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Abstract

Fetoscopic surgery is a form of minimally invasive surgery within the womb during
pregnancy. It involves the introduction of small diameter, rigid instrumentation to
fix defects in the placenta or developing fetus. Surgery within the uterine environ-
ment is technically very challenging due to the environment containing many criti-
cal structures that the instrumentation should not come into contact with. Robotics
could potentially assist in these procedures through stabilising the instrumentation
and introducing additional degrees of freedom at the tip of the instruments. This the-
sis presents the design, control and application of robotic manipulators positioned
both outside and within the body to control imaging sensors. Custom endoscopes
have been designed and fabricated with white light imaging sensors and all-optical
ultrasound sensors. These endoscopes are held outside the body, proximal to the
surgeon, by an articulated robotic manipulator. Additionally, within the body, distal
to the surgeon, a continuum manipulator provides articulation at the tip of the in-
strument. The articulated robotic manipulator is constrained to the surgical incision
point using a remote centre of motion which allows the endoscope to only pivot
about the point and translate along the instrument axis. The continuum manipula-
tor used is a form of concentric tube mechanism, which relies on the interactions
between a curved tube of a super elastic material and a straight rigid tube, this can
be controlled to deflect the tip of the endoscope from the main instrument axis.
The developed endoscopes are then demonstrated through the execution of gener-
ated trajectories, which can be used to derive geometry of the imaging target and

enhance the field of view of the imaging modalities.
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Impact Statement

This thesis has explored the integration of robotics and imaging sensors to im-
prove fetoscopic interventions. While the work has been focused on fetal inter-
ventions, the instrumentation developed and insights gained can be applied to other
endoscope-based procedures and, to some extent, the general control of imaging
sensors with robotic manipulators. The instrumentation presented within this the-
sis has been designed to hold imaging components, specifically small chip-on-tip
cameras and fibre optic based sensors; an arrangement which allows the instrumen-
tation to be modified for other imaging modalities (as replacements or in combina-
tion). Moreover, this work has been disseminated across the academic community
at five conferences: twice at the International Conference on Robotics and Automa-
tion (ICRA) (the Institute of Electrical and Electronics Engineers (IEEE) flagship
conference for robotics), and three times at the Joint Workshop on New Technolo-
gies for Computer/Robot Assisted Surgery (CRAS) — a predominantly European

multidisciplinary conference attended by engineers and surgeons.

In the future, this research could be used to enhance intraoperative imaging: an
enhancement achieved through the improved stability and increased dexterity the in-
strumentation provides. This approach allows the small diameter manipulators to
be closely coupled with the imaging modalities, thus providing increased diagnostic
information for the surgeon. Additionally, the manipulators also have the potential
to reduce invasiveness to the patient due to the reduced diameter of the instrumen-
tation and improved control. Overall, the approach could enable the provision of
clinically relevant information to the surgeon in a manner that was previously more

complex and less readily comprehensible. In terms of future developments, it also
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offers significant opportunities to reduce the training, cognitive and physiological
burdens placed upon surgeons.

Although the pathway to clinical approval is invariably protracted, over the
course of the thesis the work has been presented to the public across 3 public en-
gagement events and 2 televised interviews. (Public engagement is perceived as a
critical element in informing the public and gaining acceptance of potentially con-
tentious emerging technologies, such as robotic surgery.) For the public engagement
events, the first was at the Royal Academy of Engineering, in a networking event
for their fellows in 2015; the second was in New Scientist Live 2017, with the UCL
Institute of Healthcare Engineering; the third was at GITEX 2018, a technology
expo in Dubai. Lastly, the work was presented as a part of a larger project on fetal
surgery (GIFT-Surg) and was shown in 2 televised interviews: on Al Jazeera (2015)
and BBC Arabic (2017).

