glass
properties.

1. Transparency and Clarity: The transparency property of glass refers to its
ability to transmit light without significant distortion, allowing objects to
be seen clearly through it [Liu 21]. Transparent glass allows light to pass
through it with minimal scattering or absorption, resulting in a clear view of
objects on the other side. When light encounters a material, it can interact
with it in several different ways. These interactions depend on the wavelength
of the light and the nature of the material. Photons interact with an object by
some combination of reflection, absorption, and transmission. Glass remains
unmatched in its transparency [KotzHelmer 17, Scholze 91]. Recent advance-
ments have led to ultra-clear glasses used in displays, optical lenses, and ar-
chitectural facades. It’s important to note that some types of glass may have
specific properties that alter their transparency. For example, tinted glass or
glass with a low-emissivity (Low-E) coating may have reduced light trans-
mission or a slight alteration in color [Jelle 15, Khaled 21, Mohelnikova 09].
However, they can still be considered transparent if they meet the criteria of
allowing clear visibility through the material.

2. Strength and Durability: Several types of glass, depending on their specific
composition, are known for having a high theoretical structural strength and
being very durable [Jones 18, Minko 13]. However, certain practical factors
can significantly diminish their actual strength. For example, various ele-
ments can result in less-than-ideal strength for a given glass type [PHILLIPS 65,
Haldimann 06]. These include 1) Imperfections or blemishes on the glass sur-
face, 2) Thermal stresses induced during rapid cooling processes, and 3) The
introduction of tiny crystals into the surface through the annealing process.
Imperfections on the surface of glass can serve as focal points for stress.
When a load exerts pressure exceeding the glass’s theoretical strength, con-
centrated stress can often lead to fractures or breakage. Therefore, surface
flaws and imperfections play a significant role in reducing a product’s fracture
strength. Nonetheless, manufacturers can mitigate or prevent the occurrence
of these surface flaws and cracks by employing precision and careful proce-
dures during the manufacturing process. The strength of glasses can differ
significantly based on their composition and purpose [swiftglass 23]. For in-
stance, "Tempered soda-lime" glass, often referred to as Type-III glass, is no-
table for its robust mechanical strength. On the other hand, "Aluminosilicate
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glass" excels in terms of compressive strength, making it a preferred choice for
applications like solar cells, cover glass, and touch displays. Lastly, "Borosili-
cate glass" stands out for its exceptional structural strength and is commonly
utilized in applications such as glass tubing, medical devices, and equipment
designed for space exploration. Innovations in glass tempering and laminat-
ing techniques have produced incredibly strong and shatter-resistant glass.
This is crucial in construction, automotive, and consumer electronics.

. Thermal Properties: Rapid and significant temperature changes can lead to
the fragility and breakage of glass. Temperature plays a vital role in the glass
manufacturing process, where thermal properties are harnessed to enhance
its strength. One method to fortify glass is through heat tempering. Un-
even temperature distribution within the glass can generate varying internal
pressures, rendering it susceptible to fractures and breakages [Mirrors 21].
This phenomenon is referred to as thermal shock resistance and serves as
an indicator of how prone the glass is to breaking in response to temper-
ature fluctuations. Today, smart glass with controllable transparency and
self-healing glass, which can repair minor cracks are becoming prominent.

. Electrical property: Electrical characteristics of glass are frequently explored
in the context of applications such as lasers, solar energy conversion, semicon-
ductors, and electronic devices [Mirrors 21]. Several factors must be consid-
ered when examining the electrical properties of glass. Glass types exhibit
varying resistivity, influenced by factors like changes in composition. The
electrical properties encompass aspects like AC and DC conductivity, dielec-
tric constant, electrical modulus, and dielectric loss. Temperature plays a
crucial role in conductivity, affecting activation energy in relation to glass
composition [Shirai 21, Hrma 12]. It’s worth noting that temperature is pos-
itively correlated with the resistivity of metals and inversely correlated with
the resistivity of semiconductors. Given the diverse conductive behaviors in
different materials, various glass variants are engineered. To determine the
electrical energy storage capacity of glass, assessing the dielectric constant
of the glass is essential.

. Chemical Resistance: Glass exhibits varying degrees of chemical resistance
depending on its composition and type [Company 23]. Glass is chemically
inert and corrosion resistant due to its unique composition. Some specific
types of glass, such as borosilicate glass, are known for their exceptional
resistance to chemical corrosion [Yazawa 93] and are often used in laboratory
glassware and industrial applications where contact with aggressive chemicals
is expected. The speed at which chemical reactions lead to the corrosion
of glass, including ion exchange, hydration, and dissolution, is influenced
by variables like the type of glass, temperature, and the level of acidity or
alkalinity (pH) [Zanini 23]. These reactions can take place concurrently when
glass is exposed to liquid water and can act as limiting factors in relation
to the specific conditions of an experiment. It’s important to note that
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while glass is generally resistant to many chemicals, it may not withstand
prolonged exposure to strong acids or alkalis, which can lead to surface
etching or weakening.

6. Bioactive Glass Property as Emerging Field: Bioactive glasses react chem-
ically with the body fluids and the reaction product is an apatite, which,
with the intervention of biological drivers, assists the generation of bone ma-
trix and bone growth [ValletRegi 03]. Numerous variations of bioactive sili-
cate glass, each with diverse compositions that include specific metallic ions
known to affect cells, have undergone extensive examination for their poten-
tial application in the field of bone tissue regeneration [Hoppe 11]. The initial
bioactive glass (BG), specifically identified as 4555 Bioglass (comprising 45%
Si02, 24.5% Na20, 24.5% CaO, and 6% P205 by weight), was pioneered by
Hench and colleagues. This particular formulation has garnered extensive
attention in the realm of biomedical research, being extensively studied for
its potential applications in various medical contexts [Hench 91]. The typi-
cal feature of BGs is their high surface reactivity (or bioactivity [Hoppe 11]),
which enables the effective interaction of the material with host tissue, lead-
ing to strong bone (and in some cases soft) tissue attachment. The bonding
to bone has been traditionally explained by considering the formation of a
carbonated hydroxyapatite surface layer on BGs when they are in a biological
environment [Erol-Taygun 13].

The state of the art in glass properties showcases an ever-evolving field where
scientists and engineers are pushing the boundaries of what glass can achieve while
opening up new possibilities in research, such as robotic design and fabrication
which is the main focus of this manuscript.

1.1.2 Continuum robots

Continuum robots are designed to have a continuously curving backbone, which
can be actuated to produce elastic deformation and achieve complex movements
and tasks. The family of continuum robots is quite vast with different architec-
tural designs, material components, and kinematics (see Figure 1.1). The ones of
Figure 1.1A, B, and C, which are typically single backbones have great potential
in biomedical applications, particularly relating to MIS and NOTES (Natural ori-
fice transluminal endoscopic surgery). Generally, there are an increasing number
of research groups emanating each year around the globe. In fact, hardly will
one see medical seminars, conferences, or journals without finding a continuum
robot. This research domain has seen rapid research outcomes and developments
in design, modeling, control, and fabrication. The drive for continuum robots is
to overcome the limitations of traditional rigid-link robots and provide enhanced
flexibility, maneuverability, and adaptability in various environments. The unique
structure of continuum robots enables them to navigate through tortuous paths to
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Figure 1.1: Examples of different types of continuum robots in the literature A) Concen-
tric tube robot (CTR) actuated by axial rotation and translation of pre-curved tubes (image
from [Chikhaoui 18a], (online)), B) Hybrid continuum robot with a combination of tendon-driven
segments in a concentric assembly manner [Chikhaoui 18a], C) Tendon-driven continuum robot
with extensible segments, using self-repelling magnetic spacer disks, (image from [Chikhaoui 18a],
D) Planar tendon actuated parallel continuum robot [Sven 21], E) Stewart type compliant legs
parallel continuum robots [Bryson 14]

reach confined spaces and interact with delicate or complex objects with precision
and dexterity. They tend to mimic the natural movements of biological organisms,
such as the motion of an elephant trunk, octopus, or snake. With their ability to
navigate through narrow and tortuous environments, they are characterized by re-
duced patient trauma and fast healing/recovery time. For industrial applications,
their flexibility, and adaptability make them suitable for tasks such as inspection,
maintenance, and repair in confined space. They are particularly advantageous in
sectors such as aerospace, where they can navigate within aircraft fuel tanks or in-
spect aero engines. Their ability to navigate through cluttered and unpredictable
environments makes them suitable for scenarios where human-like dexterity and
adaptability are required.

The design and development of continuum robots are driven by several key
objectives. Firstly, researchers aim to improve the robots’ mechanical design to
enhance their range of motion, payload capacity, and manipulation capabilities.
Various design approaches which include the use of tubes, rods, tendon/wire, and
disks are all explored to achieve different desired characteristics and goals. Sec-
ondly, modeling techniques, such as the link kinematic representation, mechanical
model framework, and/or data-driven model approach. These are employed to
accurately represent the deformations and behavior of continuum robots. Lastly,
control algorithms and actuation methods are developed to enable precise and co-
ordinated movements of the robot’s segments, allowing for efficient navigation and

21


https://www.researchgate.net/publication/327973997_Control_of_Continuum_Robots_for_Medical_Applications_State_of_the_Art

Chapter 1. State-of-the-art: CTR and PCR

manipulation in complex environments. Herein, this manuscript focuses mainly
on two types of continuum robots of interest with different kinematics: the con-
centric tube robot (CTR) and the parallel continuum robot (PCR). The focus on
CTR kinematics is because it better suits most MIS applications and due to its
design benefits when compared to other continuum robots e.g. simple structure
and highly scalable as they are made of merely elastic tubes. Also, we extended the
research to PCR, so as to investigate and benefit from both the advantages of con-
ventional parallel robots and continuum robots for micromanipulation. Therefore,
this chapter presents a general literature review of the existing works regarding the
two continuum robots of interest. The first section is focused on the state-of-the-
art of CTRs, which we published in IEEE Transactions on Robotics [Nwafor 23b],
but due to brevity, we only included selected areas that are majorly within the
scope of our research context and the rest at the Appendix Section. Whereas the
second section is focused on PCRs and to the best of our knowledge, there is no
literature review or survey on it. So its state-of-the-art is detailed and arranged
to incorporate the concepts, classifications, and modeling.

1.2 CONCENTRIC TUBE ROBOTS (CTRS)

Tubes 1 &2

Tube 1

Tubes

Actuation unit

Handle with user interface

Figure 1.2: Examples of CTR prototypes in the literature A) Three-tube CTR as Tubes
1 and 2 forms a variable curvature balanced pair that dominate tube 3 [Dupont 10a], B)
Active cannula prototype made of pre-curved superelastic nitinol tubes [Webster 06a],
C) A hand-held CTR prototype with deployed tubes and actuation unit [Girerd 20d],
D) A CTR next to a standard da Vinci laparoscopic tool [Gilbert 16b].

CTRs are composed of a set of pre-curved, thin, telescoping tubes/rods, nested
concentrically [Webster 06b, Sears 06]. Translation and rotation at the prox-
imal end, causes the tubes to interact elastically with each other, leading to
changes in the backbone configuration and distal tip pose. Due to the simplic-
ity of their structure and their extrinsic actuation, they can be easily miniatur-
ized [Burgner 15b] and are among the smallest type of continuum robots. In
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addition, their shape during deployment can be controlled along 3-D curves, with-
out relying on or causing damage to body tissue [Dupont 10c]. They can also be
easily deployed through fluid-filled channels or open cavities (e.g. blood vessels, air
tracts, etc) [Alfalahi 20, Dupont 10c]. Figure 1.2 presents a few selected examples
of CTR prototypes in the literature.
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Figure 1.3: The various components of a CTR prototyping, along with their respec-
tive specifications. The targeted application influences and determines the CTR design
and its validation criteria. The CTR tubes are designed based on the geometry of the
anatomical area and fabricated with processes that depend on the material selected. The
actuation unit is also designed and fabricated using application and tube requirements.
End effectors are selected and integrated into the innermost tube. An integration step
consists in assembling all of these elements together, along with the implementation of
a control system and validation of the CTR performance.
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Over the years, CTRs have attracted a lot of scientific interest, notably be-
cause of their use in minimally invasive surgery (MIS). They do really provide
various potential advantages for MIS due to their tiny size, flexibility, and great
dexterity. In the fields of CTR design, fabrication, control, and applications, re-
search has led to a rising number of discoveries and scientific achievements. From
several research groups around the globe, an extensive number of prototypes with
various designs and specifications have been created. The methods for designing
and fabricating the tubes, actuation unit, and end effector are all covered in this
Section, along with the state-of-the-art in mechatronics for CTRs. In addition
to the different hardware and related manufacturing techniques, a unified scheme
for CTRs classification is proposed to the research community, which is based on
their actuation unit architecture. Last but not least, a set of specification informa-
tion for assessing upcoming CTR prototypes is presented. Since CTR structural
design is divided into three main parts: the tubes, the actuation unit, and the
end effector, as shown in Figure 1.3, this is the basis for Section organization and
discussion. Although the part of actuation unit and end effector are shifted to
Appendix-B and Appendix-C respectively since they are not the main focus of
this Ph.D. dissertation.

1.2.1 Tube design

In general, the CTR tube section is the most discussed in the literature. Fig-
ure 1.4 illustrates the overall shape of each developed CTR prototype that has
been described with sufficient detail in the literature (refer to our online CTR
Prototyping Resources for full details). The shape was obtained considering a
torsionally rigid, constant curvature model with the tube curvatures aligned in a
plane. The tube design process involves finding the desired/optimal tube prop-
erties/specifications for the given application, which may involve the use of pre-
operative medical images. These tube specifications are presented in the red sec-
tion in Figure 1.3.

While the individual segments of a CTR cannot be independently controlled,
that of serial or hyper-redundant robots may because of the actuated joints that
are put between them. Indeed, translating or rotating a distal segment of a CTR
requires the innermost, longest tubes to be actuated. This changes the bending
and torsional equilibrium of the preceding robot segments, leading to a change
in the entire robot’s shape. Therefore, designing a tube set to perform a given
task in a constrained environment is not intuitive to designers, and necessitates
the use of simulations that rely on the kinematic models of these robots. The
synthesis of CTR tubes has mostly been aided by three kinematic models from
the literature. These models are the constant curvature model [Webster 10], a
torsionally-rigid model, and a torsionally-compliant model [Dupont 10b], which
are arranged according to their computational time and complexity.
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Figure 1.4: Representation of the CTR prototypes in the literature (extracted from our
online CTR Prototyping Resources with the necessary parameters) aligned in a single
curvature plane for clear presentation. One can observe the number of tubes for each
prototype and the considered curvatures.

The simplest CTR model created to date is the constant curvature or dominant
stiffness model [Furusho 05]. The robot’s shape is determined by the shape of
the stiffest tube in each connection, according to the assumption that each tube
is infinitely stiff relative to the tubes inside it. This model was used in some
early work for the robot model synthesis, as well as special situations like the
piece-wise constant assumption [Webster 10]. As the ratio of relative bending
stiffness between the tubes approaches one, the assumptions, however, often do
not hold, prompting the creation of a second model that takes into account the
bending interactions between the tubes [Dupont 10b]. Since it is more accurate,
this model has often been utilized often for the robot model synthesis (see Table A.1
in Appendix-A). The torsionally rigid model, although adding some complexity
over the prevailing dominant stiffness model, is still an algebraic closed-form model.
Due to its computational tractability, it has continued to be utilized in recent
years as a preliminary step in the synthesis before being further improved using
a torsionally-compliant model [Dupont 10b, Bergeles 15]. It is still useful today
for the synthesis of CTRs in which tubes are not subject to torsional interactions
and for which the torsionally-rigid and compliant models give identical results for
stable robots, which is the case for CTRs that deploy in a follow-the-leader (FTL)
manner [Gilbert 13, Gilbert 15b, Garriga 18, Girerd 20a).
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The limitations of this model for tubes that interact torsionally were demon-
strated, and this sparked the creation of torsionally-compliant models [Dupont 09a],
which take into consideration both the bending and torsional equilibriums be-
tween the tubes. Torsion was first exclusively modeled in the straight tubes por-
tions [Webster 08a, Webster 09al, but it was later generalized to include both the
straight and curved sections [Dupont 09a, Dupont 10c, Webster 10, Rucker 09,
Rucker 10¢]. These models are considered in the literature as the sweet spot in
terms of modeling complexity and accuracy [Gilbert 16b], compared to the simpler
dominant-stiffness [Furusho 05] or torsionally-rigid models discussed [Dupont 10c,
Webster 10], and more complex models recently developed, that take tube clear-
ance and friction into account [Lock 1la, Ha 19]. It is important to note that
CTR design optimization has not yet utilized these more complex kinematic mod-
els that take into account friction and tube clearance effects. In addition to the
three main models presented, a torsionally-compliant kinematic model that takes
external loads into account [Rucker 10a] has been used in one tube design ap-
proach [Granna 19].
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Figure 1.5: Illustration of a set of CTR tubes, with their design variables represented.

The variables that can be considered for the synthesis of C'TRs are the ones
that appear in the kinematic models used and are reported in Figure 1.5. The
parameters for the dominant stiffness model are the number, lengths, and curva-
tures of the tubes. The torsionally-rigid model adds the bending stiffnesses of the
tubes, which depends on their inner and outer diameters, and on Young’s modulus
of the material used. Finally, the torsionally-compliant model adds the torsional
stiffness, which depends on the inner and outer diameters of the tubes, as well
as on the shear modulus of the material used. See Appendix-A for further detail
concerning CTR tube design, model, and its perspectives.

1.2.2 Tube fabrication

One critical aspect of CTR prototyping is tube fabrication, which often de-
pends on the material to be used. CTR tubes are primarily made using Nitinol,
which is a superelastic alloy of nickel and titanium, and more recently, polymer

26



1.2. Concentric tube robots (CTRs)

materials have also been used [Morimoto 16b, Amanov 15, Picho 22]. A compar-
ison of the mechanical properties of materials used to date is given in Table 1.1,
which can serve as a reference for choosing a tube material. This section presents
the main CTR tube fabrication methods to date: heat-setting of Nitinol and heat-
shrink plastic tubes, additive manufacturing for plastic tubes, and the fabrication
of patterned tubes. Collections of the various tube prototypes in the literature
are provided in our CTR Prototyping Resources (CTR Tube Repository) for both
single and multi-arm robots.

~ Power Leads (18 Ga)

Specimen after

curve :
shape setting

Figure 1.6: A) Joule heating effect by high current flow through the tube [Gilbert 16¢],
B) Air furnace heat treatment using a metal fixture with brass pins [Gilbert 16¢], C) Air
furnace annealing process using engraved aluminum mold [Kim 14].

1.2.2.a Heat setting

Heat setting of Nitinol tubes: Nitinol tubes are typically sold as straight
tubes by manufacturers (see [Thomasnet 21, SMST 21, in China 22| for lists of
various manufacturers/suppliers). It is the predominantly used material for CTR
tubes thanks to its large superelastic range, which enables large workspaces com-
pared to CTRs made of other materials [Gilbert 16¢, Amanov 15]. There are
several patents related to the shape setting of Nitinol, including patents for shape
alloy treatment [Pelton 99], drawing heated Nitinol followed by forming and rapid
quenching [Johnson 11], and treatment for cold worked Nitinol under non-stress in-
duced shape setting [Boylan 11]. Although some companies (e.g. Minitubes [Minitube 22],
Memry [corporation 22a], Nimesis [Nimesis 21]) have mastered the shape setting
of Nitinol using proprietary processes, obtaining these pre-curved tubes is typically
expensive. The research community has therefore developed processes for bending
commercially available straight tubes, typically using heat treatment approaches.

Heat treating depends on the state of the Nitinol acquired from the provider
and requires considerable technical knowledge and specialized equipment in order
to obtain an optimized, consistent, and accurate result without any unwanted
spring-back or material aging [Gilbert 16¢]. There are two main heat treatment
methods for shape-setting Nitinol tubes: (1) heat diffusion using a furnace and (2)
joule heating by passing current through the tubes. For both methods, a patterned
fixture or mold with the desired shape engraved, is used to fix the shape of the
initially straight tubes, as shown in Figure 1.6. These processes require accurate
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Table 1.1: Mechanical comparison of the different tube materials.

Property Material Rating Remarks
Nitinol s Yield strength: 195 - 690 MPa and Young modulus: ~83 GPa [Matthey 0],
recoverable strain up to 11% [Duerig 99
. P 8
Elastlclti/land PLA otk Yield strength: 60 - 70 MPa and Young modulus: 2.5 - 7.8 GPa [Amanov 15]
g;‘;‘sxfrd e PCL *k Yield strength: 16.1 MPa and Young modulus: 0.34 - 0.36 GPa [Amanov 15]
NYL Sk Yield strength: 60 - 70 MPa and Young modulus: 1.5 - 4 GPa [Picho 22,
Amanov 15]
. Tensile strength: 23 - 39.6 MPa and Young modulus: 0.44 - 0.64
at-s ok
Heat-shrink tube GPa [Noh 16, Corporation 22b]
Nitinol FRERE 1,49 mm [Amanov 15]
Tip repeatability PLA HokkE 0.3 - 3.1 mm (the mean error = 1.7 mm) [Amanov 15]
error and PCL *k 0.2 — 9.8 mm (the mean error = 5 mm) [Amanov 15]
Fatigue resistance Ny, oK 0.4 - 7.6 mm (the mean error = 4 mm) [Amanov 15]
Heat-shrink tube =~ ** 1.0 - 2.1 mm (the mean error = 1.55 mm) [Makarets 14]
Nitinol ssrx Min.  internal/external diameter: 0.258/0.33 mm; min wall thickness
0.036mm [GoodFellow 21]
ll\'hcrluat}u:lzatlon PLA s Min. int./ext. diam: 0/1.2 mm, 0.6 wall thickness and resolution 100
dn, L microns [Amanov 15
resolution
PCL Sk Min. int./ext. diam: 0/1.2 mm, 0.6 wall thickness and resolution 100
microns [Amanov 15]
NYL . Min. int./ext. diam: 0/1.2 mm, 0.6 wall thickness and resolution 100
microns [Amanov 15]
Heat-shrink tube ~ ****  Min. int./ext. diam: 1.17/1.67 mm, 0.5mm wall thickness [Noh 16]
Nitinol FRIEE T 11e-6/°C [Matthey 0]
Thermal PLA HRHE - 8.5e-5/°C [Omnexus 21]
effect /shock PCL . 16e-5/°C [Omnexus 21] this can even reshape by heating in hot wa-
(Expan. coeff.) ter [Amanov 15]
NYL *REE - 5e-5/°C [Omnexus 21]
Heat-shrink tube — ** (8.3-10.5)e-5/°C [Corporation 22b]
Nitinol Ik High surface smoothness (best)
Surface PLA *% Low surface smoothness (worst) [Amanov 15]
friction/ PCL ok Medium surface smoothness (good) [Amanov 15]
smoothness NYL wxxx  Medium  surface  smoothness (best among 3-D  printed poly-
mers) [Amanov 15]
Heat-shrink tube — *** Medium surface smoothness [Noh 16]
Nitinol . More complex and challenging fabrication process [Morimoto 16b,
Fabrication Amanov 15]
complexity/ PLA ¥k Not rigorous and direct process [Morimoto 16b, Amanov 15]
customization PCL 3k Not rigorous and direct process [Morimoto 16b, Amanov 15]
NYL HokkE Not rigorous and direct process [Morimoto 16b, Amanov 15]
kokokokok

Heat-shrink tube

Simple and direct process [Noh 16, Makarets 14]

*: Symbol used for the ranking/grading, PLA:

Polylactic, PCL: Polycaprolactone, NYL: Polyamide/Nylon

timing and temperature in order to achieve the desired goal, and deviations can
lead to the relaxation of the tubes from the desired shape (although not quantified
in the literature) or a loss of their superelastic properties [Burgner 13b].
For the furnace heat treatment approach, the use of a box/small furnace
has been widely adopted due to cost, versatility, precise temperature profile,
uniform heat distribution, and the ability to rapidly prototype without much
risk [Shrivastava 04, Gilbert 16¢, Wang 20b], since most are equipped with ad-
vanced features, such as temperature control. Using this approach, the bending
process involves constraining the straight commercial Nitinol tubes in a variety of
fixtures designed to have the desired pre-curved shape (see Figure 1.6b. and Fig-
ure 1.6¢). Once constrained, the tubes will be heated in the furnace for 10 minutes
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at 500°C [Shrivastava 04, Russell 01, Pelton 04, Kapoor 17] and finally quenched
in water at room temperature to suppress the aging effect. The resulting tubes,
however, were said to have a high spring-back which was not quantified and the
quality of the results seemed difficult to predict. In addition, this process is said
to be highly inefficient and requires several trials, significant time, energy, and
material, especially the cost of mold machining and the use of thick steel to min-
imize buckling and thermal expansion bulge, which conversely absorb more heat
than the tube itself. All these prompted the development of electric heat-setting
techniques.

Electric heating on the other hand relies on joule heating, where electric current
passing through the Nitinol tube (which acts as a resistance) generates the heat
needed to shape the tube with the desired curvature [Shrivastava 04, Gilbert 16¢,
Sun 18]. The proposed setup includes temperature control and monitoring using
real-time resistance measurements of the tube. This method was observed to have
several advantages, including (i) the use of high current enables the shape setting
temperature to be reached very quickly, and (ii) there is minimal equipment re-
quired to control the heating while supplying the required current. It should be
noted that the fixture with an engraved pattern must be an electrical insulator with
low thermal conductivity, which excludes the use of metals. A medium-density
fiberboard, ceramic, or 3D printed mold has been used by researchers [Gilbert 16¢,
Wang 20b] (see Fig. 1.6a) for this purpose. The cooling was done through natu-
ral convection, and it was observed that the system operates correctly even when
considering the non-uniformity of the heat sinking effect. Finally, a comparison
between the two heat setting methods showed that the electric heating technique
results are more energy efficient with less spring-back for the tubes compared to
the furnace heating method, as well as faster shape-setting processes [Gilbert 16¢,
Wang 20b, Sabetian 19]. However, the drawbacks of electric heating are: (1) the
requirement for a specific setup, which has some hardware limitations (2) tuning
and calibrating the system to match the tube-specific transition temperature is
challenging, and (3) the uneven thermal gradient/expansion along the tube can
result in undesirable distorted shapes near the clamped ends [Wang 20b]. De-
spite the high cost and inefficiency, the most commonly used approach is still the
furnace heating technique, as recorded in 24 papers [Kudryavtsev 18, Mitros 22,
Kim 20c, Rox 20c, Xu 16a, Ayvali 12, Yan 22, Kim 20b, Nguyen 22, Baran 17a,
Gao 16, Dwyer 20, Kim 14, Xin 18, Lee 15, Mitros 20, Qi 21, Luo 21, Comber 17,
Farooq 19b, Farooq 18, Farooq 19a, Gilbert 15b, Ha 17|, as compared to the elec-
tric heating with only 6 papers [Wang 20b, Morimoto 17b, Alfalahi 21, EHRAT 17,
Pitt 16, Remirez 16], while both approaches are recorded in [Gilbert 16¢, Gilbert 16e,
Sabetian 19].

Heat setting of plastic tubes Although heat treatment has mostly been used
for Nitinol tubes, recent work has investigated the use of heat-shrink tubes. This
approach provides an alternative, rapid, and cost-effective fabrication method. In-
deed, medical-grade heat-shrink tube HS-S14 (Insultab, Inc., Woburn, MA, USA)
has been used in [Noh 16, Makarets 14] for the innermost tube of a three-tube
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Figure 1.7: (a) Fabricated heat-shrink plastic tubes and (b) the jig for fabrication of
tubes, extracted from [Noh 16].

CTR. The bending process consisted of placing the heat-shrink tube in a jig with
a metallic guide wire inside its lumen to preserve its shape. The assembly was
heated with a heat gun and quenched in water after shrinkage of the material with
results as shown in Figure 1.7. The benefits of using heat-shrink tubes include the
low cost and simple process that does not require any expensive and specialized
equipment, such as a furnace or electrical heat setting setup. In addition, heat-
shrink tubes can be bent in a timely manner, allowing for the fast fabrication of
patient- and task-specific tube sets. Nevertheless, some limitations remain with
this type of material. Indeed, the fabricated bent tubes had their radius of cur-
vature permanently increased when translated inside a straight metal tube. More
precisely, rapid changes in their radius of curvature occurred below a few dozen
cycles, most likely due to fatigue [Noh 16, Makarets 14] and tended to stabilize
afterward. Presently, this approach seems to be discontinued, as it is limited to the
fabrication of only the innermost CTR tube. However, there are many potential
benefits of the approach, which could be worthwhile to explore.

1.2.2.b Additive manufacturing for plastic tubes

Additive manufacturing has made it possible to transform a digital model into
a physical 3-D object and is now often used to create rapid prototypes in a num-
ber of industries. It has enabled personalized prototyping, where a given pa-
tient scan can be used to generate a personalized digital model, as can be seen,
in [Amanov 15, Morimoto 17a]. Additive manufacturing is a layer-by-layer con-
trolled process of creating physical objects using a digital model. There are many
different technologies and materials available for additive manufacturing, and sev-
eral were studied in the context of CTRs [Morimoto 16b], each with its pros and
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Accura 25 Nylon D80 PEBA2301 DuraForm  Multi
(SLA) (SLS) (SLS) (SLS) (MJP)
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Figure 1.8: CTR tube prototypes fabricated with additive manufacturing using differ-
ent materials and processes. The stereolithography-SLA (for Accura 25). The selective

laser sintering-SLS (for Nylon D80, PEBA 2301, and DuraForm). multijet printing-MJP
(with different material) by Morimoto et al. [Morimoto 17a].

cons. The first step for prototyping using additive manufacturing is to create a
mesh file of the part to be printed. It was observed that the key to obtaining
optimal results, depends heavily on the printer settings [Amanov 15]. Once the
print is complete, there may be additional post-processing steps to clean unwanted
material, depending on the additive manufacturing process used.

The different materials that were investigated by Amanov et al. [Amanov 15]
lead to varying results. Sixteen tubes for each material were evaluated, and it was
observed that Nylon and Polycaprolactone (PLC) had a comparable accuracy/tip
position error range to that of Nitinol tubes and possess better properties (e.g. sur-
face friction and stiffness/elasticity, etc.) than Polylactic (PLA), with Nylon hav-
ing the smoothest surface. Amanov et al. demonstrated that prototypes created
using additive manufacturing can be fabricated quickly and can easily be patient-
specific and made on-site even in a hospital. Another extensive investigation of
prototypes created using additive manufacturing was carried out by Morimoto et
al. with a focus on personalized designs for pediatric patients using ultrasound
images. In [Morimoto 18], a PCL material was used and follow-the-leader deploy-
ment was implemented. In another paper [Morimoto 16b], Morimoto et al. used
several additive manufacturing processes and materials, as shown in Figure 1.8, to
investigate their different performances. It was observed that the combination of
both SLS (using a polyether block amide) for the outer tube and stereolithography
(polypropylene-like material) for the inner tube, gave the required maximum strain
combination although biocompatibility was not considered. The use of multijet
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additive manufacturing (MJT) was later explored for printing Nylon-12 [Picho 22]
and was found to have higher accuracy, finer resolution, and a smaller minimum
wall thickness compared to SLS, which improved the result of the printed CTR
tubes.

1.2.2.c Fabrication of patterned tubes

Patterning tubes involves removing material from annular cross-section tubes.
Although patterned tubes can be implemented with any of the materials cited pre-
viously for CTRs, they have mainly been explored for Nitinol, and fabrication tech-
niques adapted to this material were explored. Various manufacturing techniques
have been considered, including milling [York 15], laser cutting [Lee 15|, electro
discharge machining [Devreker 15] and femtosecond laser machining [Chitalia 18].
Milling can lead to unintentional heat treatment of the material due to high tem-
peratures during the process, and the diameters of the milling bits limit the di-
mensions of the notches that can be made on the tubes. Laser cutting with long
pulse widths can also generate significant heat but allows for smaller patterns to
be made. Electro-discharge machining and femtosecond laser machining both en-
able small patterns to be made, with femtosecond laser machining being able to
produce the smallest ones. Femtosecond laser machining also minimizes the heat-
affected zones at the edges of the pattern, limiting the undesired heat treatment
of the material [Chitalia 18].

1.2.2.d Tube fabrication: perspectives

Although both Nitinol and polymers have been used to create CTRs, but Niti-
nol continues to be the most commonly used material. Plastic tubes gained some
popularity due to their potential for being low-cost and enabling fast fabrication.
The apparent decline and lack of adoption of additive manufacturing for CTR
tubes can likely be attributed to the present state of additive manufacturing tech-
nologies (printer resolution and obtainable material properties) and some of the
comparable factors identified in Table 1.1. However, Nitinol is an expensive ma-
terial and involves complex processes for shape-setting. Currently, the research
community has almost reached a stagnating point, with the challenge of the con-
stant use of Nitinol for CTR tube design and prototyping. To enable more efficient
customization, improvements in miniaturization, lower-cost tubes, and rapid onsite
fabrication, there is a need for complementary, alternative materials with viable
properties.

1.2.3 Applications

There are different prominent research that proposes the use of CTR in sur-
gical applications. Though, the various CTR application and survey discussions
are already detailed extensively in [Alfalahi 20, Mitros 21]. They can actually be
organized by MIS surgical disciplines which include: neurosurgery, ocular surgery,
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Figure 1.9: Applications of CTR for MIS illustrating the different areas of human
anatomy for the proposed interventions in literature

endonasal surgery, cardiac surgery, fetoscopy, urology surgery, or biopsy (see Fig-
ure 1.9). The Figure illustrates the various ways through which the CTR is de-
ployed through the anatomy to the surgical site for each scenario. Generally, in the
interest of brevity, the applications of CTRs for medical interventions are detailed
in Appendix-D (Table D.1 & D.2).

Particularly, as regards application, current CTRs are still limited in terms
of their size dimensions for some hard-to-reach clinical interventions e.g. neuro-
surgery, vitreoretinal surgery. These kinds of anatomical structures pose chal-
lenges for robots due to their size, complexity, and often delicate nature. A case
study is the retinal vein cannulation, which is a theoretical remedy for retinal
vein occlusion (RVO), that involves the injection of an anticoagulant into the
retinal veins to dissolve the occlusion; however, practical implementation is im-
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peded by inherent physiological limitations like hand tremor and limited depth
perception [Yu-Ting 22]. To that effect, Lin et al. [Lin 15] proposed a vitreoreti-
nal surgery using CTR through sclera incision which has the advantage of non-post
operation suturing and no risk of lens contact. The external Nitinol tube has a di-
ameter of 635um, which follows the 23G vitreoretinal surgery protocol constraint,
that specified a maximum diameter of 650um. This has a difference of 15um with-
out even considering tube size tolerance due to manufacturing errors. Moreover,
in 2019, Farooq et al. [Farooq 19b] proposed a CTR-based puncturing needle for
vitreoretinal surgery but the external tube has a diameter of 812um. To that ef-
fect, the current state-of-the-art of CTRs in the literature for viteroretinal surgery
is limited and has a daunting challenge towards further invasiveness in terms of
Nitinol tube size.