Finally, the mechanism designed and implemented through this thesis is now
used as a platform to underpin additional research in continuum robot control. In
addition, a number of interfaces developed to control the robot arms, the imaging
sensors and the tracking systems are now used for other laboratory-based surgical
robotics work and for industrial manipulation and scanning within a number of UCL

labs.
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Chapter 1

Minimally Invasive Surgery and

Interventions

Surgical innovation is often focused on reducing the invasiveness of the procedure
while increasing or at least maintaining the ef cacy of the procedure. This can be
seen from the transition of surgical procedures from open to minimally invasive
approaches. In open surgery, long incisions are made to provide both direct ac-
cess for the instrumentation needed and a line of sight for the surgeon to perform
the operation. Minimally Invasive Surgery (MIS) is a term used to de ne surgical
procedures that reduce the invasiveness of the approach. MIS includes "keyhole”
surgery, catheter-based procedures and natural ori ce surgery. Figure 1.1 shows
the core differences between MIS and open surgery. Keyhole surgery is one of
the more common approaches especially in general surgery. The approach relies
on multiple small incisions, rather than a single large one, to gain access to the
surgical site. At one incision point, a long rigid endoscope is inserted for visuali-
sation; and in the other incisions, long surgical instruments are inserted to perform
the surgery. This has a number of advantages over traditional open approaches, in-
cluding reduced blood loss which, in turn, reduces the chance of needing a blood
transfusion. Smaller incisions also lead to reduced pain and faster recovery, while
reducing external exposure to the organs and, therefore, risk of infections [12, 13].
Minimally invasive approaches can also represent lower hospital costs compared to

open surgery. For example laparoscopic resection of colon cancer is £2202 cheaper
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Figure 1.1: Images displaying the fundamental differences between MIS and open surgery.
Left - an open surgical procedure where an incision is made to provide access to
instrumentation, including the surgeons hands, and a direct line of sight [CCO
1.0]. Right - a MIS approach known as laparoscopy, where multiple small
incisions are made for each instrument including an endoscope. The image
from the endoscope is then relayed to multiple displays around the operating
theatre. [Samuel Bendet, 2005, Laparoscopic stomach surgery]

after 90 days compared to the open alternative. This reduction in cost is attributed to
shorter hospital stay and reduced readmission rates [14]. Lastly, there are aesthetic
bene ts from the smaller scars and the incision points can be placed at skin folds or

the umbilicus, enabling the surgery to be almost scar-less [15].

However, MIS is technically more challenging than open surgery and require
longer training times to achieve competency in the procedures [16]. Due to the
use of several small incisions, the instruments must pivot about the insertion point
referred to as a Remote Centre of Motion (RCM). This leads to the fulcrum effect
where to move the end-effector of the instrument left the surgeon must move their
hands to the right. Additionally, surgeons no longer have line of sight to the surgical
site; instead the view from the endoscope is shown on a monitor to the side of the
patient bed. As many procedures require two instruments, the endoscope is often
held by another surgeon requiring careful communication to achieve the desired
eld of view. The majority of endoscopes are also 2D and this results in poor depth
perception. In combination, such limitations mean that training for these procedures

inevitably takes longer than for open procedures.

Robotic assistance has been proposed as a way of compensating for a num-

ber of these disadvantages. One such example is the da Vinci ® surgical robot
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Figure 1.2: Left - Shows the setup of the da Vinci surgical robot during surgesp. Right
- the view from one eye of the da Vinci endoscope showing the articulated
instruments.Bottom Right - the manipulators used by the surgeon to control
the instruments. [©2020 Intuitive Surgical, Inc.]

(Intuitive Surgical Inc., US), shown in Fig. 1.2. The da Vinci uses a teleopera-

tion con guration, in which the surgeon sits at a console with a stereo viewer and

two manipulators; the latter manipulators transfer the surgeons motion to the pa-
tient side system. This has four manipulators each constrained to a RCM, allowing
three instruments and an endoscope to be controlled. In addition, the instrumen-
tation features a small wrist at the tip that emulates the human wrist and provides
increased dexterity. Overall, this approach: removes the need for the surgeon to
actively compensate for the fulcrum effect; the stereo viewer allows surgeons to
resolve depth; and the instrument is able to move with more stability and greater
precision. However, the cost of using these systems is signi cantly higher than

laparoscopic approaches despite having similar outcomes [17].

1.1 Fetal Interventions

Fetal interventions have not followed the same trend as more common surgical dis-
ciplines such as urology where there has been a high uptake in endoscopic proce-
dures and robot assisted procedures. This de ciency may, in part, be due to fetal

interventions being a newer eld, with the rst open procedure being performed in
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1981. That procedure was to release a blockage in the urinary tract, known as a
congenital hydronephrosis, which causes increased pressure on the kidneys. It was
corrected by introducing a catheter into the fetus bladder allowing the pressure to
be relieved normally [18]. The access for these surgeries is very similar to a ce-
sarean section, where a hysterotomy is performed to open the uterus. The fetus
remains connected and dependant on the placenta but is moved to the opening of
the uterus while warmed saline is introduced to maintain the volume and temper-
ature of uid within the uterus. Once the procedure is complete the intrauterine
volume is returned to the preoperative level and the hysterotomy is closed [19].
However, this access approach is associated with an increase in fetal and maternal
morbidity. This is due to the invasiveness resulting in risks of premature delivery,
placental abruption and postoperative pulmonary oedema (attributed to the tocolyt-
ics given to prevent labour during surgery) [20]. Fetoscopic approaches are gaining
traction due to the decreased maternal morbidity and comparable fetal morbidity
[21]. However, the learning curve for fetoscopic approaches is signi cantly higher
than open approaches. This results in hysterotomy based approaches remaining as
the gold standard in terms of safety and ef cacy for spina bi da operations; though
fetoscopic procedures may be considered superior in terms of neuroprotection and
maternal invasiveness [22]. This section will therefore introduce a number of feto-
scopic procedures, discuss the bene ts of performing these procedures with a min-
imally invasive approach and describe challenges faced in these minimally invasive

procedures.

1.1.1 Fetoscopic Laser Photocoagulation

Fetoscopic Laser Photocoagulation (FLP) is a minimally invasive fetal intervention
used to treat Twin-Twin Transfusion Syndrome (TTTS) [23]. TTTS is caused by
inter-twin vascular anastomoses on a monochorionic placenta (a shared blood sup-
ply between fetuses) which causes an imbalance in the blood ow with one fetus
receiving too much blood and the other too little. The condition can result in death
or severe impairments of the fetuses. FLP is used to coagulate the vessels, thus sev-

ering the link and redressing the balance, by using a laser bre through the working
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Figure 1.3: Schematic diagram of the FLP procedure for the treatment of TTTS - shown
with the endoscope positioned to coagulate the placental vessel anastomosis.
[Image reproduced with permission from UZ Leuven, Belgium]

channel of a fetoscope. During FLP, the surgeon uses a rigid fetoscope (straight or
curved depending on the location of the placenta) in order to observe the placenta
and, after visually determining the extent of the shared blood supply, selectively
coagulate vessels. The fetoscope is inserted into the amniotic sac through a keyhole
incision passing through the abdomen, uterus and amniotic membranes as illus-
trated in Fig. 1.3. This approach constrains the motion of the endoscope and limits
the locations that can be treated. An additional challenge is that forces exerted at
the entry port can cause undesirable weakening of the fetal membranes (and should
therefore be minimised) [24]. Additionally, the surgeon must refrain from physical
contact with the placenta as this may cause bleeding (obscuring visual observation)
and lead to complications [23]. Therefore, maintaining the fetoscope and thera-
peutic laser at even distances from the tissue (to deliver appropriate laser power)
is challenging and, depending on the position of the placenta, not always possible.

Currently, in up to 33% of procedures, some shared vessels are missed or not fully
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coagulated [23].