1.3 PARALLEL CONTINUUM RoOBOTS (PCRS)

1.3.1 Concept

In discussions about robotics, we often come across parallel robots, also known
as parallel manipulators or parallel kinematic machines. These robots are unique in
that they utilize a closed-loop kinematic chain, where the end effector is connected
to the base through several independent kinematic chains or legs that operate in
parallel. When comparing parallel robots to their serial counterparts, one notable
difference is that each leg of a parallel robot tends to have a simpler and shorter
design [Jin 15]. This characteristic contributes to increased rigidity, making the
robot more stable and resistant to external forces. Additionally, the motors in
parallel robots are intentionally positioned near the base, which serves the purpose
of reducing the overall moving mass. By minimizing the mass that needs to be
moved, parallel robots can achieve higher speeds and accelerations. Parallel robots
offer several advantages stemming from their unique design features which are
listed below as follows:

1. High stiffness or force capabilities: The load on a parallel robot is distributed
among multiple legs, which results in higher stiffness compared to serial
robots. At the same time, they leverage the contribution of multiple actu-
ators working in parallel to generate output forces. Each leg tends to be
simpler and shorter, leading to increased rigidity or load-carrying capabil-
ity. This distributed load sharing helps reduce deflection and enhances the
overall stiffness of the system. Consequently, parallel robots can provide
higher accuracy and stability during operation, particularly in applications
requiring precise positioning.

2. High acceleration and speed: Parallel robots typically exhibit lower moments
of inertia due to their compact and lightweight design. The shorter and
simpler limb structures contribute to reduced moving masses. As a result,
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parallel robots can achieve higher accelerations and velocities, enabling them
to perform rapid and dynamic motions. These characteristics make them
well-suited for tasks that require quick and agile movements, such as pick-
and-place operations or high-speed machining.

3. Improved accuracy: In parallel robots, joint manufacturing and assembly
errors are distributed and evened out across the multiple kinematic chains.
Unlike serial robots, where errors can accumulate along the entire chain
and affect the end effector accuracy, parallel robots can minimize such error
propagation. This leads to higher overall accuracy, making them suitable for
applications demanding precise positioning and repeatability.

However, it is important to note that parallel robots do come with certain
limitations. One notable disadvantage is their limited workspace volume result-
ing from the parallel architecture. The arrangement of multiple legs in parallel
restricts the range of motion and operational space available to the robot. This
limitation can pose challenges in applications that require a large workspace or
the ability to reach various positions. Additionally, another drawback of parallel
robots is the presence of singularities within their workspace. Singularities refer to
specific configurations where the robot’s kinematic chain becomes over-constrained
or degenerate, resulting in reduced mobility or loss of certain degrees of freedom.
These singular configurations can affect the robot’s performance and motion ca-
pabilities, potentially leading to issues such as reduced accuracy, increased stress
on the structure, or undesired behavior. Understanding and mitigating the limita-
tions associated with workspace volume are essential considerations in the design
and implementation of parallel robots. In fact, recently, there is a further push
and demand for miniaturized smart devices for different applications. Considering
the research development over the years, the smallest parallel manipulators in the
literature include Millidelta [McClintock 18] and Migribot [Leveziel 22]. Though

Rigid link parallel Parallel continuum
robot representation robot representation

9z

Figure 1.10: Schematic representation of rigid link parallel manipulators and parallel contin-
uum robot.
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platform
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Figure 1.11: Different PCR prototype design in the literature A) 6-DoFs Stewart-
Gough type of continuum robot [Till 19a], B) A 6-DOF articulation PCR design proto-
type with possible intermediate constraints for large deflection [Orekhov 17], C) & D)
Tendon actuated planar PCRs [Sven 20, Nuelle 20], E) miniaturized 6-DoFs Stewart-
Gough type of continuum robot with gripper [Till 19b], F) A modular type of PCR
consisting of operative and control units [Mishra 18], G) Delta type pneumatically
actuated silicon rubber PCR [Huang 22], H) An SMA actuated miniature PCR pro-
totype [AbuZaiter 15], I) A slender flexible link PCR design type [Wei 21], J) 6-
DOF articulated PCR design [Gallardo 21], K) Three-limb 6-DOF PCR prototype de-
sign [Chen 21a].

each presents key benefits thanks to their parallel configurations, they are both
restricted to translative motion, which often results in a small workspace. Con-
versely, this issue and limitation can be solved using a new type of parallel robot
called parallel continuum robots (PCRs) [Bryson 14]. Figure 1.10 presents the
schematic representation and difference between the traditional parallel rigid link
manipulator and the PCR.

PCRs are members of the continuum robots family which are composed of
parallel flexible legs or links and actuated at their proximal end. The flexible link
part is often made of rods, tendons, wires, and disks. Figure 1.11 presents some of
the different types of PCR prototype designs in the literature. Notably, aside from
the benefits of parallel kinematic, PCRs have several added advantages which are
as follows:

1. They are characterized by high miniaturization potential and scalability be-
cause no joints are required as they utilize flexible, continuum structures that
allow for continuous bending and deformation, enabling them to achieve var-
ious shapes and motions. In fact, the absence of traditional joints in PCRs
offers several advantages. First, it allows for a higher level of dexterity and
maneuverability. The continuous and smooth bending of the flexible struc-
ture enables PCRs to navigate through tight spaces, reach challenging po-
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sitions, and adapt to complex environments more effectively. Moreover, the
absence of rigid joints eliminates the need for complex mechanical linkages
and constraints, simplifying the design and reducing the number of mov-
ing parts. This can lead to advantages such as improved reliability, reduced
maintenance requirements, and potentially lower manufacturing/prototyping
and assembly costs.

. Unlike conventional robots with rigid joints that require space for articulation
and motion, PCRs rely on the inherent flexibility of their links to achieve a
wide range of motions. Moreover, one of the notable features of PCRs is that
they are often extrinsically actuated, which offers benefits for miniaturization
and is ideal for MIS. This extrinsic actuation setup contributes to the minia-
turization potential of PCRs active part in several ways and is beneficial for
MIS. Firstly, by locating the actuation components at the base, the overall
size and weight of the PCR active part can be reduced. The flexible links and
segments can be designed to be thin and lightweight, without the need to
accommodate bulky internal actuators or power sources. Also, the absence
of rigid joints eliminates the need for bulky mechanical components, allow-
ing for a more compact and streamlined overall structure. Furthermore, the
compact design of PCRs enhances their portability and adaptability. There-
fore, they easily be transported and deployed in various environments due
to their reduced size and weight. This makes them suitable for applications
in fields such as healthcare, where portability and accessibility are crucial.

. They possess better stress distributions and large deformations than compli-
ant structures while maintaining their high scalability and large workspace [Black 18a].
Compliant structures, which rely solely on the flexibility of their materials,
may experience localized stress concentrations or uneven load distribution.
In contrast, PCRs with their parallel kinematic chains distribute external
loads across multiple legs, resulting in a more balanced and uniform stress
distribution. This characteristic contributes to enhanced structural integrity,
reduced risk of material failure, and improved overall performance. Fur-
thermore, PCRs possess the capability to undergo large deformations while
maintaining their functionality. This enables them to achieve significant
changes in their shape, curvature, and configuration, allowing for versatile
manipulation and interaction with the environment.

. In addition, they offer the possibility of tracking the interaction forces if the
deformations of the legs can be measured [Black 18a, Aloi 18a]. The flexible
links of a PCR exhibit deformation when subjected to external forces or
interactions with the environment. These deformations can be measured
using various sensing techniques such as strain sensors, optical sensors, or
even by analyzing the kinematics and dynamics of the robot. By monitoring
the deformations of the legs, it becomes possible to estimate the interaction
forces between the robot and its surroundings. Tracking the interaction
forces in PCRs has several benefits. Firstly, it allows for the implementation
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of force feedback control, enabling the robot to have a sense of touch and
the ability to exert the appropriate forces during interaction tasks. This is
particularly valuable in applications such as manipulation, haptic feedback,
or tasks that require delicate force control.

Currently, there is a huge paradigm shift from the conventional rigid link robots
to the continuum (continuously deformable) ones in medical applications. This is
due to their compliant nature and safer robot-human interactions. All these advan-
tages and benefits open up opportunities for the design of many PCR manipulators
of all sizes and kinds, which are explained in detail below.

1.3.2 Classifications

Classification of PCRs
Spatial PCR Planar PCR

Schematic diagram

q1
+ a0 q3,

Actuation type References Actuation type References

Till 17a, Orekhov 16a, Black 18a] Motorized [Koehler 19, Campa 19, Mauze 20]
Till 17b, Till 19a, Aloi 18b, Wu 22] [Mauzé 21a, Shahabi 19, Kuo 17]
Young 19, Wu 19, Vanneste 21] [Altuzarra 19c, Wang 23]

Motorized [
[
[
[Aloi 18a, Orekhov 17, Li 20, Wei 21]
[
[
[
[

Boundary
actuation PCRs

Bryson 14, Till 15, Black 18b]
Gallardo 21, Chen 21b, Orekhov 16b]
Jiang 15, Zheng 20, Orekhov 15]

Link type
Lilge 23, Wen 22, Yang 18b] Motorized [Lilge 21, Kathrin 20, Lilge 20]

Motorized

Pneumatic [Hopkins 15, Rivera 14, Huang 22]
Yuan 18, Singh 17, Amanov 21]
Distributed Falkenhahn 15, Zhang 20]

actuation PCRs

[
(
[
[

SMA [AbuZaiter 15] EAP [Moghadam 15]

Figure 1.12: General classification of PCRs based on their structural design configuration or
architecture, which is either non-planar that is characterized by out-of-plane motion or planar,
which is restricted to in-plane motion when actuated.

The family of PCR is quite vast and they have different nomenclature in the
literature such as their mode of actuation e.g. pneumatic, motorized, semicon-
ductor memory alloy (SMA), and electro-active polymer (EAP) actuated or even
by their number of links e.g 3 links (delta), 6 links (stewart Gough). Generally,
PCR can be classified based on its structural architecture, which is either planar
configuration or non-planar configuration (See Figure 1.12). Although we have
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two different PCR link types, which are 1) boundary actuated: here, the defor-
mation/configuration of the PCR goes with the variation of boundary actuation
length, and 2) distributed actuation: link deformation is a result of a change of
stiffness distributed along it upon actuation. The boundary actuated link PCRs
are simple to design and their links can be easily scaled down unlike the distributed
actuated counterpart, whose mechanics are even more complex. The different PCR
classifications are discussed in detail below in the following.

1.3.2.a  Planar parallel robots with continuum legs

This is a type of PCR whose structural configuration and kinematic mechanism
only allow in-plane motion or displacement of the flexible continuum link when
actuated. Figure 1.11C & D, present some planar robot prototype designs in
literature, while the schematic diagram representation of this kind of PCR with 3-
links is shown in Figure 1.12. Moreover, two straight-link PCR can be regarded as
planar because its motion upon actuation is restricted in-plane. This category of
PCR is often limited in workspace area due to their in-plane motion but conversely,
they are characterized by good precision and accuracy [Mauze 20, Mauzé 21al.
This feature is very beneficial in micromanipulation applications. Although, the
majority of this category of PCRs are mostly actuated by a set of motors rather
than a pneumatic approach (see Figure 1.12). Planar PCRs are not limited to
motorized types as Moghadam et al. [Moghadam 15] demonstrated the ability to
use electro-active polymer (EAP), which is an active deformable link to design a
planar PCR for micromanipulation.

1.3.2.b Spatial PCRs

These are types of PCRs whose architecture and mechanics are characterized
by out-of-plane motion or displacement upon actuation. We have so many different
kinds of spatial PCRs in the literature, such as 1) tendon-driven PCRs [Peiyi 21,
Orekhov 17, He 18, Wu 19, Till 17a, Black 18a, Gallardo 21|, 2) wire & disk or
cable-driven PCRs [Jiang 15, Azamat 18, Rone 14, Boettcher 21, Sven 22|, 3) pneu-
matically driven soft PCRs [Hopkins 15, Rivera 14, Huang 22, Sun 20, Singh 17,
Lakhal 16], and 4) Electric driven or shape memory alloys (SMA) link PCR [AbuZaiter 15].
A detailed summary of sub-classifications of the spatial PCRs in the literature,
which is based on their continuum link type is presented in Table 1.12.

The spatial or non-planar type of PCRs with their different schematic diagrams
presented in Figure 1.13, are more pronounced in the literature (see Figure 1.11 and
Figure 1.12). This is due to the benefit of higher DOFs by increasing the number
of links and large workspace considering its large out-of-plane bending/rotation.
Moreover, it is suitable for lots of PCR designs such as pneumatically driven soft
PCRs unlike the planar counterpart (see Figure 1.12). Figure 1.13 illustrates
through a schematic diagram, the different spatial PCR designs and concepts in
the literature. The majority of this category of PCRs are designed with a mo-
torized actuated type followed by pneumatic actuation. In fact, there are hybrid
types of non-planar PCRs that are been actuated by both motor and pneumatic
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Figure 1.13: Schematic diagram for the different types of spatial PCRs in the literature
A) vertical linear actuator rod or slender tendon PCR type, B) horizontal linear actuator
rod or slender tendon PCR type, C) Electric/pneumatic driven PCR type, D) wire/cable
and disk actuated PCR type.
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Figure 1.14: A state-of-the-art of spatial PCRs in the literature considering their
actuation DOFs versus the leg length, so as to compare their individual sizes. A) Minia-
ture 6-DOF PCR with a cable-driven grasper [Orekhov 15|, B) A design that turns
an articulated 3-PPSR Manipulator into a PCR [Gallardo 21], C) A 6-DOF articula-
tion PCR design with possible intermediate constrained with disk integration for large
displacement [Orekhov 17], D) Three-limb 6-DOF PCR prototype design [Chen 21a],
E) Stewart-Gough configuration PCR which allows for full six degrees of freedom
end effector control [Aloi 22], F) A similar 6-DoF Stewart-Gough type of continuum
robot [Bryson 14], G) An SMA actuated miniature PCR prototype [AbuZaiter 15|, H)
Delta type pneumatically actuated silicon rubber PCR [Huang 22], I) A modular type
of PCR consisting of operative and control units [Mishra 18], H) Three DOF multi-
constrain PCR [Wu 19].
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as proposed in [Sun 20, Yaxi 21]. In addition, there is a reconfigurable non-planar
PCR design proposed by Mahoney et al. in [Mahoney 16b].

Figure 1.14 presents the state-of-the-art of spatial PCRs from publication pa-
pers under our reach, that gave clear details of the robot design specification. The
figure shows the position of each PCR when considering its leg actuation DOF
and the leg length at nominal configuration. One can notice that irrespective of
the DOF, the leg lengths of all the robots are above 30mm. This shows a level
of limitation in terms of the miniaturization of the robot for micromanipulation,
in order to benefit the advantages of parallel configuration and continuum robot
design. From Figure 1.14, most of the proposed PCRs are characterized by 6-DOF
actuation, which requires extra motors and makes the system bulky. Moreover,
considering that most of the PCR design uses Nitinol rods/tubes, this presents
a literature gap in obtaining a miniaturized PCR. Potentially, the use of sub-
millimeter rods like glass optical fiber could serve as a possible solution to bridge
the gap. At the micro-scale, materials become flexible and in fact, the possibility
of using optical fiber comes with the benefits of light carrying capability of glass
for possible end-effector actuation or manipulation. In the subsequent Chapter,
the research interest will be focused on the actualization of a miniaturized PCR
made of glass, which falls within the target boundary as shown in Figure 1.14.

1.4 CONTINUUM ROBOT MODELING

The standard rigid-link manipulators are well-understood and discussed exten-
sively in the literature, whereas in contrast, for continuum manipulators there is
still debate within the robotics community especially in terms of its modeling and
control [Robert 10, Rucker 11a, Chikhaoui 18a]. The flexible link characteristic
of continuum robots serves as their main advantage for practical applications but
poses challenges in understanding and describing their physical behavior. The
complex relationships between actuators and end effector dynamics further com-
plicate the modeling of continuum robots, resulting in significant attention and
the emergence of various concepts within the robotics community [Russo 23].

In continuum robotics, robot configuration refers to the shape and arrange-
ment of its flexible structure, where the pose of the system elements is compatible
with the internal (joints) and the external (geometric boundary conditions) kine-
matic constraints [Armanini 23]. The motion of a continuum body is defined by a
continuous sequence of configurations along time, whereas, a change of its configu-
ration results in a displacement, which usually has two components: a rigid-body
displacement and a deformation. To design and control such complex robots ef-
fectively, accurate modeling techniques are crucial. Modeling on the other hand is
often a mathematical or analytical framework, that links the behaviour and kine-
matics of a robot to the applied load/stress or upon actuation. The formulation
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Figure 1.15: Different approaches of modeling continuum robots in the literature
based. This is arranged in terms of the kinematic framework and the mechanical for-
mulation used while considering either the discrete or continuous approach. A) Approx-
imation of continuous shape by series of discretized rigid links connected by spherical
or revolute joints, B) Constant curvature with geometrical arc segment representation
of continuum shape, C) Variable curvature which involves a continuously evolving ref-
erence frame achieved by integrating along the continuum rod, D) representation of
the robot kinematics in a 3D shape dimension, E) Lumped parameter mechanics which
approximate the response of a continuum robot upon actuation or load by using dis-
crete spring(k) mass(m), damper(c) system, F) Energy-based mechanics formulation to
describe the continuum robot shape while using any of the kinematic frameworks, G)
Non-energy-based approaches using the classical elasticity theorems that consider the
conservation/equilibrium relationship of forces and moment acting on the continuum

link /robot.

of continuum robot modeling is more complex when compared to conventional
robots [Trivedi 08b] and their level of complexity depends on the number of con-
straints considered or the approach used. Each one is subject to a different level
of complexity, accuracy, and computational requirement along with the robot’s
architectural design or composition. An overview of the different continuum mod-
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eling approaches in the literature is discussed below. Apparently, the different
approaches to modeling continuum robots are discussed in detail as presented in
Figure 1.15.

1.4.1 Kinematic frameworks

This is used to represent the shape/geometry of a continuum body as shown in
Figure 1.15. Among the kinematic framework for continuum modeling, we have; 1)
pseudo rigid, 2) constant curvature 3) variable curvature, and 4) 3D dimensional
shape representation framework approach.

1.4.1.a Pseudo rigid kinematic framework

The pseudo-rigid body model is a familiar discrete approach employed for
modeling compliant mechanisms. The development of this model for contin-
uum robots stemmed from the desire to leverage the existing theories and prin-
ciples of rigid robotics. These models represent the continuum bodies as a se-
quence of interconnected rigid links joined by revolute, universal, or spherical
joints [Armanini 23, Burgner 15a]. In this approach, a series of homogeneous
transformations generated from standard Denavit-Hartenberg (D-H) parameter
tables are used to describe a continuum curve by discrete approximation (see
Figure 1.15A). When it comes to modeling continuous elastic structures, the ef-
fectiveness of this approach varies depending on the type of robot being modeled.
Certainly, these models are perfectly suitable for discrete structure manipulators.
However, it is important to note that discrete models can also offer accurate ap-
proximations for continuous elastic structures. As such, they can produce satis-
factory results for hyper-redundant or snake-like robots, but they exhibit a lower
order of spatial approximation accuracy when dealing with continuous elastic struc-
tures. Additionally, the identification procedure required for these models remains
expensive. In a specific study presented in [Kutzer 11], a dexterous catheter ma-
nipulator is represented using a series of pin joints that are interconnected by rigid
links. Another approach, described in [[Khoshnam 13|, uses a pseudo-rigid 3D
model to capture the behavior of a steerable ablation catheter. The catheter itself
is considered a cantilever beam, represented by four rigid links connected through
three revolute joints and three torsional springs. This kinematic framework was
also used for the medical continuum robot modeling of a catheter for intracardiac
navigation [Ganji 09].

1.4.1.b Constant curvature models

Unlike rigid-link models, constant-curvature kinematic frameworks portray con-
tinuum robot geometry through a finite set of curved segments, all of which are
mutually tangent and maintain a consistent curvature along their length (refer
Figure 1.15B). This approach is widely regarded as a favorable attribute in con-
tinuum robots, primarily due to the inherent simplifications it offers in the do-
mains of kinematic modeling, real-time control, and other pertinent computa-
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tions [Armanini 23, Burgner 15a]. Noteworthy to mention that in this context,
“constant” refers to being unchanged in regards to arc length, not in relation to
time. In this kinematic framework, the position and orientation at any point on
the robot can be written as a function of the arc parameters, which are the cur-
vature, length, and angle. Moreover, this approach provides an alternative and is
regarded as the most common form of lumped parameterization [Robert 10], where
the entire link segment is assumed to have a constant bending curvature. While
the variable curvature is described by functions that are integrated over the arc
length, the constant curvature consists of a finite number of curved links which are
described by a finite set of arc parameters that can be converted into analytical
frame transformation [Robert 10]. The formulation involves constant curvature
assumption, which minimizes the number of model parameters, thereby making it
simple and can be used for efficient kinematics and static models [Camarillo 08].
However, they suffer from low accuracy and can only account for pure bending with
no external force [Rao 22]. This huge limitation paved the way for a new approach
called piece-wise constant curvature assumption that accounts for both twist and
bending curvature with the link centerline modeled as a series of mutually tangent
circular arc [Rone 14, Yuan 19]. Here, the tip coordinate frame can be computed
by analytic integration of each constant-curvature segment followed by the con-
catenation of the resultant set of relative transformations [Dupont 10b, Sears 06].
The arc parameter that defines the configuration space of the link centerline is
composed of three variables; 1) curvature , 2) plane rotation angle ¢ and 3) arc-
length s € [0 ], with arc bend/rotation 6 = ks (see Figure 1.16).

Out of plane
rotation

.................. A G,

: (r,0)

Figure 1.16: The geometry of a continuum robot provides a means of determining the pose
of points along it [Neppalli 07, Webster III 07]. Using arc geometry approach with p = [r(1 —
cosf) 0 rsind]T, and then R,(0) & R.(¢) € SO(3). Left figure, consider ¢ = 0 then the arc
segment lies in « — z plane whereas, the right figure is a case where the arc rotates ¢ out of z — z
plane.

There are different approaches that gave identical results e.g arc geometry,
D-H parameter, Frenet-Serret frames, integral representation, and exponential co-
ordinates that can be used to obtain the pose of the link centerline in terms
of homogeneous transformation matrix T parameterized by (k, ¢,[) as reviewed
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in [Robert 10]. This matrix is used to derive the task space coordinates or pose.
Where T is the transformation from base to tip given in Equation 1.1 & 1.2. To
orient the tip frame to align with the base frame when no rotation about the local
z-axis e.g adding a gripper, then T'(k, ¢, 1) = *T,(¢) *T,(0) *T,(—9).

Tl 00) =T D0 = [0 ] [T PO

Rotation Inplane transformation

COS¢® COSKS —sSinks cos¢ sinks % cos p(1l — cosks)
. . . 1 .
sing cosks cosks sing sinks <—<sing(l — cosks
T(s,0.0) = ™, O simns SOl - sl 1)
—sin ks 0 COS KS ~sinks
0 0 0 1

For piece-wise constant curvature, the pose is computed as the concatena-
tion of the different arc segments that makes up the centerline shape, compos-
ing a series of arc-to-arc transformation matrices, with the resultant pose as
P =T, T,. Where n is the number of arc segments. By precurving each tube
such that its curvature is piecewise constant, the combined telescoping curva-
ture is also approximately piecewise constant and this is true even when torsion
is considered [Dupont 10b]. One of the main restrictions of these PCC models
is that the use of parametrization and kinematic maps can implicitly provide a
numerical singularity that occurs when the curvature tends to vanish (k — 0),
resulting in an infinite or undefined radius of curvature. To address this con-
straint, several solutions have been proposed in the literature. One approach,
presented in [Godage 11c, Godage 15a], involves representing the rotational and
positional components of the homogeneous transformation (Equation 1.2) in modal
form. Additionally, a Lagrangian-based method was presented in [Godage 11a,
Godage 11b] to analyze the spatial dynamics of a single-section continuum arm.
This approach was subsequently extended to encompass multi-section continuum
arms in [Godage 16]. The PCC approach has been used in PCRs as presented
in [Lilge 20, Yang 18b, Moghadam 15, Grace 22, Nuelle 20]. One could see that
the number of papers using this approach is quite few due to the drawbacks associ-
ated with it, although it is the reverse for CTRs because the robot shape with the
nested pre-curved tubes conforms well to arc geometry. For CTR, it has been used
in [Robert 10, Neppalli 07, Webster III 07, Dupont 10b, Sears 06, Webster 06b,
Sears 07, Webster 08a, Webster 09¢, Rucker 10b, Gilbert 13, Bergeles 15, Anor 11b,
Webster 10]. In fact, this is the approach we adopted for the forward kinematic and
inverse kinematic modeling of the sub-millimeter robot made of glass in Chapter 3.

Clearly, the lumped parameter approach is an extension of the discrete-link or
pseudo-rigid kinematic framework, although this mechanics has been used along
with constant curvature kinematic framework in [Zheng 12]. To approximate the
mechanical behavior of a continuous elastic and/or viscous medium, the approach
involves attaching discrete mechanical elements such as point masses, springs, and
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dampers to the kinematic framework (refer to Figure 1.15E). Representing a con-
tinuum body as a collection of discrete masses, dampers, and springs is one of
the simple methods for modeling continuum robots. This approach enables the
derivation of governing equations by using energy methods or applying classical
Newton equations [Armanini 23, Burgner 15a]. These equations accurately de-
scribe the transmission of forces between particles within the configuration space.
In [Habibi 18, Habibi 19], the mass-spring-damper arrays were used to accurately
model the extensive deformations of a continuum surface (LDCS) actuated by a
continuum arm that undergoes large deformation. Lumped-parameter mechan-
ics models offer a significant benefit due to their simple structure, which allows
for the easy incorporation of complex phenomena like nonlinear friction, material
hysteresis, and inertial dynamics. However, to achieve the same level of accuracy
as continuum mechanics models or the FEM, they necessitate a large number of
DOFs and an extensive system identification process that requires a substantial
amount of data.

1.4.1.c Variable curvature kinematic framework

This was used in the early days of continuum robots to resolve redundancies
and control the shape of hyper-redundant serial manipulators [Burgner 15a]. The
backbone pose of a robot in variable-curvature frameworks is represented by a
material-attached homogeneous reference frame. This frame includes a position
vector p(s) € R? and a rotation matrix R(s) € SO(3), which express the pose as a
function of the robot’s arc length, denoted as ’s” (see Figure 1.15C). The rotation
matrix undergoes progressive changes along the arc length and the evolution of
the pose from the base to the tip along the arc length is given by the differential
kinematic relationships below:

- (1.3)

Where " denote derivative with respect to arc length, v € R® denote the linear
velocity vector of a rigid body expressed in body-frame coordinate, while u € R3
denotes the curvature vector which expresses the angular rate of change about
the current axis of R(s) and finally, " represents a mapping from R? to s0(3). By
knowing the functions u(s) and v(s), it becomes possible to calculate the shape of
the continuum robot’s backbone. This calculation involves solving the differential
kinematic equations 1.3 as an initial value problem, starting from the base and
proceeding towards the tip of the robot. Equations 1.3 can be integrated using
standard explicit numerical integration methods such as the widely used fourth- to
fifth-order Runge-Kutta scheme. Moreover, most continuum robot designs have
short integration arc lengths and relatively low curvatures. Therefore, utilizing
the explicit integration approach can yield highly precise approximations for both
R(s) and p(s) [Rucker 10b, Lock 10b, Burgner 15a]. Due to the simplicity and
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faster computation, quasi-static modeling is often used in the literature, which was
what we used in Chapter 4 for the miniaturized PCR made of glass that adopted
this approach.

1.4.1.d 3D shape dimension kinematic framework

Here, the continuum structure of the robot is discretized into finite volumet-
ric or beam elements. Each element represents a small segment or mesh of the
continuum robot, and the deformations within each element are described using
interpolation functions. This approach often goes with the finite element modeling
approach which is detailed in 1.4.3.a.

1.4.2 Mechanics formulation

This involves the use of constitutive equations of forces and moments bal-
ance or equilibrium relationship to relate continuum body shape and motion to
actuation/external loads. Each of the mechanics’ formulations as presented in Fig-
ure 1.15 can be combined with the different kinematic frameworks to actualize a
mechanics-based representation of the robot shape via governing equations and so,
they are not mutually exclusive. The various mechanics’ formulation approaches
are detailed as follows:

1.4.2.a Energy-based approach

This robust method has found extensive application in continuum robot re-
search, serving diverse objectives but most importantly as related to analyzing
instability or bifurcation. It is a special approach using an energy minimization
or Lagrangian approach that relates the continuum link deformation elastic en-
ergy. This permit obtaining the robot dynamic potential and kinematic energy
which provide an easier and more efficient method for continuum robot stabil-
ity analysis or even singularity configuration while considering the bending and
torsional energy [Rucker 10e, Gilbert 16a, Briot 22b, Xu 10a, Zaccaria 20]. The
energy minimization approach was used alongside the constant and variable cur-
vature kinematic framework for modeling/analyzing the torsional instability be-
havior of concentric tube robot [Rucker 10e, Webster 09b].

Although, this approach is challenging to formulate depending on the complex-
ity of the continuum design and it is less intuitive. From the literature and as re-
gards the PCR modeling, this approach has been used in [Zaccaria 20, Briot 22b,
Goldman 14], though they are quite a few in number. For CTR, this approach
has been used in [Bai 12b, Webster 08a, Hendrick 15a, Webster 09b, Rucker 10d,
Xu 14, Dupont 09a, Gilbert 16a, Gilbert 16a]. In fact, we used this method for
the bifurcation and stability analysis of our sub-millimeter CTR made of glass in
Chapter 3.
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Considering CTR, this approach of using minimization of energy and that of

Newtonian equilibrium of forces and moments have been shown to be equiva-
lent [Gilbert 16b, Rucker 10b].

1.4.2.b Classical elasticity theories or Non-energy-based approach

In the absence of specific assumptions, these formulations rely on classical
three-dimensional continuum mechanics theory. Although, alternative approaches
involve conceptualizing the robot as slender structures such as beams and rods,
which utilize Cosserat, Kirchhoff, and non-linear Kuler-Bernoulli beam theories.
For the past decades, classical elasticity theories have served as a reliable tool in
accurately describing the mechanics of continuum robots, while presenting a well-
established and comprehensive framework accessible to the continuum robotics
community. Actually, it has become one of the most used approaches for contin-
uum robot formulation. Starting with the widely used classical Bernoulli-Euler
beam theory which states that internal moment is proportional to change in cur-
vature, given as M = FElk. It is most effective when considering large deflection.
The next one which is very popular is the Cosserat rod theory, which is used for
both dynamic and static continuum robot modeling. In fact, an extension of it
when shear and axial strain are neglected is known as Kirchhoft’s theory. The
Cosserat rod formulation is a simplified approach that involves directly model-
ing the slender rod as a material line, where a sequence of rigid cross-sections
is continuously arranged as shown in Figure 1.15. This particular modeling ap-
proach has become recently and popular tool for obtaining a general model of
continuum robots [Burgner 15a]. The model was developed in the early 20th cen-
tury [Antman 05] and has been used by different research communities, the popular
being in computer graphics [Pai 02], whereas it was first applied for a continuum
robot in 2008 [Trivedi 08a].

In the static scenario, the classical Cosserat rod model comprises a set of non-
linear ordinary differential equations that describe the internal force and moment
vectors supported by a rod-like object in a state of static equilibrium as a function
of s, given as:

/ (1.4)
m =—-—p xn—1

where i and m are the internal force and moment vectors carried by the rod at
s, and f and I are the external distributed force and moment vectors. The static
equilibrium Equations 1.4 are coupled to the kinematic Equations 1.3 through some
material constitutive law (linear elastic relation of stress-strain) to fully constrain
the ODE system, given as:

v=v"+K_'R'n

1.5
u:u*—i—Kb_thTm (1.5)
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The variables v* and uw* indicate the shape of the rod in a stress-free situation,
while the homogeneous stiffness matrices given as K, = diag([GA, GA, EA|)
and K. = diag([Ely,, Ely,, GI,.]). The set of Equations 1.3, 1.4, and 1.5) can
then be solved subject to any appropriate boundary conditions on p, R, n, and
m. This formulation is generally applicable for different varieties of robots whose
shapes are governed primarily by elasticity [Burgner 15a] e.g. CTRs and PCRs,
which are going to be discussed in the subsequent Chapters. To compute the
general continuum robot mechanics, one needs to solve for the closed formulation
obtained by the set of nonlinear PDEs/ODEs along with the boundary conditions
(BCs) imposed by the robot couplings at the proximal point, distal point, and
including intermediary constraints if any. Most times, the close-form solutions to
the derivatives are unknown, therefore, numerical integration along the continuum
link arc length from base to tip is employed. From the literature, the numerical
resolution solvers include a 3D finite element model (FEM), finite difference, and
shooting method. These are detailed below as follows:

1.4.3 Numerical resolution solvers

1.4.3.a FEM method

This approach uses the finite element method (FEM) as presented in 1.15D.
Moreover, FEM is a well-known and widely-spread numerical technique for find-
ing approximate solutions to PDEs. FEM provides accurate representations of
the flexible structures as it permits to incorporate or build the 3D robot shape
but conversely, it is computationally demanding. Instead of describing continuum
robots as a set of discretized centerlines/backbones, the FEM uses mesh (trian-
gular, tetrahedral e.t.c) or nodal coordinates for element-by-element discretized
volumetric computation, which captures the full features of the robot under anal-
ysis. By solving the governing equations for the finite elements, the overall defor-
mation and configuration of the continuum robot can be determined. According
to [Armanini 23], once the space discretization is performed, the continuous field is
approximated within each element using polynomial interpolation based on values
at the element edges, also known as nodes. This discretization process transforms
the original continuous formulation into a system of ODEs for transient problems
or algebraic equations for steady-state problems, resulting in a static equilibrium
given as:

Qint(q) = Qewt(q) (16)

where Qint(q) and Qc.:(q) represent the internal and external generalized
forces, respectively, while g are the generalized coordinates, i.e. the nodal posi-
tions. On the other hand, the dynamic equilibrium is given by a system of ODEs:
g=v

1.7
My + th(q, 'U) = Qemt(qa U) ( )
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where M is the (constant) generalized mass matrix. Note, Equation 1.6 and
1.7 are evaluated by integrating the distributed variables element-wise using shape
functions as a kinematic map, while the assembly process guarantees the correct
positioning of each mesh element. This approach requires FEM software as the
method is often used for most soft continuum robots that need to incorporate some
material inelastic features/behavior or directional deformation which are hard to
model in one dimension. Moreover, the FEM represents a standard for many
popular simulation software, such as Abaqus, ANSYS, SOFA, and Comsol. This
software offers a significant benefit in its versatility, as it can be utilized for vari-
ous physical problems including structural dynamics, fluid-structure interactions,
contact, and thermodynamics. However, this broad applicability comes at the ex-
pense of higher computational requirements, resulting in longer convergence times
for simulations, particularly in dynamic scenarios.

There are some FEM software that has been used in the literature for mod-
eling and simulation of CTRs and PCRs. For PCRs, this include include 1)
“SOFA” [Duriez 13, Gallardo 21, Vanneste 20, Cangan 22, Vanneste 21], 2) “MAT-
LAB (ANCF-based)” [Huang 22], 3) “Abaqus” [Zhang 20, Huang 22, Zheng 20],
4) “ANSYS” [Yaxi 21]. One would notice that with this approach, researchers tend
to use SOFA mostly because it is dedicated to soft robotics simulation and control
based on real-time modeling for the robot deformation [Schegg 23]. For CTRs, this
includes: 1) “ADINA” [Back 16, Lee 15], 2) “Abaqus” [Kim 19a, Wang 19b], 3)
“Altair/Solidworks” [Xin Jue Luo 18, Azimian 14b], 4) “Creo” [Xu 20], 5) “COM-
SOL” [Song 23]. In general, this method has it benefits of higher accuracy and
taking into account the entire robot shape, for cases of non-slender part/section
or soft robots but the drawback includes the challenge in model formulation and
higher computational time/resources required since it’s 3D composition. These
are the more reason researchers tend to use the slender rod approach.

1.4.3.b Finite difference method

The finite difference method is a well-established and straightforward technique
for solving PDEs and it is commonly employed for tackling various computational
challenges. Considering the deformation energy of a planar slender rod, this ap-
proach was used in [Zaccaria 20] to approximate the derivative of the rotation 6 of
a slender rod. The expression for the derivative of the rotation 6; of the element ¢
Is given as:
b=

0

=" (1)

where the rod length L is discretized into N elements given as d. = L/N. In the
field of continuum robotics, researchers have successfully utilized the finite differ-
ence method for both cases of statics [Peyron 18, Briot 22b, Peyron 19, Zaccaria 20],
and dynamics [Lang 11, Renda 14]. Some of the drawbacks include grid depen-
dence, limited geometrical flexibility, and difficulty to handle BC for complex sys-
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tems properly [KREISS 74, Mantzaris 01, Perrone 75]. For the continuum robot
community, the most often used approach is the shooting method, which is dis-
cussed in detail below.

1.4.3.c Shooting Method

The shooting method is a widely used numerical technique for solving bound-
ary value problems (BVPs) in one-dimensional space or time. It is also appli-
cable to solving BVPs for continuum robots. The shooting algorithm involves
integrating a series of initial value problems, where the unknown proximal con-
ditions are initially estimated and then iteratively adjusted using a Newton-type
algorithm. This process continues until a solution to the BVP is obtained, satis-
fying the given distal boundary conditions. By employing the shooting method,
BVPs for continuum robots can be effectively solved through the step-by-step re-
finement of initial conditions. Figure 1.17 summarizes the process of using the
shooting method for solving problem formulation of continuum robot as presented
in [Black 18a, Till 19b, Black 17, Aloi 22]. To update the guesses, MATLAB’s
fsolve() function is often used, which is configured to implement several algorithms
e.g. trust-region dogleg algorithm, Levenberg-Marquardt Method.

Output result

Update guess value
and evaluate Jacobian

Solve guess
(rod integration & BVP)

A

Figure 1.17: Flowchart for shooting method for numerical solver. The input variables
are specified, and the unknown and output variables are guessed.

For example, considering the inverse kinematics problem of a PCR, which in-
volves finding the unknown arc lengths L; that satisfy the known desired pose p.
and R,.. This problem is considered a boundary value problem due to the geomet-
ric and equilibrium constraints imposed on the system [Till 19b]. The boundary
conditions are divided into distal boundary couplings, proximal boundary cou-
plings, and optional intermediary boundary couplings. However, the end effector
is subjected to static equilibrium conditions, which are enforced by summing forces
and moments around the global origin. These conditions apply regardless of the
specific joint type/coupling used to connect the flexible links to the end-effector
platform. This is given as:
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where F' and M are external force and moment vectors, expressed in global
coordinates and applied at the centroid of the end effector, p.. The remaining
distal or proximal boundary conditions are based on the joint types which connect
the rods to the actuators at one end and the rods to the mobile platform at the
other end respectively, (see [Black 18a] for full detail on geometrical constraints
and BCs formulation). The shooting method formulation in solving BVP involves
a unique choice of guessed variables and residual equations. The guess vector G,
considering the number of parallel links ¢ is given as:

G = [nl(0), m](0), L;]* (1.10)

K3 1

The objective function error E is expressed as:

E(G) =((ED)", (EN)", (B)", (BM)"]" (1.11)

These are evaluated via the shooting method following the algorithm in Fig-
ure 1.17. This is the most used method for the PCR and in fact, this is the
approach we adopted for that of the miniaturized PCR made of glass in Chapter 4
due to its computational efficiency, accuracy, and simplicity. Nevertheless, there
are other approaches for continuum robot modeling and control which are not
within the classical kinematic and mechanics framework approach. This involves
the use of a proxy or surrogate model approach as discussed in detail below.

1.4.4 Proxy models

In contrast to the previously discussed models, an alternative approach to mod-
eling a continuum robot involves using extensive datasets. These approaches are
commonly known as proxy or surrogate approaches and [Kim 21, Wang 21] pro-
vide a survey on some of them. While one advantage of these solutions is their
independence from a physical model, they heavily depend on collecting substantial
amounts of representative data, which can be challenging. Though, this approach
presents a computationally fast estimation of the kinematics without requiring
the knowledge and the uncertainties in the physics-based model [Grassmann 18,
Xu 16b, Pourafzal 21]. The majority of this approach for continuum robot mod-
eling primarily employs the neural network method and data-driven approach.

In various application domains including robotics, neural networks (NN) or
data-driven approach have demonstrated their efficacy in interpolating nonlinear
functions. Drawing inspiration from biological neural networks found in animal
brains, NN consists of artificial neurons functioning as elementary units. These
artificial neurons transmit signals to other neurons, forming a high-dimensional
set of nested functions that constitute each layer. The approach has extreme flex-
ibility, a simplified structure, and the capability of mapping nonlinearity within
complex datasets [Makwana 21, Shahabi 19]. However, it will require retraining
if a new sample is introduced and their answers are often approximated. After
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training, the neural network learns from the model, which allows the use of a
model-free/data-driven approach to achieve efficient control [Zhang 22b].

It has been used for PCR as demonstrated in [Wu 17a, Shahabi 19, Singh 17]. For

the CTR aspect, it has been used extensively in the literature such as in [Kuntz 20,
Grassmann 18, Grassmann 22, Liang 21, Iyengar 21, Abdel-Nasser 21, Xu 16b, Iyengar 20,
Donat 23, Thamo 23, Donat 23, Wang 18, Sefati 19]. Moreover, in [Thamo 21],

they proposed an algorithm that combines both model-based and data-driven al-
gorithms to provide real-time motion control of CTRs interacting with an unknown
external environment.

1.5 CONCLUSION

1.5.1 For CTR

The design and fabrication of CTR tubes over the years have depended on
Nitinol. A patterned engraved steel mold is used to constrain the tube in the
desired shape, which may not permit patient-specific, fast, and on-site fabrica-
tion. Although the spring back effect was not characterized in the literature.
The advances made in 3D additive manufacturing paved the way for the use of
polymers and plastics in CTR tube prototyping. For medical applications, the
possibility for an on-site and direct fabrication approach constitutes a major ad-
vantage in patient-specific and procedure-specific scenarios when compared to Niti-
nol [Amanov 15, Morimoto 16¢]. However, the tube properties depend highly on
the 3D printing technology and its setting (e.g., the resolution, obtainable sur-
face smoothness, thickness, and available materials) [Amanov 15]. The continuum
robotics community is highly dependent on the use of Nitinol due to its more de-
sirable mechanical properties (e.g., obtainable strain, miniaturization, and surface
smoothness), which partially explains why it is the predominantly used material
for the fabrication of the pre-curved CTR tube. Consequently, there are chal-
lenges posed by the fabrication of miniaturized, high curvature, and on-site fast
customizable complex 3D CTR tube shapes. For that reason, it seems researchers
have reached a stagnating point for constant use of Nitinol for CTR design. In
that regard, we are proposing a novel approach with the use of a thin heat shrink
on glass capillary to obtain pre-curved tubes which permit to obtain CTR made of
glass material. In this regard, we propose a new generation of CTR made of glass,
introduce novel fabrication approach with the benefit of miniaturization to an
unprecedented scale, rapid, inexpensive, easy patient customization, and possible
on-site fabrication. These and many many more are discussed in detail in Chap-
ter 2—“Fabrication of pre-curved glass tubes at small scale” and Chapter 3-“CTR
made of glass”.
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1.5.2 For PCR

Considering the fact, that PCR is a multi-backbone continuum robot with huge
benefits because of its parallel mechanism or configuration, however, they are not
as pronounced in the literature as CTRs. Moreover, its proposed applications in
the literature are very few when compared to that of CTRs, which are vast and cur-
rently at the stage of a clinical trial by Virtuoso Surgical, that will soon advance for
possible commercialization and public usage [Mitros 21, surgical 22]. Whereas for
PCR, the story is not the same, and moreover, based on our knowledge, there is no
single PCR survey/review paper published yet, unlike the CTR which has a num-
ber of literature survey /review papers e.g. [Gilbert 16b, Mahoney 16a, Alfalahi 20,
Mitros 21, Nwafor 23b], each focusing on a specific aspect of the CTR state-of-the-
art. For PCR also, the vast majority of its prototypes use beams and rods of metal
or its alloy with Nitinol being the predominant used material, due to their flexi-
bility and availability. However, we propose the use of optical glass fibers, which
have the benefits of high elasticity, small diameter, and the possibility of using
them to transmit energy to an active end effector. In addition, one of the key
challenges for the PCR community is as regards the overall robot miniaturization.
To that effect, the proposed design has a small footprint and in fact, it is currently
the smallest PCR which opens the opportunity for possible endoscopic integration
for medical applications or for micromanipulation needing a large workspace while
benefiting from both conventional parallel and continuum robot mechanics. For
more detail see Chapter 4-“Miniaturized PCR made of glass™.

1.5.3 For modeling

In summary, shooting method using Cosserat rod approach is the most com-
monly used approach for continuum robot modeling, since it benefits from the
use of variable curvature kinematics and provides a more intuitive framework ap-
proach. This is the approach we adopted for the modeling of the proposed minia-
turized PCR made of glass in Chapter 4. In fact, from the literature, this has been
used in [Mauzé 20, Till 19b, Black 17, Aloi 22, Till 17a, Orekhov 16a, Black 18a,
Till 17b, Till 19a, Aloi 18b, Orekhov 15, Bryson 14, Till 15, Mauzé 21b, Black 18b,
Wu 19, Janabi-Sharifi 21a, Wu 17a, Altuzarra 19b, Altuzarra 19a]. This approach
has been pushed further to dynamic modeling and analysis for PCR as presented
by Till et al. in [Till 19a, Janabi-Sharifi 21b]. However, modeling the dynam-
ics of PCRs is challenging due to the complex interactions between the flexible
continuum structures, actuators, and the environment, in addition to the high
computational requirement.

Though, the FEM approach captures the entire geometry of the robot shape and
treats the shapes in volumetric segmentations making it possible to address non-
slender shapes, and soft material and not limited by one-dimensional representa-
tion but the drawbacks are the kinematic formulation challenge and high com-
putational expenses. However, the variable curvature is the most used approach
because it provides a much better slender rod representation with high accuracy
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but with no analytical solution as it requires numerical integration, which is a
bit computationally tasking. Alternatively, a geometrical model approach using
the piece-wise constant curvature provides an efficient kinematic computation and
analytical approach to describing a continuum link but it lacks better accuracy
due to the parameter lump for the constant curvature assumption. Though, some
researcher in the literature has also used the discrete model approach, which was
used for PCR kinematic modeling in [Briot 22a, Chen 19, Chen 21a]. The issue
with this last approach is its poor accuracy as it tends to approximate continuum
links as discrete finite rigid links connected by joints and its accuracy depends on
the number of discretizations evaluated. Finally, the choice of kinematic modeling
depends on the computational time, resources, and desired accuracy for the con-
tinuum link representation. Finally, in [Nwafor 23b], we presented an overview of
the synthesis approach proposed in the literature for C'TRs, classified by objective
(Table A.1), which is in Appendix A.
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Chapter 2. Fabrication of pre-curved glass tubes

2.1  GLASS FABRICATION METHOD AT SMALL SCALE

For microscale, glass benefits from a high strength-to-weight ratio, flexibility,
and low coefficient of thermal expansion [Yuan 20, Hahn 72, McCann 15]. Gener-
ally, it has many other desirable properties, such as transparency, biocompatibility,
high tensile strength, low friction, and durability. These can be beneficial for med-
ical applications such as endoscopy and microsurgery, but their brittleness and
fragility may render them unsuitable for most applications in clinical intervention.
Moreover, the handling and processing of glass require specialized equipment and
expertise, adding to the complexity and cost of the fabrication process. In gen-
eral, glass is a mixture of oxides whose properties depend on its concentration and
composition which give rise to a different variety. Whereas fused silica is a form of
pure glass (Si02), and using conventional machining at room temperature, it was
observed that fused silica is difficult to machine, mainly due to high brittleness, low
fracture toughness, high strength, and poor plastic deformation [Song 18]. There-
fore, the challenge lies in designing and constructing a robot using glass that can
perform specific medical functions while ensuring its safety and reliability. For ex-
ample, a robot designed for minimally invasive surgery must be highly precise and
dexterous, with minimal risk of breakage or fracture during operation. In fact, the
robot must be able to withstand the stresses and strains associated with the harsh
medical environment, including exposure to body fluids, and chemicals. While
the benefits of such technology are undeniable, the potential risks and unintended
consequences must also be carefully evaluated. Thus, the problem statement can
be spread to different aspects, which include how to design, fabricate, and operate
a robot made of glass that is safe, functional, and cost-effective. Researchers have
proposed various approaches and solutions to overcome the challenges associated
with using thin glass with high mechanical strength. The design and fabrication
of structures or devices using glass can be classified into three, which are:1) the
additive method, 2) the subtractive method, and 3) the shaping method. Each
approach will be detailed in the following

2.1.1 Additive method

Additive manufacturing (AM) presents a valuable solution in this context,
as it enables the production of intricate shapes without the need for preexist-
ing molds, offering a cost-effective approach when customization holds signifi-
cance [Atzeni 10, Atzeni 12]. The AM of glass has received limited research at-
tention due to the difficulties in glass processing. Such as the high melting tem-
perature of glass which necessitates high energy-intensive manufacturing methods,
resulting in substantial temperature gradients within the built parts. These tem-
perature variations induce residual stresses, which increase the risk of thermal
cracking. Furthermore, the high transparency of glass in the visible and near-
infrared range hinders the processing of glass using lasers operating in this spec-
tral region. Additionally, the presence of microcracks or porosity in the fabricated
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glass structures compromises their optical quality and leads to the formation of
opaque surfaces. As a result, the combination of these challenges has impeded
the progress and exploration of AM techniques for glass manufacturing. The cur-
rent leading additive manufacturing (AM) techniques for glass involve using a
composite mixture containing silica particles to fabricate a preliminary structure
referred to as the "green" part [Datsiou 19]. This green part undergoes thermal
post-processing to eliminate non-glass constituents, resulting in the formation of
transparent and amorphous glass components. Successful applications of these
methods have been observed in stereolithography [Kotz-Helmer 17a] and direct
ink-writing [Nguyen 17] processes. However, it is important to consider that post-
processing introduces a challenge in the form of volumetric shrinkage, which causes
discrepancies between the intended design dimensions and the actual dimensions
achieved in the final product.

There are two main categories for 3D printing of transparent glasses: direct
printing methods and indirect printing methods. In direct printing approaches,
glasses are printed in a molten state. One method that has been demonstrated
is the Fused Deposition Modeling (FDM) of glasses. This technique involves ex-
truding molten glass at high temperatures through a specialized high-temperature
printer [Klein 15¢|. The molten glass is deposited as strands onto a movable print
platform, enabling the 3D printing of large glass components. However, this pro-
cess is currently limited to low-melting soda-lime glasses. It also requires a printer
capable of reaching temperatures up to 1165 °C and offers limited resolution, typ-
ically with strand diameters in the range of 4.5 mm [Klein 15¢|. The high melting
temperature of fused silica glass has prevented its use in FDM so far, with noz-
zle sizes <0.4 mm and layer heights of 100-300 pm. while the Fused Feedstock
Deposition (FFD) approach is for large-scale applications. As an alternative ap-
proach, laser-based methods have been used to shape fused silica glass. In this
technique, fibers of the glass are locally melted using a laser to achieve the desired
shape. However, this method has limitations in terms of accuracy and resolu-
tion [Luo 18a).

Generally, each AM processing of pure glass yields varying degrees of success
(see Table 2.1). In fact, one approach involved depositing molten glass through a
motor-controlled nozzle, resulting in transparent and visually appealing parts pri-
marily suitable for decorative purposes [Klein 15b, Klein 15a]. However, the use of
thicker layers in this method presents resolution limitations, restricting its applica-
bility in other functional applications. Filament-based approaches have been uti-
lized to produce walls of different types of glass, including soda lime silica, borosili-
cate glass, and fused quartz [LLuo 16b, Luo 17, Luo 16a, von Witzendorff 18]. Nev-
ertheless, the manual feeding of the filament under the laser beam imposed con-
straints on the process, limiting the fabrication to basic shapes with limited design
flexibility. Powder bed fusion techniques have also been explored for glass materi-
als such as borosilicate [Klocke 04], quartz [KKhmyrov 16, Khmyrov 14], and soda
lime silica [Fateri 14b, Fateri 14a] glass. However, most of the investigations have
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focused on the formation of single-layer scan tracks or basic multilayer structures,
rather than complex three-dimensional geometries. In fact, complex multilayer
glass structures have been investigated using a laser powder bed fusion approach
for soda lime silica glass [Datsiou 19]. Even also the use of a stereolithography 3D
printer involving photocurable silica nanocomposite, which converts it to a high-
quality fused silica glass via heat treatment [Kotz Helmer 17b] and also by using
Nanoscribe [Kotz 18a].

Overall, while research has been conducted on various AM methods, significant
challenges remain in achieving high-resolution and complex structures with sat-
isfactory design freedom. This is a great hindrance to achieving structures with
high resolution on a microscale making subtractive manufacturing a better option.

Table 2.1: Different glass 3D printing techniques/technology

3D printing Final glass Resolution References
method compositions
DIW SiOy 250pum [Nguyen 17]
DIW Si03—GeOq - [Sasan 20]
3 DIW Si05—TiOs - [Destino 18, Dylla-Spears 20]
Z SLA Si0, 10pum [Kotz 17, Liu 18b, Liu 18a, Cooperstein 18]
g SLA Si0y—B2035—P505 100um [Moore 20]
3 FDM Si0, 250pm [Mader 21a]
2pPP Si04 200pm [Wen 21, Kotz 21]
micro-C SiO, 20um [Toombs 22b]
2 FDM chalcogenide glasses - [Baudet 19]
= FDM Phosphate/sodalime glass | 100um [Zaki 20, Klein 15¢]
A | SLS/SLM silica/sodalime glass 0.5mm [Luo 18b, Luo 14]

Composite*: the 3D printing is used to pre-shape a polymer composite to form green parts,
which are then sintered to form the final glass items, Direct: using 3D printer for everything.
DIW: direct ink writing, FDM: fused deposition modeling SLA: stereolithography 2PP:
two-photon polymerization micro-C: microscale computed axial lithography SLS/SLM:
selective laser melting/sintering.

2.1.2 Subtractive method

Subtractive fabrication is a type of manufacturing process where a material
is removed from a solid block substrate to create a desired shape. This method
involves cutting, drilling, milling, or etching the material away from the sample
block until the desired form is achieved. Some examples of subtractive fabrication
techniques include ultrasonic machining [Lv 13, Fernando 17, Choi 07], laser ab-
lation [Zhang 98, Xiong 12, Campbell 05, Ashkenasi 12, Rihakova 15, Queste 10],
and subtractive etching [Lima 15, Takahashi 05, Fascio 99, Yang 01, Hof 17]. While
subtractive manufacturing may be more wasteful than additive manufacturing, it
can be used to create high-quality devices on a microscale. In fact, the micro-
machining process is often referred to as subtractive process including MEMS
fabrication [Prakash 17]. Subtractive fabrication is commonly used in microfluidic
applications, which always involves using glass material due to its transparency
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and biocompatibility. Glass is particularly useful in subtractive etchings to fabri-
cate empty cavities, such as reservoirs and chambers [Lima 15].

The use of thin glass as a material for flexible continuum robots in biomedical
applications and micromanipulation presents several challenges and opportunities
that require careful consideration and evaluation. One of the primary challenges in
using thin glass for flexible continuum robots is the fabrication process. Moreover,
shaping and forming a thin glass sample into the desired structure by subtractive
manufacturing can be complex and time-consuming. When considering the limi-
tations surrounding the field of glass micromachining, such as the use of thermal
processing which involves the use of laser technology, it is fast and flexible but lacks
high surface quality. Whereas, the use of chemical processes which involves wet
etching, gives smooth surfaces but masks are needed to make the process, more-
over, it is complex. Finally, mechanical processing which includes drilling, milling,
or jet sputtering often has rough surfaces and is slow. Most of these individual
processing challenges can be overcome using various improvement strategies by the
hybrid technique such as the femtosecond laser (thermal machining) and wet etch-
ing (chemical machining). This emerging 3D subtractive micromachining which
combines the use of femtosecond laser exposure and chemical etching (mostly with
hydrogen fluoride (HF) or potassium hydroxide (KOH)), makes it possible for a
flexible fabrication of all-in-one 3D multifunctional device on a single glass sub-
strate for various applications ranging from fluidic, optics and mechanical system
(see Figure 4). The procedure involves at least two basic steps, first is the use
of ultrashort laser pulses to modify the material properties of an exposed region,
and then secondly, selective etching of the exposed modified region using either
HF or KOH, finally other functionality can be integrated into it depending on
the targeted application. In fact, any defects that may arise through the intense
femtosecond laser beam are completely removed by slight over-etching [He 10].
This is in contrast to other subtractive manufacturing methods such as for ex-
ample reactive ion etching (RIE) or focused ion beam (FIB) milling, where ion
implementation can cause significant structural alterations [Mackovi¢ 17]. More-
over, the femtosecond gives the possibility of noncontact [Magee 06, Romer 15]
and maskless 3D micromachining on optically transparent material with nanome-
ter resolution and monolithic structure capability.

The various cleanroom room subtractive fabrication on a glass are often limited
to 2D design but the femtosecond assisted by wet etching (FLWE) permits direct
3D fabrication on one substrate. This is key for the possible fabrication of pre-
curved tubes in a glass as the technology is highly beneficial in applications where
all the parts are fabricated inside a single glass, eliminating all the possible errors
associated with product assembling i.e positioning tool error, individual parts fab-
rication tolerance, and the attachment method like soldering or gluing [Nazir 19].
With FLWE, a single substrate can be used to create any desired shape anywhere
inside it and this was used to demonstrate the first direct 3D microfabrication
in fused silica in 2001 [Andrius 01]. Recently, there are lots of investigations on
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the use of FLWE for microstructuring in fused silica as a prospective microma-
chining approach to obtaining high performance whose applications include active
and passive waveguide [Davis 96, Physics 03, Osellame 03], diffractive optical de-
vices [Watanabe 02], flexures [Tielen 14], couplers [Minoshima 01, Streltsov 01],
actuators [Lenssen 12b, Bellouard 05, Mishuk 19], sensors [Meng 15|, polarizing
optics [Beresna 11], optical circuit [Cheng 03b], microcoil [Shan 15], in fact see
Figure 4. Finally, we applied this method for the possible fabrication of a pre-
curved glass tube (detailed in Section 2.2), which is targeted toward miniaturized
glass continuum robot prototyping.

2.1.3 Shaping method

Shaping glass involves transforming it from its initial form into a desired shape
or design. There are various methods used for shaping glass, depending on the
desired outcome and the properties of the glass being worked on. Some com-
mon techniques include glassblowing, kiln-forming, and molding/pressing. Con-
ventional glass shaping methods involve harsh conditions like high temperature
or annealing, although, some which involve the use of sol-gel chemistry, offer a
milder approach, but its molding technique limits geometric complexity [Xu 21].
Another strategy involves using silica-polymer composites as glass precursors, al-
lowing low-temperature molding [Kotz 18b]. Alternatively, precursor composites
can be 3D printed, providing an attractive method for complex glass shapes. How-
ever, 3D glass printing faces issues such as printing speed, resolution, and surface
roughness due to its layer-by-layer nature [Xu 21]. Support structures are often
necessary for printing complex geometries, adding difficulty during their removal.
Localized laser processing enables glass shaping but is limited to simple geometric
manipulation like bending [Wu 10].

Generally, other shaping methods include the use of pyrolysis and sintering to
produce transparent origami glass in three dimensions, which involves several steps
as presented in [Xu 21]. Initially, a liquid precursor containing silica nanoparticles
is cured to form a polymer composite sheet. This sheet is then cut into the desired
shape and folded using an origami technique, similar to folding paper origami,
but at room temperature. Subsequently, the folded composite sheet undergoes
pyrolysis and sintering processes to eliminate the polymer binder and transform
the object into glass. Despite its apparent simplicity, two essential conditions
must be satisfied for this process to work. Firstly, the origami-shaped sheet must
retain its form during the high-temperature pyrolysis stage. This poses a challenge
because polymers typically possess entropic elasticity, meaning they tend to return
to their original shape when heated beyond their thermal transition, such as the
glass or melting point. Secondly, the composite material must be foldable like a
regular sheet of paper, requiring suitable mechanical properties such as modulus
and stretchability.
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Another approach of glass shaping is the use of sacrificial polymer wires. To
shape complex geometries with inorganic glass powders, organic binders are often
used for easier molding [Liu 22]. In this process, sacrificial polymer wires of pre-
determined sizes and shapes are inserted into a nanocomposite material consisting
of silica nanoparticles and a polymer binder. Heating the material in the presence
of air removes the organic components, creating channels within a porous silica
framework. Through densification, a solid silica structure is formed, containing
embedded conductive hollow channels. The width of these channels can be smaller
than 100pm, depending on the initial diameter of the polymer wires. This capa-
bility to create microscale channel structures with specific designs in single-piece
silica glass could have immediate applications in the field of microfluidics.

Finally, Mader et al. [Mader 21b] utilized injection molding as a preliminary
shaping process for creating silica glass. They prepared granules of a nanocom-
posite material by combining polyethylene glycol (PEG), polyvinyl butyral (PVB),
and SiO nanoparticles using a twin-screw extruder. To ensure successful injection
molding, it was crucial to carefully control the viscosity of the material, keeping
it below 1000 Pa.s at a shear rate of approximately 103s~!. The authors opted for
injection molding at a temperature of approximately 130°C and a pressure ranging
from 700 to 1000 bar, utilizing a piece of commercial molding equipment and a
two-step molding process along with a sintering process to achieve densification.
Using this approach, they successfully produced various pure silica glass parts,
including tubes, beakers, and microfluidic channels. The production rate achieved
was up to b seconds per part. All these approaches are complex with a poor reso-
lution to guarantee flexible miniature pre-curved tubes at a small scale.

Therefore, in our investigation, the first approach was subtractive manufactur-
ing, which involves femtosecond laser-assisted wet etching. Next, we evaluated the
shaping of thin glass capillaries by annealing in a furnace using steel mold. For
the third method, we developed a novel approach that involves hybrid material
composition, where a glass capillary is combined with other material(s) for shape
setting. The use of a hybrid material /coating like the case of optical fiber, provides
additional rigidity and mechanical strength. The two glass shaping approaches to
achieving a pre-curved glass tube in fabricating miniaturized continuum robots are
detailed in Sections 2.3.2 and 2.4 below.

2.2 3D MICROFABRICATION USING FEMTOSECOND
LASER-ASSISTED WET ETCHING (FLWE)

The fabrication of glass tubes using FLWE is a promising technique that offers
several advantages in terms of precision and accuracy. FLWE is a subtractive
manufacturing that uses ultrashort laser pulses e.g. picosecond or femtosecond
laser, to create three-dimensional structures with submicron resolution, which is
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followed by wet etching in a chemical solution. This technique can be used to
fabricate complex geometries, including microchannels, microfluidic devices, and
MEMS, in a glass.

\ \
CAD model \. 3D structure \—

Fabrication
process flow

Figure 2.1: FLWE fabrication process. A) FEMTOprint machine, B) automatic ultrasonic
wet etching station C) FLWE step-by-step fabrication process: 1) the design of the laser-
machining process utilizing specialized software, such as ALPHACAM, 2) the direct laser writing
of the pattern onto the substrate with a zoomed part showing the trenching/grooving pattern
of the laser exposure within the substrate, 3) the release of the desired structure through wet
etching in a KOH or HF etchant, 4) the 3D shape structure

2.2.1 Fabrication of standing microglass beams by FLWE

We used FLWE, which is a cutting-edge technique and a mask-free subtractive
method for the precise fabrication of complex three-dimensional microstructures.
This process combines the advantages of femtosecond laser technology and wet
chemical etching to create high-precision structures with accuracy and control.
A femtosecond laser is a powerful tool in microfabrication, as it emits pulses of
light lasting only femtoseconds (107!% seconds), providing the ability to precisely
manipulate the material property with a high spatial resolution in the micrometer
range. These ultrashort laser pulses can generate high-intensity energy that leads
to a nonlinear interaction with the material while changing its refractive index
without heating or damaging the surrounding areas. The FLWE process begins
with the femtosecond laser exposure by scanning the material sample in a spe-
cific pattern and creating line grooves/trenches (see Figure 2.1). These grooves or
trenches serve as the penetration path for the wet etching process, which provides
the conditions for the etchant to penetrate the material and allows for a con-
trolled, high-precision etching process. The etchant solution used in FLWE can
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vary depending on the material being etched. Hydrofluoric acid (HF) and potas-
sium hydroxide base (KOH) are the common etchant solution used in micro- and
nano-fabrication processes, which typically reacts with the laser exposed region of
the material, dissolving it and leaving behind the 3D desired microstructure. The
use of a femtosecond laser allows for the creation of highly precise and complex
3D structures with feature sizes down to the nanoscale. This technique provides
an attractive alternative to traditional manufacturing methods, as it enables the
creation of complex geometries with high precision, low cost, mass production, and
a high degree of reproducibility. Generally, the FLWE fabrication process com-
prises three primary stages, namely: 1) the design of the laser-machining process
utilizing specialized software, such as ALPHACAM, 2) the direct laser writing of
the pattern onto the substrate, and 3) the release of the desired structure through
wet etching in a KOH or HF etchant. See Figure 2.1 for the detailed pictorial
illustration of the entire process.

2.2.2 Experiment plan for microscale glass tube fabri-
cation by FLWE

The feasibility study we embarked upon before proceeding to obtain a pre-
curved micro tube in glass was the fabrication and characterization of a standing
beam using the FLWE approach. The theoretical framework for the characteriza-
tion analysis is given as follows:

Figure 2.2: Circular cantilever tube fixed at one end

From Figure 2.2, using Euler-Bernoulli beam theory, the microglass tube bending
stiffness can be derived as:
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Bending stiffness sensitivity is a concept that plays a crucial role in the design
and engineering of various structures. It refers to the change in the bending be-
havior of a structure in response to changes in its stiffness, which is a function of




Chapter 2. Fabrication of pre-curved glass tubes

the structural components or variables. This phenomenon is particularly relevant
for structures that undergo dynamic or cyclic loading conditions. It can be calcu-
lated using analytical or numerical methods. The analytical method involves the
rate of change of stiffness with respect to the design parameters of the structure.
Therefore its role is very essential in investigating the effects of the mechanical
design parameters on the overall stiffness of the structure. The non-normalized
stiffness sensitivity for a circular beam of Figure 2.2 is given as:
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Figure 2.3: Sensitivity analysis plot of a microbeam structure, which helps one to easily visual-
ize the combination of internal diameter, external diameter, and tube length for a given /required
stiffness value or range.

Figure 2.3, presents the variation of stiffness with respect to the beam geomet-
rical parameters. The plot could be used to identify the possible combination of
internal diameter, external diameter, and tube length that is required for a range
of stiffness when considering a particular design task or application. It is also used
to investigate Equ. 2.2, which helps to highlight the region with high sensitivity
as shown by the stiffness colormap as a function of variation of the geometrical
parameters under consideration K(D,d, L).

Figure 2.4 below, presents the table for the different tube specifications to be fab-
ricated by the FLWE and their expected bending stiffness for the characterization
of each sample. For each case of the tube specification, the expected bending
stiffness is computed in order to analyze the effect of glass stress at the microscale.
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Figure 2.4: Analysis of the expected results of the microglass fabricated by FLWE, A) The
CAD drawing of the different standing tubes with the inscribed specifications on a 1.7mm thick
glass sample. B) and C) the different tube dimensions/specifications to be fabricated by the
FLWE with their corresponding expected stiffness value using Equ 2.1

2.2.3 Experimental results and discussion

The experimental results for the microglass beam fabricated by FLWE are
shown in Figure 2.5. The outcome of the result is presented in the table of Fig-
ure 2.5C in which: i) L is the rod length from the base to the position where
the hook is placed during the characterization ii) D is the rod external diameter
shown by the red circles as captured under the microscope iii) K; is the theoretical
bending stiffness computed for each rod considering only external diameter iv)
K. is the experimental result gotten from the slope of each plotting v) E. is the
computed Young modulus for each rod sample which gave a mean of 72.8 GPa.
Unfortunately, due to logistics related to the fabrication process, time, and since
it was the initial design, only 6 samples were fabricated (see Figure 2.5). The
output result obtained was more of a rod instead of a tube because the chemical
solution could not penetrate effectively through the tube’s internal laser-exposed
glass walls. Even after multiple etching processes that lasted for over 11 hours in
an ultrasonic bath, where the sample was immersed inside the KOH solution. The
external diameters of each sample were evaluated using a specialized microscope
in the cleanroom. The majority of deviations are < 5um as shown in Figure 2.5,
which is very impressive. Though one could see the engraved pattern of the in-
ternal diameter which did not etch out, therefore in the analysis of the result, we
treated each sample as a rod instead of a tube. The result of the characterization
is presented in Figure 2.5, the mean value for the experimental Young modulus
was obtained as 72.8GPa, whereas the standard value for fused silica is 70GPa.
Overall, the result shows how the theoretical and experimental values for the bend-
ing stiffness are closely matched for each case and in addition, this shows that the
Young modulus of fused silica remains fairly the same even on a microscale dimen-
sion.
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Figure 2.5: The experimental result for the microglass rods fabricated by FLWE which was
characterized A) characterization set-up for measuring the bending stiffness of each rod B) sam-

ple during characterization C) table of the results, D) - I)

show the results of the designed

external /internal diameters versus the realized ones along with the measured bending stiffness

for each one.