1.1.2 Fetoscopic Endoluminal Tracheal Occlusion

Fetoscopic Endoluminal Tracheal Occlusion (FETO) is used to treat Congenital Di-
aphragmatic Hernia, a condition that occurs when the diaphragm fails to form cor-
rectly. This causes the abdominal organs to form within the chest cavity preventing
the lungs from forming fully [25]. Failure to correct this defect is associated with
high mortality and morbidity, due to both the undeveloped lungs and an increase in
blood pressure. Post-natal correction of the diaphragmatic defect has a survival rate
of approximately 70%, but still suffers from medium to long term morbidity [26].
Previously, there was an attempt to repair the defect pre-natally through an open
procedure. While safe for the mother, the technical dif culties encountered led to
low fetal survival rate which restricted uptake of the procedure [27]. The FETO
procedure is typically performed between 27-29 weeks under both ultrasound and
endoscopic guidance. The fetoscope is introduced into the amniotic cavity under
ultrasound guidance as illustrated in Fig.1.4. The insertion point is selected to be
perpendicular to the nose of the fetus, and to provide a clear trajectory to the nose.
The fetoscope is then inserted into the amniotic cavity and advanced through the
nose to the trachea. Once positioned correctly, a balloon is in ated with saline to oc-
clude the trachea and detached [28]. This occlusion causes an increase in lung uid,
increasing the intrapulmonary pressure promoting lung development [29]. The bal-

loon is removed post-natally and the defect in the diaphragm is corrected.

1.1.3 Fetal Shunting

Genitourinary tract obstructions are among the most common congenital anomalies
occurring in approximately 1% of pregnancies, of which Lower Urinary Track Ob-
structions (LUTO) are the most common [30]. Most commonly the obstruction is,

in the posterior urethral valve (for male fetuses) and from the urethra atresia (for
female fetuses), where the urethra blindly ends. This causes abnormal development
of the urinary track which can also lead to under development of the lungs and re-

nal damage and possible malformation. Fetal vesicostomy is an open procedure
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Figure 1.4: Schematic diagram of the FETO procedure for the treatment of Congenital Di-
aphragmatic Hernia showing the endoscope positioned at the trachea and a bal-
lon being deployed through a working channel. Right shows deployment pro-
cedure of the balloon to obstruct the trachea and increase pulmonary pressure.
[Image reproduced with permission from UZ Leuven, Belgium]

where an opening is made in the bladder through the abdomen to relieve the block-
age. While this provides good post-natal results, it is associated with high maternal
and perinatal morbidity which has prevented uptake [31]. However, a number of
possible fetoscopic interventions to treat these abnormalities do exist; they include:
vesicoamniotic shunting and fetal cystoscopy [32]. Vesicoamniotic shunting is an
ultrasound guided percutaneous procedure used to treat LUTO (a schematic of the
procedure shown in Fig. 1.5). A catheter is placed between the fetal bladder and
the amniotic cavity, this bypasses the blockage and allows the bladder to drain. The
shunt remains in place until delivery and is then removed postnatal [33]. In con-
trast, cystoscopy relies on endoscopic guidance to visually the obstruction visually,
thus allowing the diagnosis to be con rmed. A curved endoscope is introduced into

the fetal bladder and any blockage located (for example, a membrane structure over
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Figure 1.5: Schematic diagram of the Fetal Shunting procedure for the treatment of LUTO
showing with the endoscope positioned to insert the shunt. [Image reproduced
with permission from UZ Leuven, Belgium]

the urethral valve), can be xed by removing or cutting the membrane; this may be
achieved by using a number of methods including laser fulguration. However, if
the blockage is not membrane-like a vesicoamniotic shunt is utilised instead. The
main advantage of performing a cystoscopy is the diagnostic bene t, as it allows
the blockage to be imaged. However, this procedure is technically more challeng-

ing and of higher risk than vesicoamniotic shunting [32].