Although the fabrication process was optimized to obtain better results, how-
ever, despite the potential benefits of using the FLWE process, there were still

several challenges. These include:

1. issues relating to defects in glass due to uncontrolled /uncalibrated high en-

ergy density of the laser beam

2. high precision requirement of laser beam’s parameters such as pulse energy,
repetition rate, and focus position to guarantee successful fabrication
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3. time-consuming and expensive process e.g long hours of machine calibra-
tion, the laser exposure time per sample volume, and then etching which in
some cases all night. In fact, all the fabrication process takes place in the
cleanroom

4. extensive Alphacam design time and post-processing related to the difficulty
of controlling the etching process, which generally requires some level of an
expatriate or experience.

In general, irrespective of the drawbacks regarding the main challenge in using
this technology, obtaining a pre-curved tube will be extremely difficult. We already
saw that obtaining a standing tube was not easy, though the machine even broke
down along the line. Notwithstanding, the major challenge is even how to extract
the internal substrate from the curved cavity that will be exposed by laser. In
fact, it is not guaranteed that adopting a patterned tube cut approach for the wet
etchant penetration can be successful, because the etching time will not be uniform
and smooth extraction of the internal substrate is not assured. This inevitable
challenge is a major hindrance to the actualization of a microscale pre-curved
tube in glass for CTR design using the FLWE. Alternatively, another option is the
thermal treatment of a straight capillary glass tube to obtain a pre-curved /complex
shape for the robot design, which is discussed in the following.

2.3 FABRICATION OF PRE-CURVED GLASS TUBES US-
ING HEAT TREATMENT APPROACH

2.3.1 Heat treatment approach

Heat treatment of glass tubes is a process by which the glass is transformed
from its original straight shape into a predetermined curved shape under a high
temperature. This process is typically accomplished through a combination of
heating and cooling, which allows the glass to be manipulated into the desired
form. The process begins with a straight glass tube that is heated to a temperature
above its glass transition temperature, typically around 600-700°C [Proctor 67]
or even more depending on the type/nature of the glass. The tube is then al-
lowed to cool, during which time the glass undergoes a phase transition and be-
comes rigid in the new shape. This approach of heat setting is the most used
for the precurving of Nitinol used for the continuum robot design as presented
in [Shrivastava 04, Gilbert 16¢, Sun 18, Nwafor 23b]. The ability to precisely con-
trol the shape of a glass tube allows for the creation of complex and customized
components with specific functionality. For glass shape setting, this process in-
volves heating the straight capillary tube to a specific temperature range, allowing
it to undergo a gradual transition in its molecular structure, and cooling it back
to room temperature while holding it in a curved desired shape using constrained
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fixtures or engrave mold. The thermal treatment process is typically carried out
in a high-temperature furnace, where the tube is exposed to controlled heating
and cooling cycles. The furnace control setting is carefully selected to induce the
desired molecular transformation and shape the tube into the desired pre-curved
form. For the investigation analysis, the sub-millimeter tubes consist of fused sil-
ica, which is coated with a thin standard polyimide to prevent direct glass surface
exposure and provide mechanical rigidity (Polymicro).

2.3.2 Tube shape setting by heat treatment

Fused silica, also known as quartz glass, is a high-purity material that ex-
hibits excellent optical, mechanical, and thermal properties. However, due to
its high melting point and low thermal conductivity, it is challenging to manip-
ulate and shape. For this analysis, the thermal treatment approach to obtain
pre-curved microglass tubes involves the use of a furnace and patterned engraved
steel mold. This process is achieved by subjecting a straight glass capillary tube
to high temperatures in a furnace, which bends into a predetermined shape of the
pattern mold shape. In the literature, different molds have been developed for
this purpose, including graphite, stainless steel, and tungsten carbide. Graphite
molds are commonly used for low-temperature heat treatments, as they have ex-
cellent thermal stability and low thermal expansion coefficients. However, they
are unsuitable for high-temperature treatments due to their susceptibility to ox-
idation [Kim 19b, Kim 20a]. Stainless steel molds are more resistant to oxida-
tion and can be used for high-temperature treatments [Okada 08, Al-Mangour 15,
Bressan 08]. They are also more durable than graphite molds and can be reused
several times. However, stainless steel molds have a higher thermal expansion
coefficient than graphite, which can lead to a higher degree of distortion in the
fused silica preform. Tungsten carbide molds have superior thermal stability and
mechanical strength compared to graphite and stainless steel molds. They can
withstand high-temperature heat treatments without deformation or oxidation.
However, tungsten carbide molds are expensive and may require specialized man-
ufacturing processes [Liang 09, Fischbach 10, Kim 12]. In our case, we adopted the
stainless steel mold. Research has shown that forging can be an effective method
for improving the performance of steel molds used for the heat treatment of fused
silica tubes [Chang 08, Kuang 11].

During the heating process, the glass tube undergoes a softening transition due
to the relaxation of internal stresses. The polyimide coating carbonizes and flakes
off in the furnace at > 600°C leaving behind only a glass tube (Polyimide in oven).
For the test analysis, we used the Polymicro tubing with internal and external
diameters of 100um and 165um respectively. The cooling rate of the glass tube
after bending is also critical, as it determines the degree of residual stresses in
the tube, which can affect its mechanical properties and performance. These were
observed in Figure 2.6 as natural cooling in air produced the best result. The use
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of a steel mold in precurving microglass tubes offers several advantages. For exam-
ple, steel molds can be precisely machined to obtain different 2D and 3D shapes
with high accuracy and repeatability. Additionally, steel molds provide a uniform
distribution of pressure during the bending process, resulting in a consistent and
reproducible pre-curved shape.
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Figure 2.6: Pre-curved glass tube shaping by only thermal treatment approach, (A) plot of
temperature and time duration for the heat treatment and the molds used, though the capillaries
shattered in the furnace, (B) & (C) reduced temperature and time duration with different step
ramp for both cases while using a solid steel mold. The outcome result shows straight glass
capillaries without a pre-curved part, (D) & (E) maintained the same maximum temperature but
with a longer duration of constant 800°C followed by natural cooling in the air. The result shows
a high spring-back and no pre-curved shape, (F) only the maximum temperature was increased to
900°C and the result shows a lesser spring-back, (G) to observe the elastic property of the glass,
the temperature was reduced to 850°C and lasted 30 minutes duration. The resultant output
had little spring back but fragile for robot integration, (H) & (I) the maximum temperature
was increased to 900°C under the same conditions as the previous for both cases. The result

shows no spring back which was an interesting result but will be extremely difficult to be used
for the robot design due to its fragility.
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2.3.3 Experimental result

Finding the optimal shape-setting characteristic is very important in thermal
treatment. The best shape setting temperature depends on the properties of the
specific glass material being used. One approach to determine this setting is to
perform a series of tests at varying temperatures and observe the resulting shape
and mechanical properties of the microglass tube. Although, impurities in the
glass can also affect the optimal shape setting temperature. Therefore, one needs
to investigate and carefully set experimental procedures to determine the opti-
mal temperature for pre-curving microglass tubes. For this reason, we carried out
many experimental tests to ascertain the optimal temperature and time duration
to obtain a flexible pre-curved glass tube for the robot design.

The first test as presented in Figure 2.6A, was carried out under high tempera-
ture (900°) and long time duration (8.6 hours) as to ensure correct glass annealing
and to minimize residual stress but the outcome was shattered microglass capil-
laries due to peeling breakages of the steel sheet surface used. For the next test in
Figure 2.6B & C, the molds was changed to a solid steel rather than sheet steel and
then, both the temperature and heating duration were both reduced though with
a different step ramp for the heating and cooling. Under this condition, part of the
glass capillaries was recovered but without any pre-curved shape and there was
only a minimal steel surface peeling compared to the first test. Same temperature
of 800° was maintained in the next two test (see Figure 2.6D & E) but with longer
duration at 800° for 30mins and 40mins respectively and then imposing natural
cooling. Here, the capillary glass did not break but the result is characterized
with a high spring-back, leaving only a small pre-curved part. Afterwards, only
the maximum temperature was increased to 900°C (Figure 2.6F) and the result
shows a lesser spring-back with appreciable curvature shape which was flexible to
pass through a straight glass tube. To observe the elastic property of the glass,
the temperature was reduced to 850°C for 30 minutes duration as presented in
Figure 2.6G. The resultant output had little spring back but it was not flexible
enough to be integrated and used for the robot design. Finally, for the last test as
presented in Figure 2.6H & I, only the maximum temperature for the two cases
was increased to 900°C while maintaining same conditions as the previous one.
The result showed no spring back, which was very interesting but due to its level
of fragility, it will be difficult to be mounted /integrated on the robot actuation unit.

In conclusion, the success of the precurving process relies on several param-
eters, such as the temperature of the furnace (the maximum temperature), the
heating rate, the duration of the heating, the cooling rate, and the type of steel
mold. For the experiment, we used a box furnace VULCAN 3-550 capable of
maintaining temperature up to 1100 °C and it is a three-stage programmable for
the temperature to time ramp up or down control. Figure 2.6H & D show the best
shape setting in obtaining a pre-curved glass tube, while temperatures < 800 °C
give an undesirable spring back effect. The use of steel sheets mold is not advisable
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as it results in peeling/cracks under high temperatures which can possibly shatter
the microglass instead a forged steel block is recommended. The flexibility of the
result obtained was tested by manually passing it through a straight tube. It was
flexible enough to move through the tube but in general, it was still fragile and
will be difficult to integrate into an actuator for the CTR design. Even at that,
without a thin coating that provides mechanical rigidity and protects the surface,
it will still be difficult for it use in a continuum robot with link deformation. Un-
less additional tests could be conducted to find the tube shaping parameters to
guarantee high glass flexibility after heating, which may take a longer time for the
investigation. For that, we had to devise another novel approach which involves
the use of two composites (an ultra-thin heat shrink polymer on a microglass tube),
to obtain complex pre-curved shapes.

2.4 TUBE SHAPE SETTING USING POLYMER HEAT-
SHRINK JACKET

2.4.1 DMaterials and methods

The use of heat-shrink plastic tubing to obtain a pre-curved CTR tube is
demonstrated in [Noh 16, Makarets 14]. The process involved using a pre-curved
wire as a mold and a heat gun for thermal treatment. The resultant tube had a
diameter range on the millimeter scale after shrinkage and a large radius change
deformation. Thus, it was only used for the inner CTR tube. To overcome these
challenges, we adopted an approach that involves the use of two materials: 1) a
thin heat-shrink polymer known as Polyethylene terephthalate (PET) to enforce
shape setting, and 2) flexible glass capillaries as the robot’s active backbone. The
step-by-step heat treatment fabrication procedure to obtain pre-curved glass tubes
for CTR, using a thin heat-shrink polymer (from Nordson Medical) is described in
Figure 2.7. The glass tubes are commercially sold in a straight form with multiple
inner and external diameters; the diameters can be customized on request. The
fabrication procedure for obtaining a pre-curved glass tube has four steps that
include: 1) inserting the glass capillary into the thin heat-shrink polymer tubing;
2) constraining it to the desired 3D printed mold shape fabricated by Formlabs
stereolithography printer using FLHTAMO2, which is a high temperature resis-
tance material; 3) applying thermal treatment in the furnace for a short period;
and 4) obtaining the pre-curved microglass tube. The design of every pre-curved
tube begins by understanding the correct tube specifications (e.g., the inner and
outer tube diameters, the tube length, and the material used, which affects the
fabrication approach to be adopted). In this novel approach, commercially avail-
able straight microglass tubes (Molex glass capillary) and commercially available
thin heat-shrink polymer tubing were used to obtain pre-curved tubes (Figure 2.7),
using a heat treatment at about 300°C in a furnace for < 10 minutes.
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Figure 2.7: The pre-curved tube fabrication process: 1) inserting the glass capillary into the
thin heat-shrink polymer tubing; 2) constraining it to the desired 3D printed mold shape; 3)
applying thermal treatment in the furnace for a short period; and 4) obtaining the pre-curved
microglass tube.

2.4.2 Characterization and validation

Using the thermal treatment of a thin heat-shrink polymer tubing on the mi-
croglass capillary; pre-curved tube shapes were obtained and the radius of the
curvature can be as small as bmm (see Figure 2.8A). These fabricated samples
were used for the characterization process. The specification of the heat-shrink
polymer tubing used has a thickness of 6pm with an external diameter of 254pm.
The glass capillary has an inner diameter of 20pm and an external diameter of
90pm. In order to ascertain the spring-back effect (which denotes the measure of
deviation from the desired curvature), the outcome of the characterization test as
a result of heat treatment duration for the different mold radii of curvature was
obtained. This outcome is presented in Figure 2.8B, while the mold with the five
different curvatures is shown in Figure 2.8C). The result obtained shows a level
of linearity that was evaluated using the least square algorithm. The analyses of
the results gave a straight line plot with the equation displayed in Figure 2.8B,
which relates the realized radius of curvature in y — axis to the mold radius of
curvature in x —azis. A 10-minute heat duration (represented in red) with almost
a unit slope means that the realized radius of curvature due to the spring-back
effect will fall within 1.28 mm of the mold radius of curvature and likewise for
the 8-minute heat duration. The curvature of each pre-curved glass sample was
obtained by post-processing using curve fitting as presented in Figure 2.8D. The
process was further validated using two heat treatment durations (eight and ten
minutes), with the obtained result shown in Figure 2.8E. This is represented by
the star points in Figure 2.8B for the two temperature durations.

In the experimental validation, a new 3D-printed mold with a 4mm radius of
curvature was fabricated, and the realized tube radius of curvature was evaluated
for the two temperature heating durations. The result of the validation (indicated
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Figure 2.8: The characterization and validation of the novel shaping approach, A) Sample of
the pre-curved glass tubes to be analyzed, B) Plot of the characterization and validation which
were conducted for two different heat durations. The circle points are the various results while
the lines are the least square algorithm. The radius of curvature in Y versus the mold radius of
curvature in X was validated, as demonstrated by the star points on the plot, C) The 3D printed
mold with five different radii of curvature that was used to constrain the glass in shape during
the heat treatment, D) Obtaining the radius of curvature of each sample using curve fitting, E)
Fabrication results that were used for the validation of the process.

by the star points on the characterization plot) shows the linearity, which was
obtained while accounting for the two heat durations and how close they are to
the least square line. The black line with a slope of 1 in Figure 2.8B represents the
ideal scenario, where the realized tube radius of curvature equals the mold radius
of curvature. This is not obtainable due to the spring-back effect, which can be
represented as the colored boundary using the least square line plots. Furthermore,
the effect of creep was investigated in order to analyze the relaxation of the pre-
curved tube over several days. This effect was noticeable between the first and the
second day after fabrication, with an acceptable relaxation of around 10%. The
relaxation became very minimal later in the day. Generally, the results obtained
with the specified heat shrink and the glass tube were satisfactory. Although,
the detailed characterization results presented in Figure 2.8 are for one particular
heat shrink and glass tube size but considering different mold constrained radius
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of curvatures. This can be extended further to investigate the effect of different
heat shrink thickness and for various glass capillary dimensions. However, we
noticed that, the bigger the glass capillary the stiffer it becomes, which resulted
in higher spring back effect depending on the heat shrink size used and it became
less effective when glass tube diameter > 500um.

2.4.3 Bending stiffness analysis of microglass tubes

To analyze the effect of the heat shrink on the microglass tube, bending stiff-
ness was tested using three points method (see Figure 2.9 & 2.10). The bending
stiffness was analyzed and plotted using Equ 2.3, for three different dimensions of
capillary glass tubes.

3-point bending stiffness analysis
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Figure 2.9: The three-point bending stiffness test result and analysis, A) the experi-
mental set-up B) bending stiffness plot for for tube with 100mm external tube diameter
and 20mm internal diameter for the case of with (red line) and without heat shrink
(black line), C) bending stiffness but with 165mm external tube diameter and 100mm

internal diameter, while D) bending stiffness with 356mm external tube diameter and
249mm internal diameter.
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Figure 2.10: Three-point bending stiffness test
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Where: K is bending stiffness, Af is applied force while Ad is the resultant
deformation/displacement. Other parameters include E as Young modulus, L as
the sample tube length, and I as the moment area of inertia which is a function
of external diameter (D) and internal diameter (d).

K =

(2.3)

Tube type Tube External Inner Bending Equivalent Young
length | diameters | diameter stiffness modulus
(m) (m) (m) (N/m) (Pa)

tube-1 with heat-shrink 0.006 0.0001 2e-05 43.8 4.0153e+10
tube-1 without heat-shrink 0.006 0.0001 2e-05 27.2 2.4935e+10
tube-2 with heat-shrink 0.01 0.000165 0.0001 82.9 4.7511e+10
tube-2 without heat-shrink 0.01 0.000165 0.0001 70.2 4.0233e+10
tube-3 with heat-shrink 0.025 0.000356 0.000249 94.6 3.9119e+10
tube-3 without heat-shrink 0.025 0.000356 0.000249 82.9 3.4281e+10

Table 2.2: 3-point bending stiffness analysis for comparing the effect of thin heat shrink
polymer on capillary glass

The experimental setup and plotting considering cases of with and without the
heat-shrink polymer is shown in Figure 2.9. Table 2.2 presents the experimental
result and when comparing the bending stiffness ratio between the tubes without
heat shrink and those with heat shrink. This gives 1:1.61, 1:1.18, and 1:1.14 for
three different glass tubes with the dimensions of 77 = 90/20, T, = 165/100, and
T3 = 356/249 respectively. This result means that the effect of bending stiffness
with regard to heat shrink is more significant with the smallest diameter tube
and decreases as the tube diameter increases. This indicates that the approach
best fits small glass diameters (< 500um). Additionally, when considering the
same tube material, the bending stiffness is proportional to the moment area of
inertia. The moment area of inertia is a function of the internal and external
tube diameters, and its ratio between 75 and 77 is 1:6. The ratio for 73 and
T7 is 1:122; this corresponds to the experimental result that shows an increment
in bending stiffness as the tube dimension increases. It also explains why we
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Chapter 2. Fabrication of pre-curved glass tubes

assume the dominant stiffness pair for the robot kinematic modeling (detail in
the next Chapter). The resultant Young modulus of the polyimide-coated glass
tube material was also derived from experimentation (see Table 2.2). However,
the Young modulus (25-48GPa) obtained tends to differ from the standard values
of fused silica, which have a value of 72.9 GPa [Comte 02]. Although in the
theoretical analysis, we used only fused silica material properties while neglecting
the thin polyimide-coating.

2.5 (CONCLUSION

Considering the three possible approaches for the fabrication of pre-curved
glass tubes, each one has its own drawbacks and challenges. Starting with the use
of FEMTOprint machine for the FLWE approach, we saw through investigation
that it is difficult to obtain a pre-curved tube in glass. Not only is the method
the most expensive, the technology is still new and most suitable for structures
that easy/fast chemical penetration during etching. In general, the current state
of the technology has not advanced to obtain pre-curved glass tubes for the design
of the robot of our interest. Next, which involved the heat treatment of a straight
glass tube in a constrained steel mold under high temperatures. After several
experimental trials, we were able to obtain a good heating parameter to achieve a
flexible pre-curved glass tube. The advantage of this approach was that there was
no spring-back effect after cooling but the sample is quite brittle/fragile which will
be hard to integrate and too delicate for the robot design requirement. Finally,
the use of a composite structure consisting of ultra-thin heat shrink polymer on
a microglass tube gave an outstanding result. Although, with the level of spring-
back effect which was characterized, in general, the pre-curved tube was flexible
and suitable for a continuum robot design that is susceptible to high deformation.
Moreover, the merit of the composite structure considering the heat shrink-on-
glass approach is that glass capillaries are sufficiently stiff. The stiffness can enable
the fabrication of CTR pre-curved tubes with an unprecedented diameter, unlike
using polymers alone. For the design o the robot of interest, which is a concentric
tube robot (CTR), the approach is less costly than Nitinol, which is a well-known
conventional material. In addition, there is a benefit of reduced friction due to
the lower friction coefficient between glass and PET (0.23),[Luethi 98] compared
to the Nitinol-on-Nitinol friction coefficient (0.3) [Kim 08, Xu 10b]. Asides from
obtaining a planar pre-curve tube in glass, complex shapes like 3D helical shapes
were also possible, which are discussed and used for CTR demonstration in the
subsequent Chapter. In fact, the utility of this approach can be broadened to
other composite design structures, which can be used beyond the practice of heat
shrink on microglass capillaries. For example, composite design of heat-shrink on
materials other than glass for complex shape fabrication or patient-specific design.
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2.5. Conclusion

The result of heat shrink on glass tube shape setting can also be extended
to other different dimensions or specifications of interest. The advantage of this
method compared to the Nitinol-based approach is that it does not require high
temperatures and a long heat duration. These two factors permit the use of the
3D printed mold and also, allow the convenient fabrication of complex shapes such
as 3D helical configuration or even the pre-curving of optical fiber (These are used
for demonstration in the next chapter). In fact, a patient-specific pattern can be
imposed simply by knowing the anatomy path and creating a suitable 3D-printed
mold. Overall, the result obtained is very satisfactory with an interesting outcome
of process characterization/validation, which can serve as a fabrication chart for
design requirements.

79



Chapter 2. Fabrication of pre-curved glass tubes

80



Chapter 3
CTR made of glass

3.1
3.2

3.3

3.4

3.5

3.6

Objectives. ... .. 82
Introducing CATURO ....... .. ... . . .. i, 82
321 CATURO tubes . . ...ooi e 83
3.2.2 CATUROQO actuation unit .......... ... .. ... ........ 85
3.2.3 CATURQO control system .......... ... .. ... ........ 86
Model validation of the sub-millimeter glass CTRs. ...... 87
3.3.1  Forward kinematic model (FKM) validation:........... 87
3.3.2 Path following based on IKM. ....................... 90
3.3.3  Stability analysis and validation ..................... 93
Glass CTR deployment ......... ... ... .. .. .. .. ... ... 96
3.4.1 3D conical-spiral free space deployment ............... 97
3.4.2  Helical pre-curved CTR glass deployment ............. 98
3.4.3  Constraint deployment of CTR through needles ........ 99
Applications. . ... ... .. 100
3.5.1 Deployment of pre-curved optical fiber with laser trans-
MISSION .« . vttt 100
3.5.2  Fluid suction and delivery .......................... 102
3.5.3  Vitreoretinal deployment under the OCT.............. 103
Conclusion and Discussion .............................. 104

81



Chapter 3. CTR made of glass

3.1 OBJECTIVES

Concentric tube robots (CTRs) are the smallest member of the continuum
robot family. Considering the state-of-the-art of continuum robots, there is a need
towards finding a better alternative or complement to the existing use of predom-
inant Nitinol material. To that effect, we propose the use of pre-curved glass
capillary tubes to design and fabricate the smallest CTR. Glass at the macro scale
is brittle and fragile but at the small scale, they become flexible. This property at
a small scale was the bedrock for achieving a functional sub-millimeter CTR, pro-
totype, with unprecedented tube specifications such as a radius of curvature down
to bmm with a glass tube having 20pm internal diameter. In fact, the backbone’s
flexibility is a crucial aspect of the robot for medical applications, as it allows it
to access and maneuver through complex environments without relying on body
contact for their deployment. This small-scale dimension is very beneficial in ac-
cessing difficult-to-reach areas of the anatomy with greater precision. In addition,
the footprint (actuation unit and all pre-curved tubes) of most CTR prototypes
in the literature are large due to the dimension and rigidity of the Nitinol tube.
Considering the sub-millimeter dimension of the glass capillary tubes, therefore,
the focus is on achieving a miniaturized compact overall robot design. Moreover,
since the modeling aspect of CTRs has been established in the literature, our
goal here is to investigate/validate them using glass material at a miniaturized
scale for the forward kinematic model (FKM), inverse kinematic model (IKM),
and stability analysis. After which full demonstration of the robot to ascertain its
capabilities and potential through different experimental tests e.g. path following
and maneuvering through 1mm orifice of three stationed needles, and deployment
of a pre-curved optical fiber or 3D helical-shaped glass tube. In the application
aspect, the objective is to use the robot for a proposed vitreoretinal surgery with
the possibility of optical coherence tomography (OCT) 3D visualization.

3.2 INTRODUCING CATURO

We introduce a new generation of CTRs that is made of glass and used a novel
approach for obtaining pre-curved CTR tubes in sub-millimeter diameters and a
high curvature. As discussed in Chapter-2, this is achieved by using thin heat-
shrink polymers on micro-glass capillaries to actualize the first ever sub-millimeter
CTR prototype composed of glass material shown in Figure 3.1. This robot is
called “CATURQO”, which stands for a capillary tube robot with typical external
tube diameters from 434pm to 90pm and an unprecedented radius of curvature
as low as bmm. While Figure 3.1A presents the robot’s mechanism of opera-
tion and working principle, Figure 3.1B displays the compact, miniaturized, and
handheld robot prototype with a backbone comprising of pre-curved glass tubes.
Figure 3.1C highlights the scaling difference with a side-by-side comparison of a
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End-Effector

Middle tube
'y

'
Outer tube

v
Inner tube

——

Figure 3.1: The Caturo: a capillary flexible CTR made of glass, with a high curvature and
a sub-millimetric diameter. A) Arrangement of CTR tubes considering the case of dominance
stiffness pair, where the inner tube that is characterized by a smaller diameter and less stiffness is
inserted and conforms to the shape of the larger and thicker outer tubes, represented as “Before
deployment"'. During the deployment operation, each individual tube morphs into its original
pre-curved shape as the robot takes its final configuration, represented as “After deployment".
B) A robotized two-tube Caturo, with sub-millimeter diameters (0.16mm & 0.35mm) and a very
low radius of curvature (11.5mm), during a deployment. C) A comparison of three tube CTR
configurations between the conventional Nitinol material and that of the sub-millimeter glass
(diameter of each tube is displayed). D) The actuation unit is characterized by two DoF; the
outer tube is fixed to the robot base while the inner tube is attached to the linear and rotary
actuation for the demonstrations in this paper.

nested pre-curved tube configuration by the conventional Nitinol and a miniatur-
ized sub-millimeter glass material. This captured the scale range of the Caturo.
In fact, most of its actuation unit frame support was fabricated by a lightweight
3D-printed polymer as can be seen in Figure 3.1D. In addition to operating on
such a miniaturized scale, the advantages of our approach are similar to those
of 3D-printed CTR. These include low-cost, patient-specific capability, and lower
temperature in short duration requirement, which permits the use of a 3D printed
mold to obtain various complex glass tube shapes.

3.2.1 CATURO tubes

The arrangement and assembly of the sub-millimeter CTR glass tubes are the
same as those of conventional CTRs (Figure 3.1A). The outer tube is usually
straight with less curvature and is stiffer. Tube-1, tube-2, and tube-3 used for
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the design of the Caturo have external to inner diameters of 90:20, 165:100, and
356:249, respectively. Therefore, there is a bending stiffness ratio between the
possible combinations of tube-1 and tube-3 of 122:1. The ratio between tube-2
and tube-3 is 19:1. Considering the high stiffness ratios, the dominance stiffness
approach illustrated in Figure 3.1A was used which was also adopted in the kine-
matic modeling. In this approach, each successive inner tube conforms to the
shape of the stiffer outer tube before deployment and then takes its original shape
as it extends out during deployment. The schematic diagram and CAD design of
the actuation unit for each demonstration are presented in Figure 3.3. For Caturo,
the outer tube is always fixed in position, while the inner tube is characterized by
two DoF.

Planar micro glass tube

10mm

3D helical micro glass tube

10mm

Figure 3.2: Sub-millimetre pre-curved glass tube samples with obtainable shapes and cur-
vatures, such as the simple planar to complex helical curvatures, for various demonstrations of
sub-millimeter glass tube flexibility and ability to slide into each other for possible CTR config-
urations or deployment.

Though full details regarding the fabrication procedure, curvature accuracy,
validation, and characterization for a set of pre-curved glass tubes are detailed in
Chapter 3 above. With this novel approach involving the thermal treatment of a
thin heat-shrink polymer on the micro-glass capillary; pre-curved tube shapes were
obtained, as shown in Figure 3.2B. A selection of the nested sub-millimeter planar
pre-curved CTR glass tube samples is displayed in Figure 3.2B. The 3D helical
pre-curved tubes in Figure 3.2B demonstrate that complex glass tube shapes can
be obtained by merely changing the 3D printed mold design. The approach is less
costly than Nitinol. Moreover, there is a benefit of reduced friction due to the
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lower friction coefficient between glass and PET (0.23) [Luethi 98], compared to
the Nitinol-on-Nitinol friction coefficient (0.3) [Kim 08, Xu 10b].

@ Robot schematics

External tube
= £ 4
Rotation

1. Submillimeter CTR glass tubes

2. Rotational motor with magnetic encoder
(Pololu: 35 RPM, 1000:1 gearmotor with
encoder resolution of 12 count/rev.)

1
'
1 3. Position adjuster

[mervm,] tube 4. Non-captive linear actuator motor
(Nanotec-Nema 8 with resolution of

Translation

\ The actuation unit kinematic Ground Y Sum/step and speed of 40mm/s)
5. Linear rail guide

6. 3D printed support/part

7. Wires to Arduino control card
8.

9.

___________________________

Optional (for fluid sucking and delivery)

oy J ®

. Trapezoidal thread lead screw
. Travel range of 46mm

Actuation unit design

Figure 3.3: The Caturo CTR actuation unit design, showing the description of the CTR tube
arrangement procedure and its deployment principle, (A) The design of the robot consisting of
the schematic and (B) the CAD and (C) the realized prototype with the vital parts identified.
The robot has two sections: the tube and the actuation unit.

3.2.2 CATURO actuation unit

The schematic of the Caturo actuation unit architecture is presented in Fig-
ure 3.3A. The schematic includes two DoF (translation and rotation) that actuate
the inner tube while the outer tube is fixed to the ground. The majority of the ac-
tuation unit design parts are 3D printed (Figure 3.3B) for fast prototyping and to
benefit from lightweight material. The actuation unit design has optional features
for inner tube connectivity for either light or hydraulic integration for end-effector
manipulation. One example is the fluid suction and delivery operation using a
syringe (Figure 3.3C). The designed prototype is compact and small (10 cm x
2.5 cm x 5.4 cm) compared to many conventional CTR actuation unit prototypes
in the literature. The components of the actuation unit design are identified in
Figure 3.3B. The non-captive linear motor, which is mounted on the rail guide for
smoother movement is used for the transitional actuation. The miniature dual-
shift gear motor with an encoder is used to actuate the rotation of the inner tube.
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3.2.3 CATURO control system

The control of the Caturo is divided into two which include: 1) model-based
control and 2) teleoperation control using a miniaturized joystick. For each case,
the control was programmed and executed on an Uno Arduino board, which has
a motor shield connected to the motor power supply. The two methods for the
deployment control of the robot used for various demonstrations as presented in
the subsequent sections are as follows.

The first aspect is the teleoperation control, which involves the use of a minia-
turized joystick (SKU:BTN-026) to control the rotation or translation deployment
of the robot. For simplicity, the miniaturized joystick is connected through a wire
to the Arduino for the robot demonstration, which was used for the 3D conical-
spiral deployment. The configuration of the joystick is such that the diagonal ends
are for the clockwise and anti-clockwise tube rotation control, whereas the central
joystick pad axis controls the forward and reverse tube translation. All the pro-
gram code was written in C4++ on the script and uploaded to the Arduino board.
The miniaturized joystick was often used for tube pose initialization adjustment
in the absence of an automatic or self-robot calibration system.

The second part is the model-based or path-planning control. In this cate-
gory, either the kinematic model or desired path tracing was programmed into the
Arduino for the execution of the robot deployment, with respect to the chosen
program /function. The open-loop control without the use of an external sen-
sor approach is particularly useful if sensor integration is not available or pos-
sible. For feedback control, a 3D shape reconstruction and evaluation of the
sub-millimeter glass diameter tubes is quite challenging. Following the survey
for various 3D shape sensing techniques for continuum robots in minimally inva-
sive surgery [Shi 17, Manakov 21}, three possible options were given which include:
fiber optic sensors based using Fiber Bragg Gratings (FBG), electromagnetic-based
tracking (EM), and intraoperative imaging modalities based shape reconstruction
methods. The FBG sensing technique offers significant advantages due to its
miniature size but suffers large errors with low stiffness, making it not ideal for
Caturo. Moreover, for FBG techniques, multiple fibers are needed, and the same
for EM-based technique that requires the attachment of multiples EM sensors or
generators on the robot, whereas intraoperative imaging alternatives suffer from
low resolution and diverse artifact. Although we tried to use visual servoing by
non-contact 3D shape sensing involving the use of depth and stereo cameras. This
approach suffers from the issues of low-resolution and diverse artifacts as shown
in Figure E.2 of Appendix E. In the absence of a functional external sensor for
feedback control, we have to rely on the internal feedback control of the motors
and the accuracy of the model.
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3.3. Model validation of the sub-millimeter glass CTRs

s/n Demonstration type Inner tube Outer tube
d; [pm] | Dy [pm] | CT [pm] | R; [mm] | de [pm] | D, [pm] | CT [pm] | R, [mm]

1 The Caturo (3.3) 100 164 12 11.5 249 353 18 00
2 3D conical-spiral (3.10) 100 164 12 58.8 249 353 18 00
3 Fluid suck & delivery (3.14) 100 164 12 26.5 249 353 18 00
4 | Vitreoretinal deployment (3.15) 20 90 12 8.9 249 353 18 00
5 FKM (3.6A & 3.6B) 100 164 12 63 249 353 18 120
6 IKM (3.8) 100 164 12 58.8 249 353 18 2x108
7 Instability analysis (3.9) }88 }gj g ;lg ;;Kl) Zgi 12 19025
8 Needle constraint (3.12) 100 164 12 54.4 321 434 18 00
9 Helical precurved (3.11) 100 164 12 H 321 434 18 00
10 fibre optics precurved (3.13) 0 125 F 61 40 321 434 18 00

D;: External diameter of inner tube including CT d;: Internal diameter of inner tube R;: Inner tube radius of curvature CT: Coating thickness

D.: External diameter of outer tube including CT de: Internal diameter of outer tube Re: Outer tube radius of curvature

FKM: Forward kinematic model IKM: Inverse kinematic model F: Optical fibre H: Helical shape

Table 3.1: The different demonstrations and their respective Caturo tube specifications

3.3 MODEL VALIDATION OF THE SUB-MILLIMETER
GLASS CTRs

CTR design is essential because it could prevent permanent tube deforma-
tion and robot instability. When modeling CTR, there are inevitable trade-
offs to be considered among accuracy, computational cost, and model complex-
ity [Burgner 15¢]. For the Caturo validation, the piecewise constant curvature
model was used for the FKM and IKM due to its simplicity [Robert 10, Rucker 10d,
Neppalli 09]. The three aspects of continuum robots with the model kinematic flow
from the actuation space to task space for constant curvature is presented in Fig-
ure 3.4. The robot kinematics can be decomposed into two mapping as shown
in Fig.2a, thanks to the piecewise constant-curvature assumption. The mapping
from arc parameters to the pose (position and orientation) along the backbone is
called robot independent because this can be applied to all systems that can
be approximated as piecewise constant curvature. The robot-specific maps the
joint space (¢) to the configurations space (I(s), ¢(s), k(s)). The joint variables
are tube translation (L) and rotation («) (see full detail in [Robert 10]). The sta-
bility analysis, which considers the additional effect of torsion, involved the use of
Cosserat rod formulation [Gilbert 15a]. In all the cases in which the classical elas-
ticity theories were used, considering the robot’s tube size, the effect of friction,
extension, and shear were all neglected. For all the numerical modeling and data
processing simulation analysis, MATLAB software was used. The model valida-
tion and evaluation are detailed in the following.

3.3.1 Forward kinematic model (FKM) validation:

Inserting a curved tube into another, causes their common axis to form a
mutual resultant curvature at equilibrium. Due to the inherent compliance of
continuum robots, elasticity is one essential factor for their kinematics. The spec-
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Tubes Arc parameters Pose

Actuation space Configuration space Task space

Figure 3.4: The FKM (red arrow) and IKM (blue arrow) model flow

Demonstration type Inner tube QOuter tube
d; [jan] [ Ds ] | CT (] | Bs [wami] | d, ] | D, ] | CT (] | R o]
FKM (3.6A & 3.6B) 100 164 12 63 249 353 18 120

Table 3.2: Prototype tube specifications for the forward kinematic model.

ifications of the Caturo used for this demonstration are provided in Table 3.2, and
the actuation unit prototype is presented in Figure 3.1D. The torsionally rigid CTR
model which involves a simple arc geometry approach to the piecewise constant-
curvature model was adopted here. The robot kinematics can be decomposed into
two mapping as shown in Figure 3.4, thanks to the piecewise constant-curvature
assumption. The arc parameter consists of triplet variables which are arc length
l(q), angle of the plane containing the arc ¢(q), and curvature x(q). Note that
transformation from arc base to tip involves two rotations which include:

+ The backbone bending rotation R, (#) € SO(3) about y-axis

« The backbone rotation R,(¢) about the z-axis.

U e K I (5.1

Rotation Inplane transformation

cos¢ cosks —sinks cos¢ sinks Lcosg(l — cosks)
b sing cosks cosks sin¢ sinks % sing(l1 — cosks) (3.2)
¢ —sin ks 0 COS KS % sin ks ’
0 0 0 1

P = [r(1—cosf), 0, rsinf]”, which is the coordinates of a point on the circular
arc of radius r in the z—2 plane centered at [r, 0, 0]7, where r = 1/k. Considering
the case of two tube sections as shown below, it becomes
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vi b @

Figure 3.5: Two tube configuration with two sections for the Caturo FKM

T, = T, - ™T, (3.3)

Forward kinematic model configurations and validation

ation Anti-aligned configuration

60 —_ == External tube model
E _ |=Internal tube model

—--Experimental result
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Experimental result Model simulation and Experimental result Model simulation and
experimental result experimental result

Figure 3.6: Sub-millimetre glass CTR FKM validation and comparison for two different cases.
(A) aligned configuration where the two tubes are in the same direction, and (B) anti-aligned
configuration in which the tubes are in the opposite direction.

This was simulated and experimentally validated using the sub-millimeter glass
CTR. The tube curvatures are positioned in the same plane in the aligned robot
configuration shown in Figure 3.6A. The configuration was chosen because the
planar robot shape is perpendicular to the camera view. To compare the robot’s
experimental backbone to that of the constant-curvature CTR model, MATLAB
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software was used to run the simulation and post-processing analysis. Comparing
the experimental results to the model revealed a similarity along the robot’s back-
bone, as presented in Figure 3.6A. This gave a mean deviation of y, = 0.30mm, a
standard deviation of o, = 0.17mm, and a percentage error of 0.83%. The same
process was used for the case of anti-aligned robot configuration (where the two
tube curvatures are aligned in opposite directions), as displayed in Figure 3.6B.
The experimental robot’s backbone closely matches the backbone of the model
(see Figure 3.6B); comparing the two gave a mean deviation of p, = 0.12mm, a
standard deviation of o, = 0.07mm, and a percentage error of 0.47%. The results
for both the aligned and anti-aligned cases indicate that the constant curvature
CTR model can be adapted for the Caturo as well regardless of its sub-millimeter
size and material.

3.3.2 Path following based on IKM

The simple and fast closed-form geometric approach to IKM was used to control
the end-effector pose in an open-loop control scheme (see Figure 3.8C). The idea
for the IKM was gotten from [Neppalli 09], where the tube arc parameters (I, ¢,
k) for a single continuum section can be determined, given the endpoint location
p = [z y 2]T in a closed-form expression. Analyzing the Figure 3.7 below for a
single section of the continuum robot, the arc parameters can be derived as follows:

// p—
/Rotating p
/ about the |/ -
¢ z-axis by -¢f ¢

Figure 3.7: The inverse kinematic modeling of a single segment continuum robot using
a closed-form analytic approach

From Figure 3.7, the rotation about the z-axis (¢,) is given as:

¢ = atan2(y, x) (3.4)

Rotating about the z-axis by -¢ produces an arc of the same curvature which lies
entirely in the xy plane, with a new point p’ such that:
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=z +y% Yy =0, =2 (3.5)
by Pythagoras’ theorem, we have

(2 — 1) + 27 =12

1 27/ 2(vz? + y?)
r 2/2 + x/2 CC'2 + y2 + 22

The angle of bending about y, given as 6 is derive as follows:

cos™! (1 — kv + y2) for 2/ >0
0= (3.7)

27 — cos 1 (1 — kv + y2> for 2/ <0
we know that § = sk and s € (0, 1), therefore

s = Z (3.8)

This gives us the deployment length to the desired position [z, y, z], and the ho-
mogeneous in-plane transformation matrix such as in Equation 3.1, can be denoted
as:

(5. s, "T,(0)) = h(b,Zp)
Considering two tubes as shown in Figure 3.5 above
(k1, 1 °T,(60)) = g(b, 21, m)----oovnn Tube 1
(Ko, la "T.(02)) = g(m, Z3, €)--------- Tube 2

This can be expressed by global closed-form function f as:

(/ﬁ, L bTm<91)7 Ko, I bTm(92)) = f(b, 21, m,e)

Point of singularity: singularity occurs in the inverse kinematic calculations for
¢ and k when the robot tip coordinate is places purely along z-axis with no x nor
y components. The solution is gotten as follows:

e For x =0, y =0, then any arbitrary value of ¢ is chosen

e To choose an appropriate value of x, the solution can be grouped into two
cases:

— When z # 0, choose k = 0 and s = z. However, z < 0, implies a
negative and not realizable

— At z = 0, this implies end-tip at origin

91



Chapter 3. CTR made of glass

Inverse kinematic square path following/tracing
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Figure 3.8: Sub-millimetre glass CTR path following based on IKM (A) Simulation results of

the path tracing using the closed-form geometric approach to the IKM (B) Experimental result

for a square path following which is achieved using a two DoF Caturo, (C) Open loop control

block scheme using the IKM for square path, (D) The positioning accuracy of the Caturo with

overall root mean square error of 0.201mm, for the open loop control based using the TKM.
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3.3. Model validation of the sub-millimeter glass CTRs

D tration t Inner tube Outer tube
crnonstration type =7 [pm] | D; [pm] | CT [pm] | R; [mm] | d, [pm] | D, [pm] | CT [pm] | R, [mm]
IKM (Figure 3.8) 100 164 12 58.8 249 353 18 2x10%

Table 3.3: Prototype tube specifications for path tracing using the TKM.

The IKM was used to generate the joint variables (g;) for the discretized square
path, as displayed in Figure 3.8A. For the experimental demonstration, IKM con-
trol was implemented using a 2-DoF actuation unit, characterized by one transla-
tion and one rotation (refer to Figure 3.1D). The Caturo specification is provided
in Table 3.3. The experiment was conducted by placing a camera fixed in the front
defined as the camera view in the simulation in Figure 3.8B, while the robot trans-
lates and rotates out of the plane (for video see experiment & simulation). The
square path tracing is a 2D projection on the front x, y plane when viewing the dis-
tal end of the inner tube, for the IKM simulation and deployment. The experimen-
tal result for the square path presented in Figure 3.8B, validates the possibility of
actualizing path tracing. This validation is in line with the model simulation. The
result obtained included the robot position accuracy with a root mean square error
(RMSE) of 0.201mm ( RMSE = /L0 |l pill* = /LS (@ — 20)2 + (9 — i),
refer to Figure 3.8D). The linearity in the x-axis are Xgopun = 4.9%, Xup = 7.7%.
The linearity in the y-axis are Y0 = 3.7%, Yiesr = 10.1%. This demonstration
proves that the IKM of CTR can be applied to the sub-millimeter glass CTR
with a satisfactory result. It is especially noteworthy considering the fact that the
robot was used in an open loop control without any visual servoing or closed loop
feedback for intermediary error correction.

3.3.3 Stability analysis and validation

It is often desirable to use curvatures that are as high as possible when designing
CTR to achieve high dexterity. However, high curvatures could result in elastic in-
stabilities [Hendrick 15b, Gilbert 15a, Peyron 19]. The final objective is to obtain
robots that are guaranteed to remain elastically stable throughout the workspace.
Instability has been one of the key challenges with CTRs as regards being used
in medical intervention. CTR instability due to torsion (known as snapping) is a
sudden leap from one equilibrium configuration to another. This leap is accompa-
nied by the release of accumulated torsional (twist) energy. Eventually, it could
lead to the damage of nearby fragile tissues or vital organs but controlling it can
use for dynamic tissue cutting [Riojas 18]. This particular phenomenon has been
linked to the robot’s transmission length, the tube curvatures, the length of the
active overlaying tubes, friction, clearance between the tubes, and the ratio of tube
torsion to bending stiffness [Webster 09b, Webster 08a, Dupont 10b, Girerd 17b].
There has been a greater focus on the first two aforementioned criteria in the lit-
erature and these are the focus here as regards Caturo. To analyze and evaluate
the instability issues associated with the Caturo, two different experiments were

93


https://youtu.be/o5kfPtvfRh4
https://youtu.be/FMxAcf4bMqg?si=ZdNmmX3fED3GLN0v

Chapter 3. CTR made of glass

carried out. Both experiments used different tube specifications, as displayed in
Figure 3.9. The tube specification is provided in Table 3.4 and the actuation unit
is displayed in Figure 3.1D.

Demonstration type Inner tube Outer tube
ype 1 [pm] | D; [pm] | CT [pm] | B; mm] | d, [um] | D, [pm] | CT [pm] | R, [mm]
N o 100 | 164 12 42 249 | 353 8 92
Instability analysis (3.9) 150 167 s 55 - o o s

Table 3.4: Prototype tube specifications for the stability analysis/investigation

Stability analysis and validation
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Figure 3.9: Stability analysis of micro-glass CTR under torsion, which is used to validate the
effect of change in transmission length for two different cases, as displayed in Experiment-A and
Ezxperiment-B with a change in the curvature and active curve length of the tubes.

The stability investigation and evaluation were aimed at a snap prediction so as
to guarantee a snap-free robot. The stability analysis adopted for the bifurcation
investigation of Caturo was derived and detailed in [Gilbert 15a]. Therefore, we
know that when the bifurcation parameter (\) becomes so large and exceeds the
critical value ()g), buckling will occur. Since we can control A, one may seek
to know the value of A at which a CTR will snap. Applying bifurcation and
elastic stability theory, along with the torsionally compliant model of CTR which
considers the effect of twisting gives:

kv kop K1y + Koy
\= L2k kg2 2
i kv kop kyp + Ko

If the tubes are of same material, then we can re-write it as

A= L2 uf, s, (1+0)
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3.3. Model validation of the sub-millimeter glass CTRs

A bifurcation exists at point (A, 7) where A obeys

—cot(vV/\)
VA

When 3, = 0, this gives A\ = 72/4, which is a well-known result for two tubes
considering no transmission length [Rucker 10c, Dupont 10b]. However, when con-
sidering the fact that each tube must be exposed to be held at the actuation unit,
the straight transmission lengths will not be equal physically. Therefore, this is
resolved by determining an equivalent transmission length (5., ), and for the case
of two-tube CTR, it is given as:

By = (3.9)

_ Brokar + Pookie
7 ki + kot

(3.10)

Therefore, the snap prediction was facilitated using Equations 3.9 & 3.10, which is
based on the bifurcation and elastic stability theory using the torsionally compliant
model of CTR, which considers the effect of twisting [Gilbert 15a, Hendrick 15b,
Ha 14a, Peyron 19]. The experimental validation was then carried out to justify
possible snapping due to torsion in regard to the model prediction (For a video
demonstration, see stability).

For Ezxperiment-A, we used two pre-curved glass tubes whose specifications
such as their respective curvatures and diameters are presented on the first row in
Table 3.4. L. is the active curve section length where the two assembled tubes are
pre-curved with the given curvatures uj, for the inner tube and w3, for the external
tube. Moreover, f3; is the transmission length which is the straight length of the
inner tube that will be varied at 5mm, 10mm, 20mm, and 30mm while investi-
gating instability due to twist. For this test, the external tube is fixed in position
to the actuation unit, while the inner tube is actuated to rotate in clockwise
and anti-clockwise directions two times for each transmission length considered
(see stability). The purpose of this study is to investigate the Caturo instability
due to the transmission length with the given curvature and curved active length
of the two tubes. The theoretical result of Equ. 3.9 & 3.10 as presented in Fig-
ure 3.9, indicates that for all the given values of transmission length, the robot
operates within the stable region, which is represented by the blue circles above
the bifurcation black line. This was validated experimentally as demonstrated by
the non-snapping effect of twist in the resulting video as shown here.

In Ezperiment-B, we decided to reduce the radius of curvature of the newly fab-
ricated internal tube from 42mm to 25mm, as well as increase the active curved
length L. of the two tubes from 42mm to 60mm. Likewise, the transmission length
B starts from Smm to 50mm at the interval of 5mm, so as to analyze in detail
and validate the instability prediction due to twist. As presented in Figure 3.9,
irrespective of the high number of iteration points for the transmission length un-
der investigation, theoretically, all these points marked in red appeared below the
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bifurcation line (the red region). This means that with this given robot specifica-
tions, there is instability and snapping effect irrespective of the tube’s transmission
length (for video validation, see here). This was the reverse case of what was ob-
tained in Ezperiment-A.

In summary, with Experiment-A, the robot operates within the stable region,
whereas this was the opposite in the case of Fxperiment-B as predicted. Generally,
for the validation each test was observed twice for clockwise and anti-clockwise
rotations of the inner tube. Based on the stability analysis result in Figure 3.9,
one will notice that the higher the transmission length, the closer to the bifurcation
boundary and vice versa as shown by the black arrow. Secondly, irrespective of the
transmission length, the tube curvature and the aligned active curve length of the
tubes under torsion also influence the robot instability, as seen by the comparison
of Experiment A and B. Finally, according to this demonstration, it is noteworthy
to mention that the usual criteria and factors that work for Nitinol CTR are also
applicable to the Caturo. Knowing that when the bifurcation parameter \ exceeds
the critical value Ao, buckling will occur [Gilbert 15a]. Therefore, comparing the
glass and Nitinol tube material while considering the same geometrical parameters
(e.g., tube curvatures and active curved length) gave A o« 1 + v, where v is the
material Poisson ratio. Using this relationship to compare both materials gives:

A (14+v) (1 —1—0.17)_087

Theoretically, this demonstrates that the relationship between the bifurcation
parameter of glass A\, and that of Nitinol Ay tube is represented by A\, = 0.87Ax.
This expression means that the glass tube material will have slightly less stability
than the conventional Nitinol material under the same geometrical conditions.
Noteworthy to mention, that for all the studies and demonstrations, two tubes
were used based on the commercially available dimensions and our constraint (max.
tube diameter < 500um).

3.4 GrLAss CTR DEPLOYMENT

The use of sub-millimeter pre-curved glass capillaries for CTR prototyping and
their respective demonstrations of the deployment capabilities of the robot are dis-
cussed in this Section. The proposed rapid fabrication approach enabled Caturo
to be adaptable to various applications; this adaptability was made possible by
imposing different tube specifications as presented in Table 3.1. The actuation
unit for the Caturo is described in Figure 3.3, which uses open-loop control for the
demonstrations.

96


https://youtu.be/bqcegisogOM

3.4. Glass CTR deployment

3.4.1 3D conical-spiral free space deployment

Demonstration type Inner tube Outer tube
A4Y d; [pm] | D; [pm] | CT [pm] | R; [mm] | d. [um] | D, [pm] | CT [pm] | R, [mm]
3D conical-spiral (3.10) 100 164 12 58.8 249 353 18 00

Table 3.5: Prototype tube specifications for the 3D conical-spiral free space deployment

3D conical spiral deployment

Side view Orthogonal view Front view

Figure 3.10: A 3D conical-spiral trajectory free space deployment strategy; which has a 4 x
4 mm tip attachment for better visualization during the navigation.

Table 3.5 presents the tube specifications used to demonstrate this free space
deployment, as presented in Figure 3.10, (online video here). The navigation path
begins in the central region and extends in a conical-spiral pattern. The distinct
nature of the 3D conical-spiral deployment is described by the simulation in Fig-
ure 3.10, in which the side view shows a helical trajectory path; the orthogonal view
shows a conical shape; and the front view shows a planar spiral navigation path.
The experimental demonstration is presented in Figure 3.10; for better visualiza-
tion, a 4x4mm paper sheet with distinct colors was attached at the tip of the inner
pre-curved tube during the deployment. The conical-spiral path trajectory was
achieved using the simultaneous rotation and translation of the inner pre-curved
tube, which progressively expands in the workspace as it slides forward through a
fixed outer straight tube and vice versa. This trajectory demonstrates the absence
of stick-slip/friction of the glass CTR under translational and rotational actuation.
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3.4.2 Helical pre-curved CTR glass deployment

Helical precured capillary glass deployment

Figure 3.11: Demonstration of a complex helical pre-curved glass tube free space deployment,
showing the flexibility of the glass tube in forward and reverse movement.

Demonstration type Inner tube Outer tube
@, Jom] | D Jpa] | OT Jpam] | s fomn] | &, ] | D fjan] | OT fwn] | T, [
Helical precurved (3.11) 100 164 12 H 321 434 18 0

Table 3.6: Prototype tube specifications for helical pre-curved CTR glass deployment

The novel fabrication approach of obtaining a pre-curved CTR glass tube was
not limited to only the planar pre-curved shape. The approach was also applicable
to other non-planar complex 3D shapes, such as a helix (Figure 3.2). A circular
helix mold design was used and parameterized as a function of the arc-length (s),
which is obtained by: [z(s),y(s), z(s)]T = [rcos(s), rsin(s),bs]T. The radius (r) =
lmm, pitch = 2mm, b = ’%ﬁh and the total arc-length = 32mm. The possibility
of the free space deployment of a helical pre-curved glass CTR was demonstrated,
as presented in Figure 3.10. For this demonstration, the tube specification used is
given in Table 3.6, where a helical pre-curved inner tube slides through the straight

outer tube. This presents a flexible helical Caturo and demonstrates its ability to
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3.4. Glass CTR deployment

straighten its 3D backbone shape during deployment without the glass fracturing
(for video demonstration see here). Similar to its planar pre-curved counterpart,
irrespective of the complex shape of the pre-curved tube, the inherent flexible
property is preserved. This best describes the concept of path-specific pre-curved
tube prototype, obtained by adapting the complex desired path to the 3D printed
mold.

3.4.3 Constraint deployment of CTR through needles

Needle constraint deployment

t; = 08:41s P t, =20:00 s t3 =24:07 s

l \

<> <>

/

=75:65 s -= 67:57 s =61:77s

I
<> <> =

/2 j [ Front view

Figure 3.12: The robot’s small scale size and its flexibility for a constraint path deployment
maneuvering through a less than 1 mm orifice of three needles, using only one pre-curved tube
with a 54.4mm radius of curvature.

Caturo was also used to demonstrate a constrained path deployment through
the orifice of three stationed needles (each ~Imm in width), as displayed in Fig-
ure 3.12. It also involves a contact-aided deployment on the path with a higher
radius of curvature than the robot. The flexibility of glass pre-curved tubes here
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was exploited to allow us to maneuver the Caturo so that it could pass through
three needle orifices to the distal point and safely navigate back again without the
glass tube breaking during the navigation (online video here). For this demon-
stration, off-the-shelf metallic needles were used. The needles were positioned at
different cross-points on the paper (see Figure 3.12). The specifications of the
Caturo used for this demonstration are provided in Table 3.7; the actuation unit
prototype is presented in Figure 3.3. The robot was then programmed to automat-
ically pass through each needle opening, which involved several translations and
rotation maneuvering, to ensure the constrained path was maintained throughout
the path deployment. This demonstration demonstrates the flexibility and capa-
bility of the Caturo in miniaturized task-specific applications that involve complex
3D navigation through a miniature-constrained path.

Demonstration tvpe Inner tube Outer tube
yp d; [pm] | D; [pm] | CT [pm] | R; [mm] | d. [pm] | D, [pm] | CT [pm] | R, [mm)]
Needle constraint (3.12) 100 164 12 54.4 321 434 18 00

Table 3.7: Prototype tube specifications for constraint deployment through 3-needles

To the best of our knowledge, this is the first robot made of glass to maneuver
through a small orifice of this size. This broadens the potential of applications
that involve accessing areas through a small-scale aperture, such as microsurgery.

3.5 APPLICATIONS

The proposed application of CTRs in the literature is quite vast and mostly
related to medical intervention [Alfalahi 20, Mitros 21]. Although it could still be
used for other applications aside from clinical intervention, which are yet to be
exploited. In this section, the benefits of the miniature robot were discussed as
related to how the intrinsic properties of glass for various demonstrations could
lead to breakthroughs in medical applications.

3.5.1 Deployment of pre-curved optical fiber with laser
transmission

Lasers are an important aspect of contemporary surgery. This is especially
true for microsurgery, which often concerns procedures on small and fragile organs
such as the eyes and vocal folds [Fichera 21, Mattos 11, Mattos 21, Nguyen 22].
During medical interventions, lasers can cut tissue with precision due to their
micron-spot-focusing capability and thermal sealing of blood vessel possibility. In
fact, thermal sealing enables procedures with less blood loss [Fichera 21]. The two
robotic approaches for laser aiming are the free space (this uses mirror deflection,
which depends on the direct line of sight and is difficult to miniaturize for in
vivo application). The other is the fiber-based approach (this uses optical fiber
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Planar translational deployment of precurved optic fiber with laser transmission

nt before deployment

Figure 3.13: The possibility of emitting laser through a pre-curved optical glass fiber to the
end-effector tip, where the proximal end is connected to a laser source.

to remotely focus light on the surgical site). CTR dexterity could be improved
by using a pre-curved optical fiber as part of the robot backbone. This is very
beneficial as this approach of bringing light to the surgical site is not limited by
the direct line of sight and there is room for high laser focus precision/accuracy.
To actualize this, we use a fusion splicing and joining of the pre-curved optical
fiber with another long part that has the right connector at its end (Single Mode
Fiber, Thorlabs) (see Appendix E). The fusion ensured an effective connection to
the laser source (Thorlabs-S1IFC635). The obtained radius of curvature is 40mm
(see Table 3.8) and Figure 3.13 presents the outcome of the laser emission at
the CTR tip (video demonstration here). This demonstration of a pre-curved
optical fiber Caturo, opens a new prospect for light or thermal-controlled end-
effectors or manipulators, as it would be beneficial for safe/precise robot-assisted
laser ablation.

Demonstration type Inner tube Outer tube
d; [pm] | D; [pm] | CT [pm] | R; [mm)] | de [pm] | D, [pm] | CT' [pm] | R [mm]
fibre optics precurved (3.13) 0 125 F 61 40 321 434 18 00

Table 3.8: Prototype tube specifications for the deployment of pre-curved optical fiber
with laser transmission
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Fluid suck and delivery
t;=00:00s t; =30:00s t3=16:20s

te =64:58s ts =59:98s

Figure 3.14: A two-in-one demonstration of the capability of the robot for either transferring
a liquid sample or specimen from one point to another and its ability for drug delivery or sample
collection.

3.5.2 Fluid suction and delivery

Compared to other members of the continuum robots family, the internal hollow
cavity or lumen of a CTR is very beneficial. The internal hollow cavity can allow
the passage of pressurized fluid (e.g., air and liquid) to the end-effector position
for tip control or manipulation. The Caturo has the potential for drug delivery, as
demonstrated in Figure 3.14, in addition to its 3D path deployment capability. In
the context of medical intervention, Figure 3.14 features a 2-in-1 demonstration
of the ability for sample collection and a drug delivery capability using
the sub-millimeter glass CTR prototype. For this particular demonstration, a
red ink sample (to mimic blood) was used. The distal end of the glass tube was
connected to a manually operated pressurizing syringe (Figure 3.3). The robot
was controlled to move to the sample collection location, which was followed by
fluid suction operation and fluid delivery at the destination point, as displayed in
Figure 3.14 (see video demonstration here).

Demonstration type Inner tube Outer tube
d; [pm] | D; [pm] | CT [pm] | R; [mm] | de [pm] | De [pm] | CT [pm] | R, [mm)]
Fluid suck & delivery (3.14) 100 164 12 26.5 249 353 18 00

Table 3.9: Prototype tube specifications for fluid suction and delivery

According to this demonstration, there is a possibility for pressurized fluid flow
from the proximal point to the distal end through the inner tube cavity. The
demonstration also revealed the ability to hold the fluid sample at the distal tip
region with a controlled pressurized air of the syringe, during sample transporta-
tion from the collection point to the delivery point. The Caturo tube specifications
used for this demonstration are provided in Table 3.9. It had its internal tube glued
to a long thin rubber pipe in order to connect to the syringe at the proximal end
(Figure 3.3). Considering the miniature size of the robot and its ability to maneu-
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3.5. Applications

ver through 3D curves, this opens up the prospect for multiple minimally invasive
interventions (e.g., quick biopsy and drug delivery) through a natural body orifice
or through small incision access to the surgical site, such as vitreoretinal surgery.

3.5.3 Vitreoretinal deployment under the OCT

Vitreoretinal deployment in a fish eye with possibility of OCT viewing
Riliare

OCT view

-==""" The CTR backbone-""
Under OCT observation

Tube diameter: 20/90um

-
-
-

-=--Area under scan

Camera view

Experimental set-up

Figure 3.15: Vitreoretinal deployment through an eye of a fish with an OCT viewing capa-
bility.

Retinal microsurgery presents unique problems that are beyond the scope of
current manual surgical technologies [Dupont 21]. The use of robotic technologies
in vitreoretinal surgery has been investigated to overcome the barriers of percep-
tion, tremor, and dexterity [Ahronovich 21, Zhou 20]. Moreover, the use of CTR
for this application has been proposed in [Lin 15, Wu 15, Zhou 19, Wei 09]. The
benefits of robotics in vitreoretinal surgery include the use of tremor filtration
that can help overcome natural human limitations, improve dexterity, enable in
vivo navigation without direct visibility, enable high precision/safety, and finally
facilitate possible long-distance teleoperation procedures by a specialist. Although
there is a challenge posed by this procedure: the eye is delicate and small with
complex nerve interconnections. The characteristics of the eye make it challeng-
ing for MIS. Considering these factors, we operate in the sub-millimeter range as
presented in Figure 3.1 and Table 3.10.
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Demonstration tvpe Inner tube Outer tube
P d; [pm] | D; [pm] | CT [pm] | R; [mm] | de [pm] | D, [pm] | CT [pm] | R, [mm)]
Vitreoretinal deployment (3.15) 20 90 12 8.9 249 353 18 00

Table 3.10: Prototype tube specifications for vitreoretinal deployment under the OCT

Vitreoretinal deployment operation is one of the target applications of this
robot. With the internal composition of an eye (vitreous humor), CTR navigation
as well as OCT visualization can be enabled. That is why we propose a vitreo-
retinal robot deployment, as presented in Figure 3.15 in a fish eye. The benefit of
this robot (aside from its miniaturized size) is its high dexterity in small confined
spaces, while simultaneously avoiding sensitive areas during its 3D path move-
ment inside the eye. The idea is to simply use the straight external tube, which
is stiffer (353um of external diameter) to puncture at the entrance point, while
the large workspace inside the eye is explored with the combined use of the two
tubes. So there is a trade-off between flexibility and generated force to puncture
the eye, which was why we used the external straight stiffer tube for puncturing.
In addition to their potential biomedical applications, the CTR tube materials are
bio-compatible, which makes them potentially important assets in medicine and
vitreoretinal surgery. In fact, preliminary results of OCT-based position control
of a CTR for an optical biopsy have already been proposed in our lab [Baran 17b]
but with the use of Nitinol tubes and glass capillary at the distal end.

3.6 CONCLUSION AND DISCUSSION

Overall, one will notice that there has been a gradual shift from traditional
open surgery to MIS due to its benefits. In addition, there is demand for further
miniaturization, to benefit from deployment through sub-millimeter incision access
to the surgical site or natural body orifice. This technology is particularly relevant
in neurosurgery and microsurgery. In fact, all these advancements have led to the
development of more innovative medical MIS tools and smarter devices. For this
reason, we have proposed a sub-millimeter glass CTR called Caturo. Caturo is
flexible, dexterous, and miniaturized, with the ability to pass through a 3D path
to the site of interest. The novel approach of obtaining various pre-curved tube
shapes in glass was achieved through thermal treatment with a thin heat-shrink
polymer. The sub-millimeter diameter range (all tubes < 500um) is what made it
possible to obtain a stringent and unprecedented tube radius of curvature as low
as o mm.

Compared to Nitinol which is the dominant used material, ours has the po-
tential for on-site fabrication and patient-specific procedures. In addition, it is
low-cost, fast, and does not demand a very high temperature or time-consuming
heating process, unlike Nitinol. Moreover, PET/glass has the benefit of reduced
friction compared to conventional Nitinol/Nitinol, which is another very important
aspect. The spring-back effect associated with this approach was also character-
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Figure 3.16: Sub-millimetre pre-curved glass tubes and the unprecedented region of interest
we operate when comparing all the inner smallest CTR, pre-curved tubes for the prototypes in
the literature. It involves the conventional Nitinol (in red marker) and 3D printed technology (in
green marker) and that of the sub-millimeter glass tubes (in blue marker). The external radius
and radius of curvature of the innermost tube prototypes in literature were considered. The
percentage lines are the recoverable maximum strain below permanent deformation or fracture
for different tubes with an average of 8% for Nitinol [Webster 06a] (solid red line) and around
1% for glass [Cuellar 87] (solid blue line).

ized. By adapting the existing CTR model to the validation of the Caturo, we
were able to validate the forward kinematics model, square path tracing using
the inverse kinematic model, and the stability prediction/analysis of the robot.
Finally, various demonstrations were carried out to present the micromanipula-
tion capability of the robot. Due to the high demand for robots in MIS/NOTES,
the valued specifications include smart capability, dexterity, and level of minia-
turization [Yang 18a]. It is important to consider the ability of CTR to reach its
destination without relying on any external support or influence, but rather by
tube actuation at its proximal end. In addition, not only is the end-effector pose
known, but the ability to estimate the entire robot backbone (Figure 3.6A), makes
it ideal for in vivo anatomy deployment. The conformation of Caturo through
validations (FKM, IKM, instability analysis) with the already existing model of
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CTR in the literature, has shown how well the models can be adapted with glass
material and on a miniaturized scale too.

As regards the state-of-the-art, the result of the fabrication of pre-curved CTR
glass tubes is presented in blue in Figure 3.16. This figure highlights the region
of interest for the Caturo by displaying the obtainable CTR tube radius of cur-
vatures and the smallest diameter range with respect to the existing ones in the
literature. For CTR, the recoverable strain under deformation is one of the key
factors for the flexible material. Considering a single tube, the relationship be-
tween the strain limit € and radius of curvature R (without plastic deformation)
in straightening a pre-curved tube is R = r/e 4+ r, where r is the external tube
radius. Note, since € is small, r << r/e and therefore, € &~ R/r. This relationship
indicates that a miniaturized tube radius could enhance dexterity and enable mo-
bility in tighter curves. Figure 3.16 displays the plot of strain as a function of the
external tube radius and the radius of curvature for all inner tubes of the CTR
prototypes in the literature. Most of the recoverable bending strain of Nitinol is
considered as 8% [Webster 06a], which is represented by the straight red line in
Figure 3.16; this demonstrates that all the Nitinol tubes operated below the recov-
erable boundary. The maximum strain of glass optical fiber before fracture is near
1% [Cuellar 87], which is represented as the straight blue line in Figure 3.16; it
shows how the pre-curved sub-millimeter glass respected this boundary too. When
comparing the pre-curved sub-millimeter glass tubes, to the smallest CTR proto-
type tubes in the literature (made of either Nitinol or 3D printed polymers), there
were three key observations in Figure 3.16. First, using glass tubes to fabricate
pre-curved CTR tubes with the smallest possible external diameter (~90pm), can
permit manipulation at the sub-millimeter scale. Secondly, this fabrication method
can allow deployment or manipulation within a very confined space, which is not
as feasible for conventional CTRs (15 mm minimum radius of curvature in Fig-
ure 3.16 [Sears 06]). Finally, it is also possible to obtain pre-curved glass tubes
with different radii of curvature and diameters, which could allow the use of mi-
cro pre-curved glass tubes along with or in place of Nitinol. Using these micro
pre-curved glass tubes could either improve existing robot performance or address
new applications that require a more miniaturized robot backbone.

CTR transmitting laser uses an optical fiber, which is merely passed through
the cavity of the CTR inner tube [Nguyen 22|. Instead, our novel approach demon-
strates that it is possible to obtain and use a pre-curved optic fiber as part of the
robot’s backbone (Figure 3.13). The constrained 3D path deployment, through
the orifice (approximately 1 mm) of three positioned needles, highlights the ma-
neuverability and flexibility of the robot by demonstrating its capability to follow
the complex path in its entirety. This could be ideal for teleoperated operation or
exploration of human non-accessible regions for maintenance checks or biopsies.
Based on the demonstration of fluid suction and delivery operation of the robot in
Figure 3.14, there is a possibility of fluid or light-driven actuators/sensors for func-
tionalized end-effector integration. The demonstration presented in Figure 3.14
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presents three functional capabilities associated with the Caturo: sample extrac-
tion ability (biopsy), sample delivery capability (drug delivery), and its ability
to transport samples between points within an area of interest (manipulation).
The small size of a glass capillary can be used to mimic a butterfly proboscis. Such
mimicking could potentially enable other CTR, applications in the future outside
of medicine, such as robot-assisted indoor pollination. Furthermore, the kinematic
model analysis conducted did not take into account the effect of contact friction
existing between the thin external polymer and the inner glass surface. Although
friction, unlike stiffness, does not determine the shape of the robot, there is still
space for further investigation in this area. There are currently a few models for
this phenomenon (see [Lock 11b, Ha 19]), however, they are much more complex
and challenging to experimentally evaluate on a sub-millimeter scale.