1.1.4 Spinal Cyst Repair

Spinal dysraphism, the most common congenital abnormality of the central nervous
system, is a cyst protruding from the base of the spine [34]. The cyst contains spinal
uid, nerves and part of the spinal cord, either damaged or deformed. While a non-
lethal abnormality, it is a chronic and progressive disease that may cause paralysis
(to varying degrees), and nerve damage. The surgical procedure to correct the ab-
normality involves closing the cyst to prevent damage to the exposed nerves and
spinal cord, and stop the leakage of spinal uid. The current approach involves clo-
sure using a two layer approach with the rst layer being muscle tissue, or a patch
made from an acellular-dermal-matrix, and the second being skin [35]. Tradition-

ally, this procedure was performed postnatally, due to the high complexity and risk
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of the surgery. However, from a number of animal models and post-mortem studies
detailing the continuous damageuterg, a coherent rationale for prenatal interven-

tion was developed [36]. As discussed at the start of the section, the procedure has
been performed as open fetal surgery and this is currently the preferred approach
(due to the learning curve and associated affect on the ef cacy of the procedures)
[22]. A fetoscopic approach for the procedure was initially proposed however the
technique was considered very complex. From the trial of 4 procedures, there was
a 50% mortality rate with both the survivors requiring a ventriculoperitoneal shunt
[37]. These outcomes led to the fetoscopic approach being abandoned for open ap-
proaches. More recently, fetoscopic approaches are once again being developed as
a method of reducing the invasiveness procedure and improving outcomes for both
the mother and fetus [38]. The fetosopic approach is illustrated in Fig. 1.6. While
similar to MIS approaches, one of the key differences is that the cannula is intro-
duced through multiple interfaces to reach the surgical site, starting at the abdomen
and penetrating the uterus. This approach involves acute technical dif culties; as
the procedure requires multiple instruments and the surgeon can no longer dedicate
a hand to manipulating the cannula. In contrast, the minimally invasive approach
has the potential to reduce the abdominal and uterine scar for the mother and de-
crease the likelihood of preterm delivery from the reduction of membrane rupture

rates [39].

1.2 Needs and Challenges

The instrumentation available and the technical challenges performing the afore-
mentioned fetoscopic procedures are generally referred to as the main challenges
facing fetal surgery [40, 41]. Integral to the problem is that instrumentation used
in fetoscopic procedures is often adapted from its original purpose, for example
instrumentation is often introduced using cannulas originally intended for vascular
access. However, a range of purpose-made instrumentation is now available for fetal
surgery. Fig. 1.7 shows a number of available fetoscopes and the quality of images

obtainable. In relation to instrumentation designed speci cally for fetal procedures,
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Figure 1.6: Schematic diagram of the repair procedure for the treatment of spina bi da
cystica showing the three entry points at the abdomen used to introduce an
fetoscope and two rigid instruments. [Image reproduced with permission from
UZ Leuven, Belgium]

a signi cant technical challenge is to minimise the instrument diameter. For feto-
scopes, this may also involve a reduction in image quality in comparison to most
other clinical endoscopes. It is also apparent that, due to anatomical constraints,
some procedures necessitate a curved fetoscope. This then precludes the use of rod
lens endoscopes and requires coherent bre bundles or tip mounted cameras to be
used instead, further decreasing the image quality. Additionally, and particularly
relevent in terms of clinical utility, reducing the diameter of the instrumentation ad-
versely affects robustness: meaning they are often quite fragile. Within the solely
fetoscope based procedures such as FLP and FETO, the surgeon will often use their
free hand to stabilise the cannula at the incision point. This is done, as discussed
above, in an effort to reduce the force applied to the amniotic sac because excessive
force can potentially cause the fetal membranes to rupture [24]. One of the potential
improvements to minimally invasive surgery, including fetoscopic interventions, is

articulation of the instrumentation at the tip (distal to the surgeon). This has been
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Figure 1.7: Example of current fetoscopes (Karl Storz, DE) (a) fetoscope with a curved
shaft allows the visualisation of the placentas when it is positioned on the an-
terior (abdomen side); (b) Straight fetoscope within a sheath that provides a
working channel; (c) Tip of the fetoscope, with optical, lighting and working
channels; (d) typical image observed from the fetoscope showing a limited eld
of view of the internal placental wall.