On the areas of challenges, the spring-back effect is still one of the key issues
in the fabrication of CTR tubes using thermal treatment approaches. This ef-
fect was also observed in the case of conventional Nitinol CTR tubes (for both
the traditional air furnace-based shape setting and the electric joule heating tech-
nique) [Gilbert 16d]. For a bigger glass tube diameter, we observed that the micro-
glass capillary became stiffer to bend and less effective. Therefore, this approach
is quite suitable for sub-millimeter diameter glass tubes in the range of < 500um.
As a result, it can be complementary with an approach involving Nitinol or hy-
brid design in order to take advantage of both materials. Another issue is that,
since the pre-curved glass tube is fixed in bending by the heat-shrink polymer, any
defect in the polymer will affect the resultant tube shape. This influence on the
tube shape leads to the possibility of pre-curved edges degrading over time as they
slide against the sharp tip of the outer tube. For a higher curvature, this demands
a thicker heat-shrink polymer that directly increases the external diameter of the
pre-curved tube, which makes it challenging to slide into another during deploy-
ment. It is possible to have more than two glass CTR tubes, as demonstrated in
Figure 3.1C. However, one needs to take into account the permissible clearance
that will guarantee smooth sliding between each concentric tube. For this purpose,
we are limited to the commercially available dimensions (Polymicro Technologies).
This study was also conducted under the constraint of using tubes < 500pm in
diameter. The tube diameter depends on the commercially available dimensions,
but the smallest tube size in this experiment is the tube-1= 90 : 20 pm, with
an achievable radius of curvature of ~5bmm (Figure 3.3B). Therefore, the actu-
alization of an effectively working CTR with more than two tubes will require a
customized set of glass tubes, with the specified dimensions to permit free sliding
or turning.
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Chapter 4. Miniaturized PCR made of glass

4.1 OBJECTIVE

To tackle the limitation and challenge of large workspace/rotation associated
with miniaturized parallel manipulators in the literature and discussed in Chap-
ter 1, we present the smallest PCR capable of generating rotations over 90° of
the end-effector in a tiny volume. In addition, while the vast majority of PCRs
use beams and rods of metal due to their flexibility and availability, the proposed
prototype uses optical glass fibers, which have the benefits of high elasticity, small
diameter, and the possibility of using them to transmit energy to an active end-
effector. Thus, the proposed miniaturized PCR has 3-DoFs (orientation in tip/tilt
angles and the end-effector contraction/extension), which were actualized using 3
glass optical fibers arranged in 120° apart. The robot was used to demonstrate
various path movements e.g. circular and square in vertical and horizontal planes
using the inverse kinematic model (IKM). Its miniaturized design could permit
integration onto an endoscope or multi-backbone robot tip for enhanced dexterity
in micro-manipulation operation. One key possible application of the proposed
PCR is the sample handling under SEM which will benefit from the large tip
and tilt angles of the end-effector in a tiny volume. In fact, in this Chapter, we
also investigated in detail the effect of the geometrical parameters of the robot
in terms of the achievable workspace, stiffness, and manipulability, followed by
assessing experimentally the workspace and the model validation on different path
followings.

4.2 ROBOT ARCHITECTURE AND MODELING

The architectural design of the miniaturized glass PCR is characterized by
high workspace volume due to its structural design and kinematics. The robot
architecture is focused on using three legs with the specific configuration presented
in Figure 4.1, to obtain 3-DoFs with a large workspace in a confined space, though
there are other configuration possibilities as discussed in Chapter-1. The details of
the robot design concept, modeling, and prototype are discussed below as follows.

4.2.1 Design concept and architecture

The schematic of the 3-leg miniaturized glass PCR is shown in Figure 4.1.
Basically, the components of the robot’s mechanical structural design include 1)
an end-effector, 2) legs 3) a fixed base, and 4) an actuation unit.

4.2.1.a End-effector

This is located at the distal end of the robot, which can also be called the
mobile platform. It is usually used to hold the robot link in position at the top
and could be functionalized for a target application. The design shape of the end-
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Figure 4.1: The schematics of the 3-leg Glass PCR and considering a flexible single rod for
the Cosserat rod formulation

effector is circular with a circumradius r.. The effect of variation of end-effector
dimension as a function of the robot geometrical parameter was analyzed in detail
in the subsequent Section.

4.2.1.b  legs

These consist of three straight and flexible standard glass optical fibers i € [1, 3]
considered as rod. While one end is fixed to the end-effector, the other is connected
to the actuator unit. In this thesis, we have considered the use of linear actuation,
which is located below the fixed base (Figure 4.1). The region above the fixed base
is called the robot’s flexible part because the robot configuration depends on the
link deformation upon actuation. The different rod lengths are used to actualize
different robot configurations. The movement from one neutral configuration to
another is used to actualize linear robot translation/displacement in the z-axis.
Uneven leg configuration results in tilting/bending of the robot end-effector about
r— and y—axis.
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4.2.1.c Fixed base

This comprises the base structure that gives fixed stable frame to the robot
and provides the path through which each optical fiber passes when actuated. The
hole design pattern is given in Cartesian coordinate at points By, By and Bs, which
are arranged 120° apart on a circumradius of r, (Figure 4.1).

4.2.1.d Actuation unit

This provides the linear translation of each link with an actuation range L* <
¢; < L, for i € [1,3]. In addition, this also provides the support upon which the
rods are attached. The different robot configurations and end-effector poses are
achieved by varying the different linear joint variables g;.

4.2.2 Modeling

4.2.2.a BVP of 3leg PCR

For predicting the pose/configuration of a PCR, a geometrical exact model is
important. To model the proposed miniaturized 3-leg glass PCR, we applied the
modeling framework proposed in [Black 18a, Till 15], which treats a PCR as a
boundary value problem (BVP) by neglecting the dynamics of the rod. With the
Cosserat rod framework [Antman 05], a rod can be described by a 12x1 vector of
twist and wrench along its arc length. Additional constitutive laws relating to the
kinematics variables and material strain (bending, torsion, shear, and extension)

Table 4.1: Notation and definitions

Symbol Definition Symbol Definition
* In a stress free state K, , € R¥3 Shear & extension stiffness matrix diag([GA, GA,
EA))
! Derivative with respect to arc-length Ky € RS Bending and torsion stiffness matrix diag([EI, EI,
al)
- Convert R? to so(3) AeR Area of link cross-section (772)
v Inverse of ~ operation e.g (a) = a peR Link material density
seR Reference arc length geR? Gravitational acceleration vector
i e€[1,3] link indexing feRr? Distributed force/weight (pAg)
L;eR Rod length from base to the end-effector leR? Distributed moment but neglected
re € R Radius of the end-effector from its centroid | F € R? External applied force at end-effector centroid in
global frame (& gravity acting on the end-effector)
mn € R Radius of the base-plate from its centroid M eR? External applied moment at end-effector centroid
in global frame
0 eR Angle between two links at the base-plate p. €R? Position of end-effector centroid in global frame
0 e R Angle between two links at the end-effector | R. € SO(3) Orientation of end-effector centroid in global frame
pi(s) €R? Position of ith link as a function of s aeR End-effector roll angle in global frame
R;(s) € SO(3) Orientation of ith link as a function of s B eR End-effector pitch angle in global frame
v;(s) € R? Link linear rate of change in the local frame | ¢; € R? Actuation/Motor displacement in z-axis position
and its stress-free state is v*=[0 0 1]7
u;(s) € R? Link curvature in the local frame and its | L} € R Link length at minimum actuation stroke length
stress-free state is u* =[0 0 0]7 (g =0).
m;(s) € R? Internal moment in the link in global coordi- | J € R3*® Jacobian matrix mapping changes in end-effector
nate position (p,) to change in actuation variable (g;)
ni(s) € R? Internal force in the link in global coordinate | K € R3*? Stiffness matrix mapping changes in end-effector
position (p.) to change in external force (F')
GeR Shear modulus of link material JeR Polar moment of area about z-axis (21)
EcR Young’s modulus of link material IeR Second moment of area about x- and y-axis (ﬁ)
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are also considered. Using the Cosserat rod framework and considering a rod as
a function of arc length (s) (see Figure 4.1), the following differential equations
were derived using static Cosserat rod model approach detailed in Table 4.2. For
simplicity and brevity, the meaning of all the variables and symbols used in this
chapter are summarized in Table 4.1.

’ Rod equations \ Remarks on their physical meaning ‘

the rod’s Cartesian centerline position p(s) € R? evolves
p = Rv along the arc length according to this differential kine-
matic relation.
also, the rotation matrix R;(s) € SO(3) evolves along
R = R4 the rod arc length according to this differential kine-
matic relationship.
using some material constitutive law (stress-strain) in-
volving the stiffness homogeneous transformation ma-
v=v"+K_ 'R"n | trix of shear and extension K_' to relate the rod internal
forces n(s) to the rod linear rate of change v(s) € R?,
analogous to velocity vector.
applying material constitutive law/equation involving
the stiffness homogeneous transformation matrix of
bending and torsion Kj,' to relate the rod internal mo-
ments m(s) to the angular rate of change u(s) € R3,
analogous to curvature vector. The curvature vector is
similar to the angular velocity vector of a rigid body ex-
pressed in body-frame coordinates, except the derivative
is with respect to arc length instead of time.
the differential equation for internal force n(s) consid-
n=-—f ering the force balance on some infinitesimal slice of the
rod for static equilibrium case.

the differential equation for the internal moment m(s)
m =—p xn-—1 derived from considering the moment balance of an in-
finitesimal rod section.

u=u"+K,;'R"m

Table 4.2: Static Cosserat rod equations expressed as a set of nonlinear ODEs in the
arc length dimension.

Although the Cosserat rod model merely describes the shape evolution of each
individual link. The overall robot modeling has to take into account the inherent
boundary conditions (proximal and distal), due to the PCR structural design e.g.
the geometrical constraints, and rigid body static equilibrium (Refer Figure 4.1).
These are provided as a set of boundary equations given below Table 4.3.
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’ Boundary conditions/equations \ Remarks on their physical meaning ‘

the pose boundary condition imposed by
pi(0) = rp[cost?, sinb?, 0]T baseplate due to the chosen hole attach-
ment pattern in Cartesian coordinates.
pose boundary conditions imposed due
to the hole pattern at the mobile plat-
T form or end-effector. It gives a constant
) vector in the local end-effector frame
from the platform centroid to a rod at-
tachment point.

the end-effector joins the three rods, re-
sulting in attachment constraints which
gives this position constraint equation
considering the end-effector centroid in
global coordinates p. and the rotation
De.

whereas this give the geometrical attach-
ment constrain as regards to the orienta-
tion constrain equation, considering that
the rods ends are glued to fixed position.
rigid body static equilibrium equation

r; = 1e[costf, sinbs, 0

pi(L;) = pe + R.r;

3 due to external force vectors F', acting
F =) [n;(L,)] or applied at the mobile platform or end-
=1 effector centroid. The weight of the plat-

form can be accounted for by F' = mg.
rigid body static equilibrium equation
considering the case of external moment
vectors M, acting or applied at the mo-
bile platform or end-effector centroid.

Table 4.3: The boundary conditions for the entire robot modeling which consist of
the hole attachment pattern leading to the geometric constrain equations and the rigid
body equilibrium equation due to external wrench (force and moment) acting on the
end-effector.

The overall robot derivation is composed of each rod modeled by the Cosserat
rod equations with a linear elastic constitutive equation (Table 4.2) and the bound-
ary conditions presented in Table 4.3. From the computation, the actuator link
displacement for the particular robot configuration is derived as ¢; = L; — L.
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4.2.2.b  Numerical solution with shooting method

The shooting method was used for solving the BVP model. Although this
numerical approach comes with the price of convergence problems and computa-
tional burden for its accuracy. One benefit is that the same model formulation can
be used for both the forward kinematic model (FKM) and the inverse kinematic
model (IKM) by using the respective input guess comprising the unknown and
input variables (Table 4.4).

Kinematic model | Unknowns variables | Input variables | Output variables
FKM p67Reani7mi q; pevRe
IKM qi, ;, M, Pe, Re ai

Table 4.4: The FKM and IKM with their respective different unknowns, inputs, and
output variables for the numerical computation using the shooting method.

The shooting method iteratively updates the guess values of the unknowns
and output variables until the boundary conditions are satisfied within the solver
tolerance (Figure 4.2). The non-linear optimization solver applies the Levenberg-
Marquardt/Trust-Region-Dogleg algorithm while using the “ode45” MATLAB func-
tion to integrate the rod, for each nested loop numerically.

Output result

Update guess value
and evaluate Jacobian

Solve guess
(rod integration & BVP)

A

Figure 4.2: The miniature glass 3-leg PCR shooting method solver flowchart for the FKM
and IKM. The variables to be evaluated for either the FKM or the IKM are given in Table 4.6.

4.3 THE PCR DESIGN ANALYSIS

We consider the end-effector and base link arrangement pattern to be an equi-
lateral triangle on a circumradius r. and 7, respectively (Figure 4.1). While the
end-effector translates in the z-axis and bends about the z-axis (roll) and y-axis
(pitch), the base is fixed in position. In addition, equal tube length is consid-
ered for each link of the PCR design, and all the dimensions are defined in the
global base frame. The initial configuration of the end-effector platform is given
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as p. = [0, 0, L*]*. The links are coupled to the end-effector by a fixed joint, such
that R, = R; at the end-effector position. Likewise, the legs have a fixed orien-
tation at the base, since it is set fixed/glued to the linear actuators. The robot
design is highly dependent on the geometrical parameters and choice of materials,
for the obtainable workspace/pose, manipulability, and stiffness. In the following,
we investigated the different design variables, which are analyzed in detail below.

4.3.1 Workspace

The workspace is the volume enclosure reachable by the PCR end-effector po-
sition p. and orientation R,, for the different obtainable configurations. These are
obtained by sampling the actuation variable q;. The workspace is derived as the
pose (position and orientation) of the end-effector centroid with respect to each
robot’s configuration, for different discretized iterations of actuation variable g;.
For each iteration of q;, the FKM is computed via the shooting method, which
derives the end-effector centroid pose from the boundary conditions defined by
the actuator positions. Using the material property of a standard single-mode
optical fiber with 125um diameter and imposing robot geometrical parameters of
re = 0.5mm, r, = dre, l; = 12r, and q; = 18r,, just like the experimental pro-

10

Figure 4.3: Workspace of the miniature glass PCR showing the different plane cuts
and its boundary shape. This is used to compute the achievable workspace volume of
the robot.
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totype. We evaluated the workspace of the PCR in the vertical x-axis plane at
x = 0, the vertical y-axis plane at y = 0, and the horizontal plane cut at z = 8mm
respectively (see Figure 4.3).

The q; within the vertical and horizontal plane cut of the workspace is then used
further to analyze the workspace, the pose of the robot end-effector centroid,
manipulability, and robot stiffness for the different configurations in the selected
planes. For better visualization and detailed analysis with regard to the evolution
of the PCR variables under investigation, q; iterates for 27,000 different combina-
tions of sample points.

Figure 4.3 presents the entire workspace of the miniaturized PCR, which covers
a volume space of 1174mm3. The result from the top view or the horizontal plane
cut of the PCR workspace depicts a boundary shape of a “Reuleaux triangle”. This
has a constant width curve property [Wikipedia 22] as all points on the boundary
side are said to be equidistant from the opposite vertex. By Blaschke—Lebesgue
theorem, the area enclosed by a Reuleaux triangle with width w is given by =~
0.70447w?. Therefore, the boundary area of Figure. 4.3 for the horizontal plane cut
at 2 = 8mm (in light green), using Blaschke—Lebesgue theorem gives 162.8mm? as
w = 15.2mm, and then, using MATLAB boundary function (default shrink factor
of 0.5) computes the boundary area as 169.9mm?. This confirms and validates
theoretically, the result shape of the robot workspace model computation for the
miniaturized glass PCR.

4.3.2 End-Effector Orientation

The end-effector orientation is the rotation angle of the end-effector centroid
about the z— and y—axis, which is represented as the roll angle and pitch angle
respectively. It is computed for the different robot configurations within the various
plane cuts in the workspace. The roll angle is taken as the rotation about the x-
axis as Figure 4.4A presents the color map of the obtainable roll angle, for the
different robot configurations within the workspace. From the color gradient, one
will notice that all the roll angles are 0 in the vertical cut plane at z = 0. Whereas
it spreads radially in the other planes, which has a value of +117° to —82°. For the
pitch angle, Figure 4.4B presents the color gradient for the variation of the end-
effector rotation about the y—axis. Again, one will see that the pitch angle for all
points in the y—axis is 0, whereas, for x—axis, its value ranges between +84°. This
is due to the PCR leg arrangement pattern, which permits higher bending in the
xr—axis plane more than in the y—axis plane for the different robot configurations
(see the different planar cut of Figure 4.3). The result of the design analysis is very
important in terms of visualizing the different obtainable orientations in roll and
pitch angles within the workspace. It is also a very useful parameter for addressing
future application requirements or specifications.

117



Chapter 4. Miniaturized PCR made of glass

() Roll angle (degree)

100
‘ 80
’ 60
g
5 5 Y3
0 5 5 ) g
—
Y (mm) X (mm) 120 ;
(B)Pitch angle (degree) S
10 ¥
<]
E
14 =
19 -20
‘210
-4
2y e 0
N
6 -
-60
4
w -80
0 5 s 0
Y (mm) X (mm)

Figure 4.4: Variation of end-effector orientations within the workspace, A) end-effector
rotation about the z—axis, whereas B) end-effector rotation about the y—axis.

4.3.3 Manipulability

Manipulability is the measure of the robot’s motion capability at a given con-
figuration. To investigate the manipulability of the miniature glass PCR, we eval-
uated the condition number at every configuration in the sampled points within
the workspace. Here, we used the 2-norm condition number 1 of the Jacobian
matrix J, given in Equation 4.1.

(4.1)
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where \,,q2 and A, are the largest and smallest eigenvalues of J7J respectively.
With this measure, if the condition number approaches 1, this denotes high manip-
ulability. If it approaches 0, it denotes less manipulability and toward singularity
configuration which occurs at 0. The Jacobian matrix J used for the robot manip-
ulability analysis is computed by observing the change in the end-effector position
p. due to a small increment in the joint values g;. The finite difference approach
was used (Equation 4.2), where each i column of the Jacobian is computed by
increasing the joint input ¢; by a small amount.

Pe — P, De—DP: Pe— D,
J ~ e e e 4.2
ACh ACD A(B ( )

Manipulability
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Figure 4.5: Robot manipulability in terms of condition number with the workspace
which reduces as it spread to the boundary region and maximum at the central part.

The result for the overall computation for the different robot configurations
within the workspace, when considering the three-plane cut is presented in Fig-
ure 4.5. It shows that the manipulability of the robot is maximum at the central
bottom region and decreases radially within the workspace as the robot moves fur-
ther away towards the boundary. In the Jacobian matrix, we only focused on the
use of end-effector position for every configuration, while neglecting the orientation
aspect due to the complications of working with their different units. Although
we also evaluated m = y/det(JJT) for the manipulability measure metric, how-
ever, that of Equation 4.2 was much more interesting in its representation and
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easy to understand as clearly shown in Figure 4.5. Moreover, each manipulability
metric approach tends to have its own drawback or issue of representation in a
given context e.g. using the ellipsoids approach for a workspace representation will
be challenging and hard to intuitively understand. Notwithstanding, we believe
that the chosen manipulability measure metric used is sufficient in analyzing and
representing the manipulability of the different robot configurations within the
workspace.

4.3.4 Stiffness

The stiffness represents the robot’s resistance to an externally applied wrench,
which comprises a force F' and a moment M (refer to Figure 4.1). This analy-
sis is useful to understand the load-carrying capacity of the PCR for the robot
configuration within its workspace. However, the focus of this paper is basically
on the robot stiffness due to an applied force. In that regard, we investigated the
stiffness of the various plane cuts of the workspace. The comparative result for the
different stiffness when a small force is applied in x—, y—, and z—axis is presented
in Figure 4.6A, 4.6B, & 4.6C respectively.

Generally, each of the results obtained shows that the stiffness significantly
varies with respect to the configuration of the robot within the workspace and
also on the direction of the applied force F' e.g in z-direction (Figure 4.6A),
y—direction (Figure 4.6B) or in z—direction (Figure 4.6C). The stiffness matrix
K for each robot configuration within the workspace is computed by the finite
difference approach, by observing the change in end-effector position p. due to the
small incremental change in the applied force AF;, as given in Equation 4.3.

Pe — Pi: De—Di DPe—Di

K~
AF, AF, AF,

(4.3)

Figure 4.6A—C shows the result of the output stiffness evaluated for the var-
ious selected plane within the workspace. Analyzing the stiffness when the force
is applied in the z—, y—, and z—axis shows that the stiffness in the z-axis is the
maximum and almost 15 times those in the x— and y—axis. Generally for each
case, the stiffness is maximum around the central bottom and then spread radi-
ally to the boundary of the workspace, where they are minimum. Considering
Figure 4.6A where the applied force is in the z—axis, one would observe that
the stiffness is always maximum at the central axis for the neutral configurations
(all links equal) and then decreases as the robot tilt or bend away from this axis
towards the boundary of the workspace. The stiffness value for each point in the
workspace when the force is applied in z— and y—axis are not the same, this is
due to the robot leg arrangement, where leg-1 is aligned on the x-axis while leg-2
and leg-3 are aligned at 120° apart. Therefore, the arrangement of the leg pattern
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Figure 4.6: Variation of stiffness at different configurations of the robot within the
considering different of the applied load, A) along the x—axis, B)

and C along the z—axis which is the maximum.

influences the stiffness for the different configurations with respect to the applied
force direction, as this is seen as the color gradient in Figure 4.6B and Figure 4.6C
for z— and y—direction respectively.
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The end-effector mass is 5.8mg and using a simple mass-spring system, its
natural frequencies are about 2kHz in z and y directions (taking the stiffness
from Figure 4.6 at the center of the horizontal cut z = 8). This is considerably
higher than the bandwidth of the micro servomotor which is given to travel 9.1mm
in 0.14s. This is one of the key reasons why we used the quasi-static modeling
approach because it gives a computationally efficient framework for analysis and
has been widely used for planning and control [Halm 18]. It is also important
when considering a system under equilibrium, which can be related to the modeling
involving the rigid body equilibrium and boundary conditions that have to be met.

4.4 GEOMETRICAL DESIGN PARAMETER ANALYSIS

The two main considerations for designing a PCR are the material properties
and then, the geometrical parameters of the robot. The material properties re-
late to the inherent properties of the material, for the active part of the PCR
e.g. Young’s modulus and Poisson ratio which depends on the type of material.
Whereas, the geometrical parameter relates to the material dimension, geometric
shape, and sizes, along with coupling or structural design. Since we are focused on
the use of one material (glass optical fiber), therefore the major analysis is on the
effect of the PCR geometrical parameters. The arc length is one of the geomet-
rical key parameters for the PCR design. This variable invariably relates to the
actuation length g, of the robot for any given configuration. Another geometrical
key parameter of consideration is the effect of the end-effector dimension since
this represents the output section of the robot (p. and R,). Therefore, we investi-
gated the effect of the actuation length and the end-effector dimension, which are
detailed below.

4.4.1 Actuation length

The variation in the actuation length (linear translation), changes the arc
length of the robot. It is very important to analyze the effect of the actuation
length, which relates to the variation of arc length that results in the correspond-
ing change of the robot backbone configuration. This is very crucial to PCR
design because this parameter helps to determine or easily infer 1) the area of
reachable workspace e.g Ly, Lo, L3, Ly, Ls and Lg, 2) the stable or maximum safe
region of operation e.g see Figure 4.7 and lastly, 3) the region of desired stiff-
ness/manipulability that best suit the given task. Therefore keeping all the pa-
rameters of the robot the same, while varying only the actuation length gives the
plot in Figure 4.7. For this analysis, the specification of the robot is given as
re = 0.bmm, r, = 10r., L} = 14r., and q; = 66r., which are all specified with
respect to the end-effector radius.
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Figure 4.7: Vertical plane cut workspace of the miniature glass PCR considering the effect of
the actuation length which relates to the robot arc length. Projected areas are unstable regions
due to negligible stiffness in long actuation length (see Table 4.5 for corresponding values).

Figure 4.7, shows the vertical y—axis plane cut of the robot workspace for
a maximum arc length of L = 30mm. In addition, Table 4.5 presents in detail
the variation of reachable workspace area as a function of each corresponding
actuation length. The reachable workspace area is very small when the actuation
length is bmm (shown by the region below the yellow dotted line L;) and this is
because the robot cannot sustain any strain below L7 = 3mm. Therefore the non-
reachable areas of the PCR within the given specifications are represented by the
white-bounded region of the dotted cyan-colored line in Figure 4.7. Another key
issue is the instability of the robot configurations at the boundary regions, most
especially for Ls and Lg due to low robot stiffness at these configurations, which
causes an undesirable offset deviation (refer to Figure 4.7). Therefore, care should

Table 4.5: The different actuation length with its obtainable workspace area

Reachable region Li | Ly | Ly | Ly | Ly | Lg
Actuation length (mm) 5 |10 |15 |20 |25 | 30
Workspace area (mm?) 4 |50 |89 | 122] 161 275
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be taken when designing and controlling a PCR, to ensure that output stiffness
is sufficient for the desired tasks, as further design analysis and prototyping are
mainly restricted to the fourth boundary region (Ly).

4.4.2 FEnd-effector dimension

One of the key geometrical parameters of consideration, in designing a PCR
is the dimension of the end-effector. The end-effector couples the rods at the
distal mobile end of the robot. Although this part can be functionalized with
actuators/sensors or manipulation tools, it is essential to understand the effect of
change in the end-effector dimension as regards the manipulability, stiffness, reach-
able workspace, and obtainable end-effector orientation. To that effect, model
analyses were carried out to investigate the effect of different end-effector dimen-
sions. For this particular analysis, only the end-effector dimension r. is varied,
whereas all other parameters of the robot are held constant. The robot specifi-
cations are r, = 2.5mm, l; = 2r,, ¢ = 2r,, while the r. = [1.5, 1, 0.5, 0.1]r,
(refer to Fig. 4.8A). The comparative detail discussion for the four different robot
configurations due to changes in the end-effector dimension is analyzed below

4.4.2.a Workspace

The results of Figure 4.8 show clearly the reachable workspace p, of the robot in
vertical x—axis plane when considering the variation of the end-effector dimension.
The reachable workspace area is presented in Table 4.6 for different end-effector
dimensions, which have a compound ratio of 1 : 1.67 : 2.37 : 2.86. The variation
of the end-effector dimension on the obtainable workspace shows that a smaller
end-effector dimension results in a larger reachable workspace.

Table 4.6: Obtainable workspace area, maximum stiffness, manipulability, and orien-
tation angle due to change of the PCR end-effector dimension

Te W-S K. s Ky ma Ky ma K Roll angle
(mm) | (mm?) | (N/mm)| (N/mm) | (N/mm)| max/min (degree)
1.57, | 14.10 140 0.16 1.05 1.00/0.35 | +57.5/-57.7

Th 23.62 510 0.24 2.51 0.71/0.35| +72.7/-67.6
0.5, | 33.41 150 0.79 2.84 0.45/0.19| +86.0/-75.7
0.1r, | 40.35 45 9.19 891 | 0.45/0.10| +89.8/-76.7
re: end-effector radius re: Base radius W-S: Workspace area
K. ma: Maximum z-axis stiffness K. ma: Maximum y-axis stiffness
Ky me: Maximum x-axis stiffness r: Condition number (manipulability)

Roll angle: Maximum orientation angle about x-axis in the right and left part
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Figure 4.8: Workspace vertical plane cut showing the effect of end-effector geometrical pa-
rameters on the overall performance of the PCR in terms of stiffness, manipulability, and end-
effector position and orientation. A) Robot shape for the different end-effectors which are
re = [1.5, 1, 0.5, 0.1]rp, B) and C) are that of stiffness when the force is applied in the z- and
y- axis respectively, D) Stiffness variation when the force is applied in the z-axis, E) Manipula-
bility variation considering each end-effector dimension, F) Obtainable end-effector orientation
for each robot configuration.
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4.4.2.b Stiffness

Figure 4.8B, C, and D, represent the stiffness variation due to applied force
in z-, y-, and z-direction respectively for the vertical z-axis plane. The stiffness
values are computed as discussed in section 4.3.4 above. Figure 4.8D, shows the
result of the output stiffness for an applied force in the global z-axis direction.
Considering the different robot configurations with various end-effector dimensions
as presented in Table 4.6, the maximum stiffness in the z-axis occurs when r, = ry,.
This agrees with the fact, that the lesser the stress on the robot links due to the
end-effector constraint, the higher the stiffness or resistance to the applied force in
the z-axis. The maximum stiffness for the y- and z-axis for each of the end-effector
dimensions are presented in Table 4.6. The stiffness in y- and z-axis increases as
the end-effector dimension decreases (Figure 4.8B and C). This can be related to
the fact that the bigger the end-effector, the higher the chances of perturbation
with applied force in z— and y— directions. Whereas the smaller the end-effector,
the higher the stress resistance because the links are tightly constrained to a smaller
area. Therefore, the influence of external forces is important to the resultant PCR
design in terms of the robot’s load-carrying capacity.

4.4.2.c  Manipulability

Figure 4.8E relates to the manipulability of the robot configuration within the
workspace as detailed under section 4.3.3. Though a smaller end-effector PCR
design, has the advantage of a large reachable workspace, the drawback becomes
lower manipulability as shown in Figure 4.8E. In essence, the bigger the end-
effector dimension, the higher the robot’s dexterity for a given configuration (see
Table 4.6). Therefore, there is a compromise between the reachable workspace and
the manipulability to ensure the efficient operation of the robot.

4.4.2.d End-Effector orientation

Figure 4.8F represents the end-effectors rotation about the x-axis. Comparing
the obtainable roll angle due to change in the end-effector dimension shows that,
the smaller the end-effector, the higher the reachable roll angle just like that of
the workspace. The maximum obtainable roll angle for each of the different end-
effector dimensions is given in Table 4.6. The higher roll angle associated with
having a smaller end-effector is linked to its ability to reach the higher boundary
regions and having a larger workspace unlike in the case of a larger end-effector
dimension. In general, having a smaller end-effector help to reach a tighter bending
angle, which is desirable for most manipulators.
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4.5 MODEL VALIDATION AND EXPERIMENTAL RE-
SULTS

4.5.1 Prototype design and fabrication

3D printed @ Optic fibre glass.__ End

, support framg Baseplate

Linear, motor

Figure 4.9: The miniaturized PCR made of glass, A) Computer-aided design (CAD) of
the entire robot and its different components B) Prototype of the robot in maximal extension
configuration C) Prototype of the robot in maximal bending configuration.

The prototype of the proposed 3-leg miniaturized glass PCR is presented in

Figure 4.9. It can be divided into 3 major aspects, which include: 1) the actuation
unit 2) the parallel flexible structure, and 3) the controllers. The flexible part of the
PCR is made of glass optical fibers, the vertical frame body support was fabricated
by 3D print, while the actuation unit top and baseplate were done by laser cut.

127
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In general, the miniaturized glass PCR prototype has a compact structure with a
simple design for rapid, miniaturized, and inexpensive fabrication. These are all
detailed below.

4.5.1.a Actuation unit

The actuation unit has a height of 27mm and a circumradius of 14mm. The
servomotors were placed in an equilateral triangular arrangement, so as to op-
timize space. Moreover, the prototype design support is made of three vertical
3D printed frame support parts, for easy assembly and optimized fast prototyp-
ing. The high precision of the laser cut permits obtaining three holes through a
plexiglass baseplate on a 2.5mm circumradius (Figure 4.9). Three holes of 300um
provide the guide support through which the optical glass fibers are deployed and
also help to constrain the link below the baseplate top in a straight configura-
tion. Detailed measurements and arrangement of the various components of the
miniaturized glass PCR are all shown in Figure 4.9.

The miniature linear servomotors used for this experiment are “Spektrum RC
1.8 Gram Linear Ultra Micro Servo”, which have a maximal speed of 65mm/s, a
stroke of 9.1mm and position repeatability of +0.14mm. Their size dimension is
8.2mm x 15mm x 16mm. The horizontal top plate provides rigid support for the
standing 3D printed parts as well as the needed small aperture hole through which
the optic fiberglass passes during the robot’s manipulation.

4.5.1.b Flexible structure

The flexible part of the robot consists of a set of three optical fibers. This part
also includes the distal rigid plate end-effector that couples together the optical
fibers. For the robot prototype design, a standard glass optical fiber of diameter
125pm was used with a length L} of 6mm from the fixed base platform to the mo-
bile end-effector. The small end-effector is a 500um lightweight thickness carbon
fiber plate.

4.5.1.c Controller

The discrete pose of the robot is computed via the model on the computer using
MATLAB which is connected to the Arduino board. In order to smoothen the
motor acceleration and deceleration, an S-curve velocity profile for the generation
of input control signal was implemented in the Arduino. Considering the glass
material used and the miniaturized size of the robot, the S-curve velocity profile
help to avoid the robot’s abrupt movement or jiggling stoppage and also ensure
simultaneous acceleration/deceleration of the three links at the same time (see
Figure 4.10). The theoretical detail for the S-curve velocity profile adopted for the
micromotor control is provided in [Arevalo 01].
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Figure 4.10: S-velocity profile plot for the robot control input (3 smooth curves for the 3
motors) and their corresponding output servo motor signals (3 step signal curves).

4.5.2 Experimental demonstrations and validations

4.5.2.a  Workspace validation
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Figure 4.11: Experimental validation for the boundary workspace based on FKM.

The vertical x—axis plane for the workspace boundary validation of the minia-
ture glass PCR is shown in Figure 4.11, for five repetitive movements (see video here).
The FKM was used for the computation of the workspace boundary path. The
validation of the boundary workspace is shown in Figure 4.11, which has a mean
error in z— and z—axis as 0.58mm and 0.28mm respectively. In addition, the stan-
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dard deviation in the x— and z—axis is given as 0.29mm and 0.15mm respectively.
The realized result shows the capability and flexibility of the robot to reach these
extreme points within its boundary, without suffering fracture. This validates the
FKM of the robot while considering extreme positions and one can see how close
the results match.

4.5.2.b IKM Validation

For the validation of the IKM, we carried out different path following that
involved 1) a circumradius path movement in the vertical plane, 2) a circular path
in the horizontal plane, and 3) two different types of square path movement. These
are discussed in detail below.

4.5.2.b.1 Circumradius path
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Figure 4.12: Circumradius validation on a vertical plane along the 10 mm circular path using
IKM in XZ plane. A) the experimental validation result and B) simulation plotting showing
the various configuration of the robot for the desired circumradius path following. Each path
was evaluated at least four times, and the error was computed for each point along the path.

The IKM was used here to compute the circumradius path points on a radius
of 10mm. Figure 4.13B, shows the side view of the simulation model for the
different robot configurations. The validation result of this path shape is shown
in Figure 4.13A and the demonstration video here. It has a mean error in z— and
z—axis as 0.25mm and 0.39mm respectively, while the standard deviation in x—
and z—axis is gotten as 0.15mm and 0.23mm respectively. The result obtained
shows how the robot follows the desired circular red line with a 10mm radius. It
validates the modeling with a satisfactory result when considering also the use of
cheap servo motors for the implementation.

4.5.2.b.2 Circular path
To further validate the robot IKM in a horizontal z—axis plane, a circular path
tracing was demonstrated. To actualize this, a set of path points for the desired
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path within the robot workspace were computed using the IKM. The result of the
circular shape path is shown in Figure 4.13A, which has a circular diameter of
8mm in z— and y—axis at a height of 5mm in z-axis (video demonstration here).
The error in x— and y—axis was computed as 0.20mm and 0.31mm respectively,
whereas the standard deviations in x = 0.13mm and in y = 0.19mm. The shape
of the output result considering the end-effector centroid position follows to some
extent, the desired circular red line as shown in Figure 4.13A. This validation
result shows the accuracy of the IKM (shown by the error bar) and how close the
experimental points follow the desired path.
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Figure 4.13: Experimental validation for horizontal plane path tracing by the minia-
turized glass PCR A) 8mm circular path, B) and C) square paths. Fach path was
evaluated at least four times and the error was computed for each point along the path.

4.5.2.b.3 Square path

Finally, two different square paths were executed as shown in Figure 4.13B &
C. The first square path (Figure 4.13B), is a diagonal square within a circular
diameter of 8mm (see video here). The diagonal vertices of the square are 8mm in
both the z— and y—axis. The experimental validation gave a mean error in x and
y as 0.18 and 0.20 respectively, while the standard deviation error is estimated as
x = 0.09mm and y = 0.13mm. Next is the square path tracing with horizontal
and vertical sides of 8mm in z— and y-axis (refer Figure 4.13C and demonstration
video here). The realized experimental validation has a mean error in x and
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y as 0.36mm and 0.29mm respectively and the standard deviation is gotten as
r = 0.22mm and y = 0.22mm. For both cases, the experimental points which are
the end-effector centroid, tend to follow the desired square path with a considerable
level of deviation/error given above. The various PCR validation results obtained
are satisfactory and conclusive but limited by the use of cheap servomotors which
have fairly low precision.

4.6 CONCLUSION

Parallel continuum robots (PCRs) are flexible manipulators, whose configura-
tion is determined by the controlled deformation of their parallel-arranged elastic
links. They are of great interest for micro-manipulation applications due to their
intrinsic compliance, their extrinsic actuation, and their miniaturization potential.
However, one key challenge in micromanipulators with parallel architectures in-
volves miniaturizing the robot size and having a large workspace. To overcome
this huddle, we proposed a miniaturized glass PCR, particularly using a standard
optics fiber of diameter 125um. The design of the miniaturized glass PCR is char-
acterized by high workspace volume, due to its structural design and kinematics.
The miniaturized glass PCR has great potential for high scalability since the active
parts are made of flexible glass rods and it also has an outstanding large workspace
when compared to other miniaturized parallel manipulators.

To the best of our knowledge, this is the smallest PCR in the literature, also to
consider is that, it is made of glass and possesses the capability of reaching large
tip-tilt angles in a tiny volume. Investigation of different geometrical parameters
of the robot design was carried out. It was realized that smaller end-effector PCR
has a larger workspace in position and in orientation but consequently a lesser
manipulability and vice versa. The robot stiffness varies according to the robot’s
configuration and the direction of the applied force. The stiffness is larger when
the force is applied z—axis compared to the r— and y—axis and it is always max-
imum at the central bottom region while decreasing radially to the boundary end.
We validated the robot FKM and IKM which was based on the Cosserat rod for-
mulation and the shooting method that was used to demonstrate the workspace
boundary, path deployment, vertical plane circumradius path tracing, and horizon-
tal plane circular and square path tracing operation. The experimental validation
result shows that the platform is able to reach tip-tilt angles from -84° to 117° in
a space of 15 mm wide and 10 mm high and to follow conveniently desired paths
within its workspace.

Although, the footprint of the entire robot can be further scaled-down if a
smaller actuation unit can be integrated or using a different microscale actuation
technique at the microscale e.g. capillary forces, or thermal expansion. More
importantly, we have made the link on how the key model parameters influence
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the performance of the robot which was suggested as future work in [Mauze 20]. In
addition, the realized smallest spatial PCR in the literature has an unprecedented
tube dimension of 125um, that is made of standard glass optical fiber. The future
prospects of this new generation of miniaturized robots made of glass (CTR and
PCR) are really boundless, which is going to pave the way for a different domain
of research exploring the use of glass for diverse applications.
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Conclusions and Perspectives

In this Ph.D., we have studied and investigated two glass continuum robots of in-
terest. A glass continuum robot is a flexible robotic structure composed primarily
of links made of glass. The first one is the concentric tube robot (CTR) and the
second one is the parallel continuum robot (PCR), which are both analogous to
the traditional serial and parallel robot respectively. These two continuum robots
have been the key subject of our research investigation and this dissertation. For
brevity, this section discussion is focused on areas of our key contribution and
challenges.

In Chapter-1, we discussed the state-of-the-art of continuum robots, particu-
larly CTRs and PCRs. Starting with CTR, we first address the literature gap
by studying in detail the design and fabrication aspect of CTRs and then pro-
posed to the research community our different findings as presented in a journal
paper [Nwafor 23b]. First, we addressed the different methods for the design and
fabrication of the tubes, actuation unit, and end-effector, which are the three
main compositions of a CTR. Secondly, a unified scheme for CTRs classification
is proposed to the research community, which is based on their actuation unit
architecture. Last but not least, a set of specification information for assessing
upcoming CTR prototypes is presented and we suggested to the community the
essence and need towards having a common platform for faster development and
advancement in this field, other than the usual fabrication of new CTR each year
by each group, which is majorly focused towards increasing the chances of publi-
cation acceptance. To that effect, we have also created a site CTR Prototyping
Resources, that contains the specifications of all the physical CTR prototypes in
the literature as a way of establishing a common platform. As regards PCRs,
we gave a concise detail on the review of existing prototypes and conceptualize
a general way of classifying them, which is either planar or spatial. A review of
the different classical modeling of continuum robots was also studied, with major
emphasis on the classical approaches in the literature we adopted for the different
validation (FKM and IKM), demonstrations (different path following and appli-
cations), and investigation analysis (stability and stiffness)

In Chapter-2, the focus was our major research contribution in regard to CTR.
In this aspect, we were able to actualize a new generation of CTR prototype with
a sub-millimeter design made of glass, which was used for various experimental
demonstrations after its model validation. A novel approach to obtaining a pre-
curved tube in glass using thin heat shrink on glass capillary was presented, which
was characterized and used to pre-curved planar or 3D complex tube shapes like a
helix. This was even extended to the pre-curving of standard optical glass and in
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fact, the external tube diameter can be as low as 90pum with a 5mm obtainable ra-
dius of curvature, which permit to actualize the smallest CTR ever. The approach
is simple, fast, inexpensive, and with a possibility for patient-procedural or specific
customization, thanks to the use of a 3D printed mold. These made it possible to
the realization of different pre-curved tubes for various target applications ranging
from vitreoretinal deployment using a fish eye under OCT visualization to laser
transmission capability of a pre-curved optical fiber for possible light-driven end-
effector actuation or laser surgery operation. Overall, for kinematic modeling, the
obtained results show that the general model framework in the literature can as
well be applied to miniaturized sub-millimeter CTR that is made of glass material.
Finally, this robot was called “Caturo”, which stands for capillary tube robot as
presented in a journal paper [Nwafor 22].

In Chapter-3, on the other hand as regards PCR, to the best of our knowl-
edge, we were also able to achieve the smallest PCR compared to those in the
literature. The novel design of the 3-DOF non-planar configuration makes use of
the inexpensive standard glass optical fiber, for the continuum deformable robot
links. This has the benefits of high elasticity, small diameter, and the possibil-
ity of using them to transmit energy to an active end-effector. Using the general
Cosserat rod formulation along with the variable curvature kinematic approach,
we were able to model, simulate and investigate the effect of various geometrical
parameters of the robot (actuation length and end-effector dimension) on the ob-
tainable/variation of robot stiffness, manipulability, and end-effector orientation
within the entire workspace. We went further to demonstrate different shape path
tracing consisting of a horizontal plane circular and square and then, vertical plane
circumradius, and workspace boundary path, which presents the robot capability
and model validation. This work has been published in [Nwafor 23a].

One major challenge is related to microfabrication and assembly of the designed
end-effector for the CTR and the PCR, considering specific task applications or
micro-manipulation. In fact, for the PCR, most of the attachments were done
using glue which limits parts decoupling or modular parts. With necessary micro-
fabrication and the right micro-assembly, various coupling parts can be developed
and possibly, interchangeable end-effectors. Moreover, one may wish to obtain
an all-in-one design in glass, using the 3D fabrication capability of the FEMTO-
print machining but the present technology does not guarantee such. Finally, to
actualize microscale continuum robots, then MEMS actuators are to be used but
currently, their fabrication is challenging and their output stroke is often very
small.

Lastly, most CTRs in the literature including ours is just single-arm design.
This is due to the challenge of designing a handheld and compact actuation unit
with the available miniaturized motors/actuators for the high number of DOFs
required. Moreover, long tubes are prone to instability. Although, a hybrid Nitinol-
glass tube can be integrated into the redesign.
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PERSPECTIVES

Short-term

The short-term perspective project can span from 6-months to one year of
active research. Some of the features and projects to advance upon within a short-
term framework or possible master projects are detailed below

4.6.0.a Hybrid and multi-arm CTR design

Figure 4.14: Future proposition for compact handheld multi-arm CTR design

Currently, Nitinol is the predominant material used for CTR design and proto-
typing, but there are some drawbacks regarding the level of miniaturization. This
challenge can be alleviated by using micro-glass tubes as an alternative or to com-
plement the existing design. Using the micro-glass tubes, it was possible to obtain
the lowest radius of curvature down to 5 mm, three times smaller compared to that
of Nitinol in the literature having 15 mm [Sears 06]. Moreover, the sub-millimeter
pre-curved glass tubes have the smallest possible external diameter (glass has a
diameter of 0.09mm, while the CTR Nitinol tube in the literature has a diameter
of 0.41mm [Lin 15]). However, one can obtain a straight Nitinol tube with an
external diameter of 0.25mm online (Johnson Matthey). With the current results
obtained by the use of sub-millimeter glass capillaries, it is possible to propose a
hybrid CTR design, composed of both the predominant Nitinol and glass. In this
design, the glass pre-curved tubes with the smallest diameters and radius of cur-
vatures can be integrated into a miniaturized Nitinol at the distal region. In this
scenario, instead of the usual insertion of straight fiber optics for laser-associated
application, with our novel approach, a pre-curved optical fiber will be part of
the robot backbone. This gives higher precision, control, and increased dexterity
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permitting it to reach inaccessible regions. In this regard, the benefits of the two
materials can be harnessed and effectively used towards advancing in applications
such as robot-assisted microsurgery.

Possible single-port multi-arm deployment of glass CTR is another aspect of
research exploration. From the state of the art, most CTRs in the literature
are single-arm prototypes with few exceptions of mult-arm design as presented in
Figure 4.14. Moreover, with the current push for more invasiveness, this comes
with the demand for possible single-port multi-arm deployment in MIS, which leads
to less incision /blood loss and faster recovery. To that effect, Figure 4.14 presents a
possible handheld compact design with three-arm CTR conceptualization. Among
the multi-arm, we have the gripper for holding while the laser for cutting and
then, the camera for visualization/lighting at the surgical site. Considering we
are working with a sub-millimeter range CTRs, therefore obtaining a miniaturized
design integrated on a single endoscopic arm as presented in Figure 4.14 could be
possible. This will pave the way towards meeting the present demand for single
port deployment and further miniaturization, which comes with huge benefits.

Pre-curved 3-leg PCR and a hybrid continuum robot architecture

Almost all the PCRs in the family considered in this thesis uses straight flexible
legs for the robot design and fabrication. Just as we categorized PCR as a multi-
backbone continuum robot, here, we propose a hybrid design comprising of CTRs
in parallel to fabricate a PCR (see Figure 4.15). Particularly, each robot’s leg con-
sists of a CTR kinematics, which is composed of a nested pre-curved tube(s), that
deforms upon actuation. Figure 4.15A shows a configuration where the external
tube can be assumed to be a straight rigid path through which the pre-curved
internal tubes are deployed from. This design concept is used to actualize a pure
translation to pure rotation movement of the end-effector. Figure 4.15B presents
the case of a PCR with a composition of two-tube 3 CTRs arranged in parallel,
which is an extension of that presented in Figure 4.15A but with a more possi-
ble DoFs. Figure 4.15C presents the model simulation of the first case study of
a PCR with pre-curved legs. The design architecture basically consists of three
pre-curved CTR links connected to a common end-effector with the assumption
that the fixed base act as a dominant external straight tube. This robot config-
uration permits to convert pure translation at the base to pure rotation of the
mobile platform when actuated by translation. Each flexible link of the PCR is
made of a pre-curved capillary, which will be deployed from the base. As the inner
capillary link is deployed via linear actuation at the base, the robot end-effector
or distal plate rotates, resulting in what we call pure translation to pure rotation
mechanics. The upper plots of Figure 4.15C, display the initial robot configuration
before actuation. Whereas the plots below depict its corresponding configuration
after actuation with the end-effector rotating a 90° about the z-axis. This concept
permits the actualization of torsion motion at the end-effector by using pre-curved
continuum tube/rod links instead of conventional straight links. The model frame-
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Figure 4.15: Design of PCR with pre-curved legs. A) CAD of a PCR with pre-curved legs
for pure translation to pure rotation upon actuation as shown by the simulations below, B)
CAD of a PCR composed of two-tube CTRs which is a further extension of that presented in A
with an introduction of a second pre-curved tube, C) model simulation of the PCR design in A
for which the up) shows the initial robot configuration while below) presents the configuration
upon linear actuation resulting in a 90° end-effector rotation.

work is the same as that used for the miniaturized PCR in Chapter 4 above, just
that this takes into account the rod pre-curvature vector values. The next phase
is the prototype fabrication design and then, the experimental validation, which
is followed by a proposed application.
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Figure 4.16: 3-DoF miniature PCR redesign using piezo-driven actuators for possible use in
the scanning electron microscope (SEM), while the miniature planar version without the rotary
actuator can suit transmission electron microscopes (TEM) micromanipulation application.

MEMS actuated planar PCR

A new concept of a 3-DoF design for a miniaturized PCR is presented in Fig-
ure 4.16. This design is basically composed of two slender rods possibly optical
fiber, which was previously used for PCR design in Chapter 4. It will be deformed
upon actuation of the two miniature linear actuators that are coupled to each
link. The benefit of this novel redesign is in regards to the possible integration
of MEMS actuators rather than DC motors and this will further miniaturize the
overall design. This has a huge prospect for micromanipulation requiring a large
workspace with a small robot footprint. The architectural design permits obtain-
ing a planar bending about x and y—axis, which is achieved using linear actuators.
With this concept, it could be possible to deploy it to transmission electron mi-
croscopes (TEM) for sample micromanipulation. Optionally, one can integrate a
rotary actuator, which can produce out-of-plane rotation about z—axis. With this
design concept, the workspace volume gives a conical shape whose size is depen-
dent on the linear actuation stroke and the linked material. This design will have
a faster computational time as only two-rod integration is required to determine
the actuation length.

Automatic/self-calibration

Calibrating at the joint level is a crucial aspect of robotics, as it directly
impacts the attainable precision/accuracy and unlike serial robotic arms, which
have rigid links and joints, continuum robots are made of flexible materials that
bend and twist [Vincent Modes 20]. Due to their jointless design, specific cal-
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ibration methods are necessary that involve an automatic method for aligning
pre-curved elastic tubes for effective robot calibration. Two possible approaches
are the integration of a sensor at the distal tip to calibrate its pose and the
other is by investigating with a non-contact sensing technology like electromag-
netic induction, cameras. CTRs are the smallest family in continuum robots
and working with a sub-millimeter CTR design, the main challenge is identify-
ing the possible nano-scale detectable sensor or methodology like electromagnetic
approach for actualizing automatic identification of the sub-millimeter CTR tip
pose or body configuration. Although, calibration procedures for CTRs in liter-
ature have been investigated sparsely, but they are important in improving the
accuracy of a robot. In the literature, it has been used for a tendon-actuated
robot in [Zheng 18, Chikhaoui 19, Wang 19a], also for CTR under constant curva-
ture assumption in [Webster 08b, Webster 09b, Vincent Modes 20], a generalized
case in [Rucker 10d] and in fact, for a PCR in [Wu 19].

4.6.0.b Control and dynamic analysis

Robot control involves determining the appropriate actuation to achieve a de-
sired state, which is essential for performing a specific task. The state of a con-
tinuum robot encompasses several aspects, including the end-effector pose, the
robot’s shape, isolated/distributed forces, and stiffness, as well as its kinematic
performance [Chikhaoui 18a]. The robotic community has reached a consensus in
traditional serial and parallel robotics regarding various aspects. This includes the
use of rigid links in the design, specific actuation types such as prismatic, revolute,
and cylindrical joints, and the application of modeling techniques like Denavit-
Hartenberg parameters. These have resulted in a well-developed and shared foun-
dation for devising control strategies. On the other hand, the use of different
actuation methods, kinematic structures, modeling approaches, and sensors for
continuum robots has led to increased diversity and made it more challenging to
find a universal control approach [Trivedi 08b, Rus 15]. This issue comes with
the question of “what type of continuum robot are you working upon?”; so as to
identify the best control method that best fits and can guarantee optimum results.

Contemporary methods for controlling continuum robots are categorized into
three main types: open-loop control, closed-loop control, or a hybrid approach
that combines elements of both. In open-loop control, the primary reliance is on
model inversion (IKM) to determine appropriate actuation values for achieving
the desired state. This method proves advantageous when sensor integration is
either unavailable or not preferred for the control process. To achieve higher ac-
curacy with this method, the 3D FEM approach is encouraged which considers
a lot of different non-linearities such as friction, and boundary contacts. On the
other hand, the closed-loop control takes it further by incorporating feedback of
the robot’s actuator/state. Therefore, the desired state is achieved by using both
the measured error and the model, which gives a better result accuracy. For higher
accuracy, a configuration state-based feedback control is encouraged either by us-
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ing visual servoing or an electromagnetic sensor approach. Though this increases
the complexity of the system for medical applications, they are a necessary re-
quirement. Moreover, the derivation of the dynamics of continuum robots is still
ongoing research, which can lead to more effective automatic control. These are
areas of key focus in modeling, though some stride has been made in this aspect
in [Zheng 12, Godage 11a, Godage 16, Chirikjian 94, Audoly 13, Yu 05, Renda 14,
Lang 11, Rucker 11a, Janabi-Sharifi 21b, Till 19b], but the actualization is still far
fetched as to implementing the physical robot design/control.

Long-term

The impact of long-term goals in a continuum robot project for the future is sig-
nificant. Various areas of advancement such as modeling, control, and navigation
strategies are needed as well as the target application development for public us-
age, patents, and possible commercialization. The long-term perspective projects
are in the range of more than one year and possibly Ph.D. projects.

End-effectors for CTR

Functionalizing CTR with an end-effector is vital for task-specific applications.
CTR end-effectors are often wire-driven. In the literature and see in Appendix-C,
the smallest CTR end-effector has a diameter size of 1 mm [Dupont 09b], which
would be unsuitable for the sub-millimeter glass CTR. Integrating an end-effector
into the sub-millimeter glass CTR tip will be challenging due to the difficulties
associated with micro-fabrication and micro-assembly. Although, the possibility
of actualizing this will be beneficial for the use of small-scale and application-
specific tasks in clinical interventions. The two major considerations for micron-
size end-effector integration are typically the use of light-driven and pressurized
fluid through the innermost tube aperture. Glass capillaries could guide light to ac-
tuate a thermal micro-gripper [Benouhiba 21] or an optical fiber tip self-regulated
photo-mechanical actuator system with a contactless sensing probe [Wani 17]. Sev-
eral microfluidic principles, such as micro-pistons, can be exploited for tip actua-
tion as well [Volder 10]. Some of the possible pneumatic or hydraulic end-effectors
that could be integrated into the glass CTR tip include a 3D 100pm compli-
ant end-effector with an integrated force sensor [Power 18], a 150pm capillary tip
microgripper [Barbot 20], and a 0.15mm? micro piston actuator [De Volder 09].
Finally, actualizing these will definitely add more value to the application capa-
bilities of the miniaturized CTR.

Towards medical applications

For every medical device under development, the goal is to push toward clin-
ical trial and its possible commercialization. As regards the sub-millimeter glass
CTR, the long-term target is to advance its development and bring it into prac-
tical use in healthcare settings. Basically, clinical trials are an essential step in
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evaluating the safety and efficacy of new medical technologies before they can
be widely adopted. By conducting clinical trials, one can gather data on the
performance of the CTR in real-world scenarios and assess its benefits and po-
tential risks. This process helps to establish the robot’s reliability, validate its
capabilities, and refine its functionality based on clinical feedback. Particularly,
to advance the CTR toward clinical trials and possible commercialization, several
key steps are to be considered. These include: 1) further research and devel-
opment, 2) preclinical studies 3) regulatory approval 4) clinical trials proper 5)
commercialization strategy, and then, 6) market entry. The commercialization of
the CTR involves making it available for widespread use in healthcare settings.
This typically involves manufacturing, regulatory approvals, marketing, and distri-
bution. Successful commercialization requires addressing various challenges, such
as regulatory compliance, cost-effectiveness, market acceptance, and integration
into existing healthcare systems. It is important to note that the specific progress,
requirements, and challenges associated with pushing the CTR toward clinical
trial and commercialization may vary depending on the particular research and
development efforts and the regulatory landscape in different countries or regions.
In France for example, basically, the demand and requirements are beyond the
annual project feasibility. Though, through rigorous research, clinical validation,
regulatory compliance, and strategic commercialization efforts, the CTR can move
closer to clinical trials and eventual commercialization, potentially revolutionizing
minimally invasive procedures and benefiting patients and healthcare providers
alike.

End-effectors for PCR

This involves the design, micro-fabrication, and functionalization of a PCR with
a small-scale or miniaturized tip device for a task-specific application. The inte-
gration of micro end-effectors in PCRs enables precise manipulation and control
at a smaller scale, making them suitable for applications such as microsurgery, mi-
cromanipulation, and micro-assembly. By combining the advantages of PCR, such
as flexibility and those of parallel robot configuration, the system can effectively
perform delicate tasks in confined spaces with the help of miniature end-effectors.
This integration process requires careful design, compatibility analysis, and op-
timization to achieve effective performance. To actualize successful integration,
several factors need to be considered, such as the mechanical compatibility be-
tween the end-effector and the robot’s flexible elements, the actuation and control
mechanisms, and the overall system dynamics. These aspects must be carefully
analyzed and optimized to ensure efficient and reliable performance. Research
and development in the field of micro end-effector fabrication and integration for
PCRs is not pronounced with only a hand few recorded in the literature. The key
focus in this area is on the design and fabrication approach, which involves the
micro-fabrication technique, actuation/control, and integration/functionalization
strategy. The goal is to improve PCR capabilities by making them application-
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oriented and enabling them likewise to perform complex tasks at the microscale.
Since the design of our miniatured PCR makes use of standard optical fiber, this
means we can employ light-driven actuated end-effectors. Moreover, PCRs are
stiffer thanks to their parallel architectural configuration, which means they can
effectively carry more loads than CTRs. One can choose to implement any of the
suitable examples listed above for the case of CTR.

PCR as SEM manipulators

One key application of the miniaturized PCR made of glass is focused on in-
tegrating it into the SEM for robotized arm sample micromanipulation. Notably,
the SEM provides high-resolution imaging capabilities. By integrating the minia-
turized PCR into the SEM, one can leverage the advantages of both systems.
While SEM provides visual feedback, allowing for monitoring and analysis of the
micromanipulation tasks, on the other hand, the PCR will be used for precise
and dexterous manipulation within the SEM’s confined space. Additionally, the
miniaturized PCR will be equipped with specialized end-effectors or tools suit-
able for micromanipulation tasks within the SEM. These end-effectors can vary
depending on the specific application and may include microgrippers, microtools,
OT 1MiCrosensors.

The integration process typically involves designing and fabricating the minia-
turized PCR to be compatible with the SEM environment. This includes consid-
ering the size, weight, and mechanical constraints of the robot to ensure it can
operate within the SEM’s chamber, and by ensuring the robot’s actuation mech-
anism does not generate electromagnetic interference that could affect the SEM’s
imaging quality and capability /functionality. Furthermore, the control system of
the robot should be designed to enable precise and coordinated motion while tak-
ing into account the limitations imposed by the SEM environment. The aim is
to enhance micromanipulation capabilities within the SEM by enabling tasks such
as sample manipulation, assembly, or cell manipulation at the microscale. One
good possibility is the use of piezoelectric drives having a nanometer resolution
and tiny size e.g. squiggle which has a dimension of 1.8 x 1.8 x 6mm. The piezo-
based drive concepts do not generate magnetic fields and are not influenced by
them, thereby making piezo stepping drives particularly suitable for SEM/TEM
application [PI 23, Guan 11]. In this scenario, the sample can be placed on the
miniature PCR robot for in-depth visualization or manipulation with the help of
the micro-scale end-effector during image scanning.
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Table A.1: Overview of the synthesis approach proposed in the literature for CTRs,

classified by objective.

Objective Year Research team  Optimization approach Optimized parameters: Kinematic Application
tongi cm. model
Collision avoidance, tip po- . . SNOPT for tube design + mo- Laryngoscopy,
sition and orientation 2022 Lin et al. [Lin | tion planner (gradient-based) v v TC Heart biopsy
2019 Baylkal et ASA for tube design
al. [Baykal 19) . .

o . -+ motion planner v v TC Lung biopsy
Maximize reachability, 2017 Baykal et (gradient-free) ;
collision avoidance al. [Baykal 17 g I

Baykal et
2015 al. [Baykal 15b]
RRT for tube design + RRT
Torres et . . .
2012 - for motion planner (gradient- v v TC Lung biopsy
al. [Torres 12]
free)
Maximize elastic stability, Beraeles ot TR Hydrocephalus
minimize tube lengths and 2015 TBeies . Nelder-Mead (gradient-free) v v and treatment,
o : al. [Bergeles 15] .
curv., collision avoidance ; TC cardiac surgery
Maximize reachability, 2018 Gu‘cr‘c.l . ot Brute force (gradient-free) v v TC Qlfactory cleft
e i al. [Girerd 18a] biopsy
collision avoidance,
stability E i
Stabiity Boushaki et Pareto grid search (gradient- Dee‘p anterior
2017 RN v TC brain tumor
al. [Boushaki 16a] free)
surgery
Maximize field of view 2015 Hendrick ) et Brute force (gradient-free) v DS Prostate
al. [Hendrick 15¢] surgery
E al. [Ha 17] St st descent
Maximize elastic stability 2017 Haetal. [Ha 17) ‘eep_es es%en v TC -
2014 Ha et (gradient-based)
al. [Ha 14D]
Maximization of collabora- Chikhaoui ot
tive configurations between 2018 - .o tharticle swarm (gradient-free) v/ v TC -
- al. [Chikhaoui 18b
two CTRs
TC
Maximize workspace, robot Granna et Z\;{lfh
0 workspace, 2019 al. [Granna 19] Particle swarm (gradient-free) v v ) -
structural stiffness i ter-
nal
loads
S . . Noh et . .
Maximize surface coverage 2016 al. [Noh 16] Nelder-Mead (gradient-free) v v TR
Granna et Malignant
2017 al. [Granna 17b, Particle swarm (gradient-free) v TR brain  tumors
Granna 19] ablation
Maximize volume 2017 Granna et Brute force, Greedy optimiza- v TR
coverage al. [Granna 17a] tion (gradient-free) Intracerebral hemorrhage
evacuation
Burgner-
2013  Kahrs et Brute force (gradient-free) v v TR
al. [Burgner 13b]
Burgner- Pituitary gland
2013 Kahrs et Nelder-Mead (gradient-free) v v TC sur er‘ ! Ve
al. [Burgner 13a] sery
Burgner- §
2011 Kahrs et Nelder-Mead (gradient-free) v v TR S]iullr ) base
al. [Burgner 11] seLy
2019 Farooq et Vitroretinal
© al. [Farooq 19b]  Nelder-Mead (gradient-free) v v - surgery
Minimize robot Farooq —
distance to path 2016 et.al [Farooq 16] Ligation
2018 éI:IIO[IIﬁI(I:IJ’it::)()t() i;]
- ' Analytical formulation v v TR Kidney stone removal
Morimoto et
2017 . .
al. [Morimoto 17a)
. Morimoto et
2016 al. [Morimoto 16a]
Minimize tube lengths 2011 Bedell et Genefahzed pattern search v v R Cardiac
I al. [Bedell 11] (gradient-free) surgery
and curvature,
collision avoidance Anor et Generalized pattern search Hydrocephalus
01, [Anor 11a) (gradient-free) v v DS treatment

*: Method applied to a dual-arm robot

DS: Dominant stiffness

ASA: Adaptive simulated annealing (gradient-free)
RRT: Rapidly-exploring random trees (gradient-free)

§: Also includes optimization of tube inner and outer diameters

t: Also includes optimization of tube inner and outer diameters and Young’s modulus

TR: Torsionally-rigid

TC: Torsionally-compliant.
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A.1 'TUBE DESIGN APPROACHES

The synthesis of tubes is divided into two distinct categories: (1) the synthesis
of a tube set to get the appropriate robot shape for certain tasks, and (2) the
synthesis of tubes to achieve the desired mechanical properties through structural
alterations.

A.1.1 Optimization of a Tube Set:

Table A.1 presents the tube set design approaches for CTRs, organized by the
objective function. Despite a high number of design variables included in the kine-
matic models, as detailed in the previous section, it is visible in Table A.1 that
the methods developed so far only lead to the synthesis of a subset of design pa-
rameters, with the others being pre-selected. In all methods, the tube number, for
example, is defined beforehand. Designers frequently use 3 tubes, which enables
tip pose control with 6 DOF for fully actuated tubes. However, we see that the use
of 2 tubes is also a popular option and that only a few researchers have looked at
the use of 4 tubes [Sears 06, Gosline 12, Dupont 12] or even 5 tubes [Dupont 12].
In addition, the tube materials, inner diameters, and outer diameters are usually
predefined, except in [Granna 19] where they are optimized, and in [Lin | where
the tube diameters are optimized. As a result of this decision, the bending and
torsion stiffnesses of the tubes, which are significant factors influencing the robot
shape, are predefined, which restricts the design space of CTRs. This choice is
typically made to reduce the computational time and complexity of the synthesis.
Additionally, the tube curvatures in synthesis approaches are typically restricted to
constant curvature sections [Bergeles 15], with the exception of a few approaches
that investigate the advantages of tubes with continuously varying curvature along
their lengths [Ha 14b, Ha 17]. In fact, CTR tubes are normally considered to have
a straight section followed by a section with constant curvature. This choice may
be justified by the simpler kinematic models that can be used with the constant
curvature assumption, as well as the simplicity of fabricating the tubes and de-
termining their curvature after their shape setting. Additionally, despite the fact
that every method in Table A.1 except for [Ha 14b, Ha 17] uses constant-curvature
tubes with two sections, this limitation nonetheless allowed researchers to work on
a variety of applications and areas in human anatomy, as seen in Table A.1. In
addition to limiting the number of design variables and tube shapes considered,
CTR designers have also introduced various design guidelines in order to further
simplify the synthesis problem. Bedell et al. proposed a decoupling of the robot
in navigation and a manipulation section [Bedell 11], which was later integrated
into the work of Bergeles et al. [Bergeles 15]. This decoupling has been reused
in [Girerd 18b] for the search of feasible CTR shapes with navigation and an ex-
ploration section. Bergeles et al. [Bergeles 15] further proposed that the stiffness
of each link of the robot should dominate the stiffness of the previous ones, de-
rived rules for approximate follow-the-leader deployment, and proposed the use of
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either fixed or varying curvature links for the robot, with the goal of simplifying
the synthesis problem.

Diverse objective functions have been implemented for the synthesis of CTRs
and can be classified into two main categories. The first category corresponds
to objective functions related to the task to be performed, including mostly ob-
stacle avoidance and reachability. The goal in these scenarios is to design a set
of tubes to enable the robot tip to reach a desired pose in Cartesian space or
to sweep a given volume, as illustrated particularly in [Bedell 11, Burgner 11,
Burgner 13a, Burgner 13b, Bergeles 15]. The second category corresponds to ob-
jective functions that constrain the design of the CTR or its joint values, in or-
der to guide solvers towards a feasible robot. For instance, tube lengths and
curvatures are usually minimized in order to avoid loopings of the robot in the
anatomy [Anor 1la] or to increase its stiffness or remain in the admissible stress
limit of the material [Bedell 11]. While not being an objective constraints on the
material strain have also been implemented in [Lin | to ensure tube mechanical
integrity during usage. Researchers also sought to maximize the robot stabil-
ity [Girerd 18a, Bergeles 15, Boushaki 16a, Ha 17, Ha 14b] in order to avoid hav-
ing multiple solutions to the direct kinematic model, which results in a snapping
phenomenon occurring due to the accumulated torsional energy releasing when
they are actuated. In addition, it should be noted that most work has focused
on the synthesis of CTRs by assessing collisions for a fully deployed configuration
only. While this ensures that the deployed robot meets the desired performance,
it does not guarantee that the robot can deploy to the site of interest without
colliding with the anatomy. In order to achieve a collision-free path, the synthesis
of the CTR must be coupled to a motion planner in order to take the deployment
of the robot into account. This approach has been explored in the work of Tor-
res et al. [Torres 12], with an RRT (Rapidly-exploring Random Tree) to sample
the design parameters and another RRT to sample the joint variables, Baykal et
al. [Baykal 15b, Baykal 15a, Baykal 17], with methods that enable the obtention
of tube geometries as well as a motion plan, and more recently in Lin et al. [Lin |.

Overall, it can be observed from Table A.1 that all design algorithms proposed
to date are gradient-free optimization approaches, except the recent work of Lin
et al. [Lin ]. Other exceptions are [Ha 14b, Ha 17], however these works did not
consider task objectives and constraints. This trend can be attributed to the diffi-
culties of formulating the kinematic model of CTRs in a way that is differentiable
with respect to its design variables, since the robot shape is obtained by a bound-
ary value problem followed by two integrations. It can also be explained by the
variety of constraints, such as collisions with the anatomy, computed from trian-
gular meshes that represent the areas of interest [Bergeles 15], and optimization
objectives, such as volumes swept by the robot tip, computed using ratios of vox-
els [Granna 17b, Granna 19], that have been easier to integrate in gradient-free
frameworks due to their formulations.
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A.1.2 DModification of the Mechanical Properties of Tubes
via material removal:
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Figure A.1: Example of pattern shapes proposed by researchers, with (A) parameter-
ized patterns simulated using FEA [Lee 15| and (B) diamond-shape patterns obtained
using topology optimization [Luo 21].

While the approaches presented previously deal with the design of a set of
tubes, each of them having an annular cross-section along their entire length,
more recent research has investigated ways to modify the mechanical properties
of the tubes, via structural modifications. These structural modifications take the
form of patterns where tube material is removed, as illustrated in Figure A.1. The
geometry of the patterns enables independent modifications of the bending and
torsional stiffnesses of the tubes, which are normally related by Poisson’s ratio in
the case of a uniform material along the radius and length of the tubes. The goal of
using such patterns is to lower the bending to torsional stiffness ratio of CTR tubes
in order to obtain stability for the robot and avoid any snapping phenomena during
usage [Gilbert 16a, Hendrick 15a, Peyron 19]. In particular, tube patterning has
been investigated for use in follow-the-leader deployment [Girerd 18¢, Girerd 20c],
for which unstable robots must have their tubes patterned to obtain stability while
keeping a desired robot shape. In general, tube patterning approaches to date
have included the use of helical tubes composed of multiple layers [Azimian 14al,
patterned or cellular tubes [Azimian 14a, Kim 14, Lee 15], and patterns defined
using topology optimization [Xin 18, Luo 21|, more particularly with rhombus
patterns identified in [Luo 21]. Cases of helically-patterned Nitinol tubes for use
as steerable needles have also been reported in the literature [Rox 20a]. While
the above approaches have focused on the structural modification of tubes that
affects their bending stiffness as uniformly as possible around their circumference,
recent research has shown the advantages of patterning tubes to obtain direction-
dependent flexural rigidity [Rucker 22]. Indeed, it was shown that patterning
planar, piecewise-constant curvature tubes in their curvature plane enable stability
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to be obtained more efficiently, while preserving most of the structural stiffness
of the tubes, which is highly beneficial for tasks that require interactions between
the robot and tissue, for instance.

Despite the advantages of tube patterning on CTR stability, it has been ob-
served that translating and rotating patterned tubes relative to one another can
be difficult, due to physical interference between their notches [Kim 14]. One so-
lution adopted was to insert thin PTFE tubes between patterned tubes in order
to isolate their notches. However, such tubes tend to wear after repetitive mo-
tions of the tubes and do not constitute a permanent solution [Kim 14]. In order
to improve the CTR stability, another approach has been to decrease the tube
wind-up along the transmission lengths by using a more torsionally rigid material
compared to the material of the deployed portion of the tubes. For this pur-
pose, researchers have combined stainless steel transmission lengths with deployed
Nitinol tube lengths [Lin 15, Bruns 21].

A.2 TUBE DESIGN: PERSPECTIVES

With regard to the tube design, there are a number of improvements that
can be made. First, the current synthesis approaches fail to take advantage of all
design variables, as most of them are being preselected. Indeed, the tube inner and
outer diameters, the tube materials, and a number of constant-curvature sections
are usually pre-defined and thus not optimized. Yet, these parameters play an
important role in the variety of shapes that a CTR can adopt. In addition, current
tube geometries considered, usually composed of a straight section followed by a
curved one, could be generalized to tubes with more than two sections or with
continuously varying curvature along their lengths. However, such an increase
in the number of design variables might not lead to tractable problems for the
gradient-free algorithms used in the literature to date, and the community could
benefit from the investigation of gradient-based approaches, such as in Lin et
al. [Lin |. Although, optimizing variables such as tube materials and the number
of tube sections is difficult in gradient-based approaches since these variables take
non-continuous values. Thus, there is a need for optimization approaches that
can handle a large number of continuous and discontinuous design variables in
order to push the boundaries of CTR tube design forward. Furthermore, more
accurate kinematic models, that include the effects of tube clearance and friction
between them [Lock 11a, Ha 19] could be included in the tube design algorithms in
order to increase the shape fidelity representation of these robots. Including tube
anisotropy in design approaches would also be of interest to extend the capabilities
of CTRs. However, locally patterning tubes along their circumferences and lengths
usually lead to non-uniform bending and torsional stiffnesses along these directions.
As a result, translating and rotating such tubes could lead to tip pose oscillations,
which have not been quantified in current research. The research community does
not seem to have converged to a specific pattern, which means that additional
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work could be required in order to identify the most efficient pattern geometries.
Tube design should also incorporate path planning, as in most recent approaches,
in order to ensure a collision-free deployment of the robot to the target. Current
planning is limited by the accuracy of the kinematic models, which neglect tube
clearance and friction, leading to a 3-D shape of the robot which is, in practice,
different from the predicted one. The use of more advanced kinematic models
could lead to improved path planning and tube designs. In addition, CTR stability
should also be included in the planning of these robots for tube synthesis purposes.
Although current design approaches have led to tube sets capable of accessing hard-
to-reach areas of the human body, these approaches significantly reduce the overall
design space, which could lead to sub-optimal results or failure to succeed in given
scenarios.
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B.1 CTR ACTUATION UNITS

Actuation units enable the conversion of energy into mechanical movement.
For CTRs, the actuation is achieved by translating and rotating the tubes relative
to one another [Webster 06b, Sears 06]. Their actuation unit is simply composed
of a set of actuation block(s), where each block is individually connected to the
proximal end of a tube and generates the desired translation and rotation to drive
that tube, as shown in Figure B.1. Generally, the number of tubes to be deployed
and the required DOF per tube determine the number of actuation blocks in an
actuation unit. The total number of DOF of a CTR is usually given as 2n, where
n is the number of tubes and 2 corresponds to one DOF in rotation and 1 DOF in
translation. Despite their importance, actuation units are often described in less
detail in the literature compared to the tubes themselves, and often they appear
in figures without technical specifications regarding their design and kinematic
architecture.

The different classifications of CTR actuation unit architecture

e Parallel N/ Hybrid N/ Serial I
Tube3 Tube2 Tubel Tube3 Tube2 Tubel Tube3 Tube2 Tubel

m{-—l+¢i_
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Figure B.1: The different classifications of CTR actuation units ai) The kinematic
graph of parallel actuation unit, aii) The structural example of parallel actuation unit,
bi) The kinematic graph of hybrid actuation unit, bii) The structural example of hybrid
actuation unit, ci) The kinematic graphs of serial actuation unit, cii) The structural
example of serial actuation unit.

Although the physical appearances of some actuation units have similarities,
their internal architectures may differ. Rather than using the various nomencla-
tures in the literature e.g. multi-arm, MRI-compatible, bimanual, autoclavable,
reusable etc., we propose a more general but distinct classification approach based
on the actuation unit architecture as presented in Figure B.1. The actuation kine-
matics of a CTR deals with the actuation block arrangement and the mechanism
of deployment. There are two types of block arrangements — parallel and serial
— and their combination can result in fully parallel, fully serial, or hybrid archi-
tectures (or actuation units). For fully parallel architectures, the translations and
rotations of each block are decoupled, as each one is independent and specific to
one particular tube. For fully serial types, the translation or rotation in each block
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is mechanically coupled to the preceding actuation blocks, thereby influencing the
resultant movement of the preceding tubes with respect to the actuation unit base.
For hybrid architectures, the translations are coupled, but the rotations remain
independent or vice-versa. The actuation unit prototypes presented to date in the
literature fall into either the parallel or the hybrid category, with no examples of
prototypes based on the serial architecture. In this section, we discuss the gen-
eral components of all actuation units, followed by key aspects of each distinct
actuation unit architecture.

B.1.1 Actuation Unit Elements

Irrespective of the choice of the actuation unit architecture or design require-
ments, the actuation unit of a CTR is always located at the proximal end of the
tubes and contains the following essential elements.

1. Translation Stage: this section of the actuation block controls the transla-
tion of the tube, and its design determines the overall range of motion for the
associated tube. Common components include: a rail-guide, a gear/belt/screw
drive, an actuator (brushed DC motor, stepper motor, brushless DC motor,
pneumatic or piezoelectric drive), and position sensor.

2. Rotation Stage: this section of the actuation block houses the mecha-
nism /components for the rotational motion about the tube axis. The com-
ponents that are associated with this section include gears, pulleys, bearings,
actuators, and sensors.

3. Tube Holders: these elements are used to grasp the CTR tubes during de-
ployment. While they can deform and potentially block inner tubes, screws
radially pressing on the tubes have been used. Custom chucks as well as
compressed rubber rings have also been used [Florea 22] and enable detach-
able designs, which can make sterilization easier. Glue has been used as well
but results in permanent attachment.

4. Support Frame: this part serves as the main platform, upon which the
other parts of the actuation unit are attached, and provides the necessary
support during actuation.

B.1.2 Parallel Actuation Units

This category of actuation units operates based on a parallel actuation ar-
chitecture, as shown in Figure B.1lai and B.laii for the kinematic graph and
the structural design, respectively. Although their structural design, which
depends on the type of actuation components and coupling mechanism used,
might differ in construction or appearance, as shown in Figure B.2, their
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kinematics remain the same. The parallel architecture is the most com-
monly used actuation unit in the literature, as can be seen in our online
CTR Prototyping Resources CTR actuation unit repository.

Figure B.2: Different parallel actuation unit prototypes a) An actuation unit with a
puncturing mechanism by Swaney et al [Swaney 15c], b) A multi-arm CTR actuation
unit composing of 1) Lead screws connect translational motors in the motor pack to each
carrier. 2) Square shafts connect rotational motors to tube bases through gear trains. 3)
Tubes of the concentric tube manipulators can be seen here. 4) Tube carrier, by Hendrick
et al [Hendrick 14a] c) A parallel actuation unit with a nose-like design structure by
Gosline et al. in [Gosline 12], d) A 4-arm 24 DOF CTR parallel actuation unit with 3
fully-actuated tubes per arm by Swaney et al. in [Swaney 12], e) A transparent casing
3 DOF actuated unit by Esakkiappan et al. in [Esakkiappan 19], f) A novel parallel
actuation unit with a roller gear mechanism fabricated using additive manufacturing by
Morimoto et al. in [Morimoto 17b], and g) A teleoperated CTR with parallel actuation
unit by Xu in [Xu 17].

One example of a parallel actuation unit was presented by Swaney et al.
in [Swaney 15¢], where the actuation unit also incorporates a puncturing mecha-
nism (Fig. B.2a). Another example of a system with a parallel architecture was
presented by Hendrick et al. in [Hendrick 14a] and illustrated in Fig. B.2b. This
system was designed to actuate two CTRs and has the benefit of being hand-held,
with passive attachments to compensate for the weight of the device. Another
parallel actuation unit prototype presented by Gosline et al. in [Gosline 12], has a
protruded front design that helps to reduce the interference caused by having the
bulk actuation unit close to the patient and thereby, provides more free space in
case other medical devices are to be introduced as well (Fig. B.2¢). Esakkiappan
et al. proposed a 50 cm long CTR prototype composed of two tubes with 3 DOF in
total and actuated via a parallel actuation unit [Esakkiappan 19]. The actuation
unit uses stepper motors with rotary pulley mechanisms (Fig. B.2e). Morimoto et
al. in [Morimoto 17b, Girerd 20d], presented a compact, lightweight, hand-held,
and parallel actuation unit, where all the mechanical parts except the motors were
fabricated using additive manufacturing. The design uses roller gears to enable ro-
tation and translation in a compact form factor, along with a decoupled actuating
structure, where each tube is controlled by an independent detachable actuation
block (Fig. B.2f). Another parallel CTR actuation unit prototype was presented
by Xu in [Xu 17]. Tt was designed for teleoperated surgical tasks (Fig. B.2g). The
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6 DOF CTR can be controlled by a haptic device. Finally, Swaney et al. designed
a multi-arm 24 DOF CTR for single-nostril skull base surgery [Swaney 12]. This
parallel CTR actuation unit contains four independent sub-actuation units for si-
multaneous deployment of 4 arms, each of them being composed of 3 tubes, all
actuated in rotation and translation (Fig. B.2d).

The popularity of parallel actuation units can be explained by several factors.
First, compared to hybrid or serial systems, it is easier to make parallel actuation
units with modular components and actuation blocks. Indeed, the independence
between each block enables the removal of some of the integration constraints
that are inherent to serial and hybrid actuation units due to mechanical couplings
between the blocks. Such modularity could have also lead to more cost-effective
designs. In addition, the positioning accuracy in translation and rotation relative
to the actuation unit base is better in parallel actuation units, since there is no
error accumulation due to the stacking of the actuation blocks.

Figure B.3: The hybrid actuation unit prototypes, with a) MRI compatible 6-DOF
piezoelectric actuation unit by Su et al. in [Su 16|, b) Manually-actuated unit with
precise tube positioning by Rucker et al. in [Rucker 10b], ¢) Structurally linked hybrid
actuation unit by Boushaki in [Boushaki 16¢, Boushaki 16b].

B.1.3 Hybrid Actuation Units

The hybrid actuation architecture combines the serial and parallel block ar-
rangements, resulting in interconnected blocks. Figure B.1bi and Figure B.1bii
show a case study of hybrid kinematics and structural design, respectively, with
translation blocks placed in series and rotation blocks placed in parallel. This
structure is common in the literature for hybrid architectures, as shown in Fig-
ure B.3 considering existing prototypes.

Several hybrid actuation units have been developed to date. For example, an
MRI-compatible, hybrid actuation unit was proposed by Su et al. in [Su 16]. They
created a 6 DOF, piezo-electrically actuated prototype to enable MRI-guided de-
ployment of a pre-curved and steerable CTR. As shown in Figure B.3a, this design
consists of different translation stages assembled on top of each other, which re-
sults in a simultaneous movement of all modules placed on top of the actuated one,
while each tube rotates independently. Another hybrid, but manually actuated de-
sign, was developed by Rucker et al. in [Rucker 10b]. As shown in Figure B.3b,
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it was used to actuate two tubes with the outer tube held at a fixed location,
while the inner tube was translated to five different positions and rotated to eight
evenly spaced angular positions for each translation step. Finally, Boushaki et al.
in [Boushaki 16¢|, presented a hybrid actuation unit with all three translations
arranged in series and rotations arranged in parallel, as shown in Figure B.3c.

Compared to some parallel actuation unit prototypes that have their transla-
tion stages attached at fixed locations with limited stroke, a benefit of the hybrid
architecture is the increased stroke length achieved via the translation of the trans-
lation stages relative to the actuation unit base. However, this benefit comes at the
cost of lower absolute positioning accuracy in translation relative to the actuation
unit base, since the translation stages are stacked in series.

B.1.4 Serial Actuation Units

Noteworthy to mention is the serial actuation architecture, which is charac-
terized by a purely serial arrangement, as shown in Figure B.1ci and B.lcii, for
the kinematics and structural design respectively. Here, each individual actua-
tion is mechanically coupled to one another, thereby resulting in simultaneous
transmission of actuation to all the preceding blocks. The idea of this par-
ticular actuation unit architecture has already been presented in the literature
(see [Boushaki 16¢, Alfalahi 20]), but to date, there have not been any prototypes
with this type of architecture, as visible in our online CTR Prototyping Resources
CTR actuation unit repository.

The lack of developed prototypes could be explained by several reasons. First,
the actuated degrees of freedom of such serial architectures are coupled. This fea-
ture is only useful in special cases, such as FTL deployment, where tubes need to
follow a sequential deployment sequence that requires groups of tubes to move at
the same velocity [Gilbert 15b, Garriga 18]. However, because tubes must move at
different velocities for general CTR deployment, the serial actuation architecture
does not typically simplify the actuation strategy. Second, since the actuation
stages of serial architectures are stacked on each other, the absolute position accu-
racy of the tubes relative to the base of the actuation unit is lower in translation
and rotation compared to parallel architectures, and lower in rotation compared to
the hybrid architectures proposed to date, since positioning errors add up. Third,
stacking the actuation stages on top of each other also results in the center of mass
of the actuation unit moving more than for parallel or hybrid architectures, since
the bases of the motor supports are also required to move. To conclude, the serial
architecture seems to have some downsides, but could potentially be used advan-
tageously for CTR with FTL deployment, where their architecture is well-suited
to the required actuation sequence.
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B.2 AcCTUATION UNITS: PERSPECTIVES

CTR development has mainly been focused on the tubes, while actuation units
were simply viewed as means for moving them. However, with the maturation
of the field, researchers have come to realize the importance of actuation units
for general CTR performance. In addition, design features, such as sterilizability,
required for commercial use, are becoming of interest and will place more focus on
the actuation unit design. In fact, when designing a CTR actuation unit, there
are several critical parameters that must be considered. First, the application
itself dictates several constraints on the robot deployment and workflow. These
constraints will inform, for example, whether the design must be MRI compatible,
sufficiently compact or even hand-held, and which portions must be sterilizable.
The application will also affect the number of tubes required and the types of
actuation sequences needed. Second, one must select an actuation unit architec-
ture that is most suitable based on the given design constraints. This selection
will involve weighing the relative benefits and complexities of the architectures.
To date, parallel architecture has been the most widely used, thanks to its sim-
plicity, modular design, and high accuracy. Hybrid architectures with translation
actuators in series have also been proposed and can expand the translation stroke
of some parallel architecture designs. While the serial architecture could be of
interest for FTL deployment, its downsides have limited its development so far.
Third, one must determine the structural design and elementary components for
the actuation unit. Irrespective of having the same actuation unit architecture,
the structural design and components differ based on application and available
material, as shown in Fig. B.2. Finally, the actuation unit must be physically
built, assembled, and calibrated. Appropriate design and fabrication techniques
must be selected for its structure, while other components such as motors, gears,
nuts and screw rods, must typically be purchased.

There are numerous additional challenges associated with CTR actuation unit
design. In particular, there are several requirements that must be met to ensure
compatibility in a clinical setting, including sterilizability, safety, compatibility
with associated medical imaging, and ease of integration in the clinical workflow.
While several of these requirements were often overlooked in much of the older
literature, researchers have recently started to design actuation systems with the
goal of meeting these needs. For example, Graves et al. [Graves 12] proposed a
compact and inexpensive CTR design, which has the potential for one-time use
and is disposable after surgery. Burgner et al. in [Burgner 12] proposed a manually
actuated, reusable approach, consisting of an actuation unit that is autoclavable
and requires no oil lubrication. Burgner et al. in [Burgner 13b], then extended the
reusable approach by creating a sterilizable and biocompatible design that uses a
sterile bag/drape to isolate the detachable motor pack from the other autoclave
sterilized parts of the robot, and this concept has since been adopted for multiple
designs [Hendrick 15¢, Hendrick 19, Gilbert 16¢]. In order to address the issue
of MRI compatibility and integration with existing clinical workflows, researchers
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have proposed the use of either pneumatic or piezoelectric actuators. However,
there are only a handful of such designs in the literature (refer to our online CTR
Prototyping Resources CTR actuation unit repository), likely due to their control
complexity and size. Since CTRs are mostly used for medical interventions, steril-
ization considerations become very important. Yet this aspect is not significantly
discussed in the literature, with little detail on the use/design of a sterile bound-
ary or isolation drape. Finally, our proposed classification system based on the
actuation unit architecture in Figure B.1, could be used to uniquely identify and
categorize new CTR prototypes (as used in CTR actuation unit repository), and
to ease the selection/development of an architecture.
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C.1 CTR END-EFFECTORS

The last component of a CTR is the end effector, which is deployed at the tip.
There are many innovative designs, and they can be classified based on the task
to be performed. We focus here on designs for manipulation, inspection, excision
and resection, and navigation.

Gripper end-effector

“g i Curette end-effector

Gripper end-effector

Figure C.1: Different CTR end effector prototypes: a) Gripper and curette end ef-
fectors [Burgner 14a], b) Tip mounted forceps end effector [Dupont 09a], ¢) Multi-arm
CTR with scissors and forceps [Wang 20a], d) The design description and prototype of
forceps gripper end effector [Lin 15], €) A multi-channel CTR with forceps pair for tis-
sue grasping and electric coagulator for tissue ablation [Yu 16], f) Tissue removing end
effector design prototype [Vasilyev 15a], h) Metal MEMS tissue approximation detach-
able end effector [Gosline 12], g) Needle-sized wrist gripper [Swaney 16|, i) Cable-driven
CTR disposable micro end effector [Prasai 16], j) Beveled tip end effector [Swaney 15¢],
k) RGB camera end effector navigating through an origami tunnel [Girerd 20b].

C.1.1 Manipulation

Many end effectors are designed for manipulating objects or tissues at the surgi-
cal site. The types of manipulations to be performed include grasping, retracting,
stabilizing, holding, gripping, turning, tilting, picking, placing, adjusting, pushing
or pulling. Burgner et al. in [Burgner 14a], proposed a prototype with two different
end effectors, shown in Figure C.1a. The first consists of a 4 mm long gripper with
110° of opening angle when fully opened, that was disassembled from a flexible
grasper (Endo-Jaw, FB-211K, Olympus, Japan) and assembled at the tip of the
innermost tube of a CTR. The second is an ellipse-like steel ribbon curette (with
a major radius of 2 mm, a minor radius of 1.75 mm, and a height of 1.15 mm),
which was attached directly to the innermost tube. Dupont et al. in [Dupont 09a]
presented a 1 mm diameter tip mounted forceps, shown in Figure C.1b, which is
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connected to a wire deployed inside the CTR and linearly actuated to open or close
the forceps tip. A multi-arm CTR proposed by Wang et al. in [Wang 20a] consists
of a remotely-controlled 1.8 mm diameter medical forceps end effector connected
to a 6 DOF CTR for manipulation purposes, as shown in Figure C.lc. Lin et
al. in [Lin 15], presented a gripper design consisting of a 300 pum diameter steel
forceps, which are welded to a 27G stainless steel tubing and glued to the CTR
distal tip as shown in Figure C.1d. The forceps is used for gripping by pushing
out or pulling-in of the attached Nitinol wire, in order to open or close the gripper
respectively. Yu et al. in [Yu 16], presented a multi-arm CTR prototype with two
flexible, sterilized end effectors which are deployed through the inner tube. One
of these end effectors consisted of a 1.8 mm diameter mini forceps pair for tissue
grasping, as shown in Fig. C.le. Dupont et al. in [Dupont 16], demonstrated a
CTR with a gripper for tissue manipulation during laser dissection operation.

C.1.2 Inspection

This category of end effectors includes the use of lighting sources and cameras
(e.g. for endoscopic usage) for in vivo visualization of the area of interest during
navigation or at the surgical site. One example is the three-arm CTR system
proposed by Wang et al. in [Wang 20a], in which one of the CTR outlet channels
contains a 4 DOF active vision arm. This arm is attached to an endoscope, which is
used for visual feedback as shown in Figure C.1c. Another example was presented
by Yu et al. [Yu 16], where a multi-arm CTR, prototype was equipped with a 4 mm
diameter vision channel, having a 110° lens view angle endoscope attached at the
tip for visual feedback (Figure C.le). Girerd et al. [Girerd 20b], demonstrated
the use of an RGB camera at the tip of a CTR, for visualizing and detecting
areas during a simultaneous localization and mapping deployment strategy with
approximate FTL behavior, through an origami tunnel (Figure C.1k).

C.1.3 Excision/Resection

This category of end effectors includes mechanisms that enable cutting, punc-
turing, stitching, excision, ablation or dissection. These tasks are common across
many procedures and a number of different prototypes have been developed for
such purposes. For example, Wang et al. in [Wang 20a], proposed a multi-arm
CTR with one arm equipped with a remotely controlled 2 mm diameter scissor end
effector (Figure C.1c) for dissection inside the skull. Vasilyev et al. [Vasilyev 15a]
proposed a surgical device with tissue removal capabilities for a beating heart
surgery. The prototype is fabricated using a special metal manufacturing MEMS
process (eFAB by Microfabrica), which enables the incorporation of micron-scale
features into a single device that is deployed through a steerable CTR. to the surgi-
cal site. The prototype incorporates both aspiration and irrigation features for tis-
sue removal and is shown in Figure C.1f. Yu et al. in [Yu 16] presented a multi-arm
CTR prototype with two end effectors, including a customized electric coagulator
for tissue ablation, as shown in Figure C.le. In addition, Gosline et al. proposed a
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detachable end effector, shown in Figure C.1h, which was prototyped using metal
additive manufacturing [Gosline 12]. It was designed to close or seal abnormal
openings, such as the heart atria, by puncturing, pulling, and stitching two tis-
sue layers together. Another aspect is the suction operation, which was achieved
by connecting an aspirator at the end of the innermost cannula, for intracerebral
hemorrhage evacuation as presented in [Burgner 13b, Godage 15b]. Finally, there
are areas where CTRs are used for tissue cutting, by passing an optical fiber with
a laser through the innermost tube to the surgical site, as demonstrated in the
same video by Dupont et al. in [Dupont 16]. This technique of using fiber optics
was further extended to laser ablation of real cholesteatoma cells in [Nguyen 22]
and also, for laser-induced thermotherapy in the brain [Granna 18].

C.1.4 Hybridized Architectures

In order to improve the dexterity at the distal end of the CTR end effector and
achieve stringent pose requirements in confined spaces, hybridized robot architec-
tures have been proposed. These mechanisms involve the integration of another
form of actuation, such as tendons or flexure hinges, at the distal end. Prasai et
al. in [Prasai 16] demonstrated a 2 mm diameter, cable-driven end effector using
a polyolefin tube and acrylic and steel strings. It can be mounted on a CTR as
shown in Figure C.1i and has the ability to bend in all directions using the three
control cables spaced 120° apart. Another example is a needle-sized wrist design
that can be used to maneuver around tight corners [Swaney 16]. This end effector,
which was presented by Swaney et al., is tendon actuated and composed of an
asymmetrically patterned nitinol tube designed to reach tighter curvatures with
lower tendon actuation forces. It also contains an attachable ring curette or grip-
per, as shown in Figure C.1g. One drawback of the asymmetric cutouts is that
it is limited to one-directional bending, compared to the design of Prasai et al.
in [Prasai 16], which can bend in all directions. Other asymmetrically cut nitinol
tube designs were investigated by Eastwood et al. in [Eastwood 17]. Swaney et al.
in [Swaney 15¢], presented a functionalized needle with a spring-loaded puncturing
mechanism for tissue opening. The steerable needle consists of a flexure joint, as
shown in Figure C.1j, and helps to follow higher curvature paths through tissue.

C.2 END EFFECTORS: PERSPECTIVES

The end effectors have traditionally been the least discussed topic in the CTR
literature, due to the focus on tube geometries first, then followed by the actua-
tion units. Typically, the size of a CTR decreases from the proximal to the distal
end (i.e. from the actuation unit to the tubes themselves and finally to the end
effector). Moreover, the end effector has to be deployed or integrated at the tip
of the smallest (innermost) tube of the robot, which means that the end effector
must be small (millimeter scale or less). Due to the desire to further decrease sur-
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gical invasiveness and to enable multi-arm deployment via a single port, further
miniaturization of the tube dimensions will likely be needed. These requirements
pose a great challenge for the realization of submillimeter-scale end effectors. Dif-
ficulties in fabricating, integrating, and actuating such small-scale end effectors
likely explain why there are very few end effectors reported in the literature to
date. In fact, researchers often use end effectors taken directly from off-the-shelf
medical tools, rather than designing their own. These remaining challenges call
for significant dedicated research with regard to the design and fabrication of cus-
tomized /miniaturized end effectors, capable of fitting and taking advantage of the
small hollow passage of the internal tube. Concerning the drawbacks on the mi-
crofabrication of end effectors, the focus on developing systems for commercial
use could potentially boost its development in the future. One notable missing
aspect in the literature is the implementation of interchangeable end-effector de-
signs. This capability would enable robots to easily perform multiple functions
without the need to change the entire tube set or actuation system.
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Appendix E. Precurved Optical Fibre Join by Fusion and RealSense D405 stereo
depth camera of precurved tube

Figure E.1 below shows the pre-curved glass optical fiber, that is fabricated via
our approach and after which the fusion joining of the two separate parts to allow
the transmission of the Laser. Here, the pre-curved optical fiber can be integrated
as part of the robot’s backbone.

Figure E.1: Precurved optical fibre join by fusion
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Modul

Stereo module depth stream

S Artifacts*

Missing helical
Straight . Pre-curved part
rod part

@ 3D mode vertical view for stereo module depth stream

—Pre-curved tube
Artifacts

—2 Euro coin

—Plane surface

Figure E.2: RealSense D405 stereo depth camera with two lenses for submillimeter accuracy
range 3D image capturing feature. We used the helical pre-curved tube to mimic out-of-plane
tube deformation configuration A) using the stereo module depth stream for image capturing
of two different samples comprising of the helical pre-curved tube and a 2 Euro coin, one could
see on the image labeling the missing helical part of the sub-millimeter pre-curved tube, B) the
same image with the two samples but in normal camera color streaming C) using the 3D pattern
projection depth stream mode in vertical view configuration, one could see that the 2 Euro coin
shape was much closer to the coin shape compared to the case of the micro-scale helical tube
and moreover, there were lots of artifacts, which was very difficult to filter out.
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List of Figures

The three classes of MIS intervention instruments A) Flexible needle
with a straight shaft having a bevel tip that steers and changes its
direction upon application of lateral force at the base. Its drawback
is high dependence on solid tissue penetration to produce lateral
tip motion and secondly, it cannot maneuver through curved cav-
ity /anatomy, B) Straight and stiff shaft with a tip-mounted articu-
lated tool, which reaches the surgical site through a straight path.
It is difficult to steer through complex anatomy and the tool ma-
nipulation can often cause tissue deformation e.g. forceps and da
Vinci, Intuitive Surgical tools, C) Elongated steerable device with
a flexible backbone. They consist of flexible catheters or multistage
dexterous devices like continuum robots............. ... ... ... . ...

Transition from conventional rigid robot to continuum robot due
to its benefits, A) a typical conventional serial robot with discrete
links connected by joints B) a hyper-redundant type of rigid robot
in order to increase its dexterity and maneuverability, C) continuum
robot type with infinite DOFs and deformable link(s) which is safer
for human-to-robot interaction. .......... ... ... ... ... .. .. ....

Trend in medical robotic devices with a paradigm shift from rigid link /articulated
robots to continuum robots on the bases of backbone flexibility and level of
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1.1

Different 3D miniature devices and monolithic microstructure fabricated in glass
A) Volumetric 3D printing of silica glass with microscale computed axial lithog-
raphy to fabricate a 3D transparent and complex microfluidic structure, having
trusses and lattice with minimum feature sizes of 50um, [Toombs 22a], B)
Microfluidic device using laser micro-welding process in which the two glass
plates are permanently bonded together without using any adhesives nor in-
termediate layer [Wlodarczyk 19], C) SEM image of a 500nm diameter silica
micro/nanofibre (MNF) tied into a ring and placed on a 60pum diameter human
hair, with the MNF often used for optical sensors [Tong 18], D) Intertwined
microfluidic spiral channels in fused silica glass with a channel width of 74um,
which is filled with dyes (scale: 140um) [Kotz 19], E) Quartz glass chip for cell
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DPIM

Titre : Contribution a la Miniaturisation des Robots Continus par I'utilisation du

Verre

Mots clefs: Contribution, Miniaturisation, Continuum, Robots, Verre

Résumeé : Les robots continus suscitent un intérét
croissant dans les applications médicales, en raison de
leur forme élancée et de leur souplesse, qui les rendent
plus strs pour linteraction homme-robot. En outre,
ils sont capables de suivre une trajectoire complexe en
3D, grace a leurs degrés de liberté infinis. L’objectif de
cette thése est de tirer parti de la flexibilité du verre a
I’échelle microscopique pour réaliser de nouveaux robots
de continuum plus miniatures par rapport a ceux de la
littérature. La premiere contribution est une étude con-
ceptuelle, portant sur la conception et la fabrication de
différents prototypes de CTR et dérivant une approche
de classification générale tout en proposant a la com-
munauté des chercheurs une méthodologie concise pour
I’évaluation des CTR & l’avenir. Deuxiémement, nous
avons proposé une nouvelle génération de CTR, submil-
limétrique miniaturisé en verre, dont le tube a un di-
ametre externe de 90um et un rayon de courbure de
5mm. En outre, nous avons présenté une approche nou-
velle, facile et rapide, spécifique au patient et person-
nalisable, pour obtenir un tube pré-courbé en verre, qui
a été caractérisé, suivi par la validation du modele de
robot (cinématique avant, cinématique inverse et anal-
yse de stabilité). Diverses démonstrations de preuves
de concept pour les différentes capacités d’application,

par exemple le déploiement vitréo-rétinien dans un ceil
de poisson, le déploiement de contraintes au moyen
d’aiguilles & trois positions (orifice de 1 mm environ), le
déploiement CTR hélicoidal pré-courbé et a fibre optique
avec capacité de transmission laser, et enfin ’aspiration
et Padministration de fluides. La troisiéme contribu-
tion a été ’étude et la démonstration d’'une PCR 3-DoF
miniaturisée utilisant une fibre optique en verre. La con-
ception du robot a une dimension de 2,5 x 2,5 x 6 mm
et peut atteindre un angle de pointe et d’inclinaison de
+90 & —80 degrés. Les performances du robot, telles
que 'espace de travail, la manipulabilité et la rigidité,
ont été évaluées en fonction des variations des différents
parameétres géométriques du robot. Pour la validation
du modele, différents mouvements de trajectoire ont été
présentés, tels que la circonférence du plan vertical et
P’espace de travail, suivis par des formes circulaires et
carrées dans le plan horizontal, ce qui montre les grandes
perspectives du robot pour augmenter la dextérité dans
un espace confiné. Enfin, dans les deux cas, ’analyse
de la conception du robot était trés importante pour
étudier la stabilité du robot, pour la CTR en raison
de la torsion, et pour la PCR, en raison de la longueur
d’actionnement.

Title : Contribution to the Miniaturization of Continuum Robots by Using Glass

Keywords : Contribution, Miniaturization, Continuum, Robots, Glass

Abstract : Continuum robots are gaining increas-
ing interest in medical applications, due to their slender
shape and compliant nature which makes them safer for
human-to-robot interaction. In addition, they are able
to follow a 3D complex path, thanks to their infinite
degrees of freedom. The goal of this thesis is to take
advantage of glass flexibility at the microscale to actu-
alize novel and more miniature continuum robots when
compared to those in the literature. The first contri-
bution is a conceptual study, addressing the design and
fabrication of different CTR prototypes and deriving a
general classification approach while proposing to the re-
search community a concise methodology for the evalu-
ation of CTR in the future. Secondly, we proposed a
new generation of a miniaturized sub-millimeter CTR
that is made of glass, which has a tube with an exter-
nal diameter down to 90um and a 5mm radius of cur-
vature. Furthermore, we presented a novel, easy, and
rapid patient-specific/customizable approach to obtain-
ing a pre-curved tube using glass, which was character-
ized, followed by the robot model validation (forward
kinematic, inverse kinematics, and stability analysis).

Various demonstrations of proofs-of-concept for the dif-
ferent application capabilities e.g. vitreoretinal deploy-
ment in a fish eye, constraint deployment through 3-
stationed needles (~1mm orifice), pre-curved helical and
fiber optics CTR deployment with laser transmission ca-
pability, and then, fluid suction and delivery. The third
contribution was the investigation and demonstration of
a miniaturized 3-DoF PCR using glass optical fiber. The
robot design has a dimension of 2.5 x 2.5 X 6mm and
can reach 490 to —80 degrees in the tip and tilt an-
gle. The robot’s performance such as the workspace,
manipulability, and stiffness was evaluated as a function
of variations of different geometrical parameters of the
robot. For the model validation, different path move-
ments were presented such as vertical plane circumra-
dius and workspace followed by the circular and square
shapes in the horizontal plane, which shows the great
prospect of the robot for increasing dexterity in confined
space. Finally, for both cases, the robot design analysis
was very important for investigating the robot stability,
for CTR due to torsion, and for PCR, due to the actua-
tion length.
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