implemented in laparoscopic surgery using manual instruments but also, and most
notably through robotic instruments such as the da Vinci surgical system. How-
ever, the comparatively large instruments used in the da \VAné&i ifnm) effectively
precludes its use in fetal surgery. Robotic systems have signi cant potential to im-
prove fetal interventions, for example, through the already mentioned addition of
articulation at the tip but also through (a) stabilisation of the instruments outside
of the body (proximal to the surgeon) and (b) controlling the forces exerted during
surgery. Such systems and instrumentation could assist in reducing the stress on
the uterine wall and potentially reduce membrane rupture rates, whilst also assist-

ing in the precision of the procedures for example in the laser targeting for the FLP
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procedure or in manoeuvring a fetoscope to the trachea in the FETO procedure.
However, the intrauterine environment is a challenging application for robotics as
the instrumentation must operate in amniotic uid and within that environment are

critical structures with which accidental contact must be avoided.

Fetoscopic interventions generally rely on white light imaging from the feto-
scope and abdominal US for guidance during procedures. However, improvements
to existing modalities and the introduction of new modalities could potentially im-
prove the information acquired during the procedures. One such modality is Optical
Ultrasound (OpUS), a method of generating and detecting ultrasound using optical
elements rather than the conventional piezoelectric based elements [42]. Ultrasound
is generated using pulsed lasers directed through a bre to a highly optically ab-
sorbent coating which converts the energy to heat. The subsequent pressure increase
within the coating then propagates as an ultrasound wave. The returned ultrasound
waves are then detected using a Fabeye® (FP) cavity at the end of a bre beside
the ultrasound source. The key advantage with the approach is the imaging probe is
readily miniaturisable with imaging probes generatlyi mmenabling it to be in-
tegrated within instrumentation. However, this provides only a single dimension of
information known as an A-scan. Robotic instrumentation could enable the OpUS

probes to be manipulated in such a way to acquire clinically useful information.

1.3 Contributions

This thesis presents the current work on improving fetoscopy using robotics. It
directly addresses, through original research and design involving rigid and artic-
ulated instruments, the challenge of holding and manipulating the instrumentation
outside the body and the integration of distal mechanisms at the tip of the instru-
mentation. Chapter 2 proceeds to review distal actuation mechanisms that have
previously been applied to minimally invasive surgery focusing on miniaturisable
continuum mechanisms that could be applied to fetal surgery. Chapter 3 presents an
exploratory approach to the introduction of both distal Degrees of Freedom (DoF)

and constrained proximal DoF to an endoscope. This was presented with a con-
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centric tube mechanism with 2 DoF and the coupling of the distal mechanism to

a redundant proximal manipulator constrained to a virtual RCM. The utility of the
combined instrument is then demonstrateéxrvivoimaging of a human placenta,
performing predetermined scanning trajectories and using the image data to deter-
mine the placenta geometry and enhance the eld of view of the endoscope. Chapter
4 introduces robust control of the proximal DoF through the use of a motion planner.
The design of a rigid endoscope with a stereo camera, light guide, working channel
and Optical Ultrasound (OpUS) sensor is presented. The motion planner based con-
trol is assessed using an optical tracker to determine to over positioning accuracy
and repeatability and additionally assessing the manipulators ability to follow the
RCM constraint. The endoscope is demonstrated through dense scanning trajecto-
ries over a placenta phantom, in which the combination of the OpUS sensor and
robot kinematic information can be used to construct a large area 3D pointcloud of
the environment. Chapter 5 focuses on improving the distal capability of the system.
A new mechanism design was produced which took into account the issues in the
previous system presented in Chapter 3. The new model was employed as a scan-
ning mechanism with a focus on trajectory repeatability. Firstly the mechanism is
assessed using an Electromagnetic sensor; secondly, an OpUS is integrated through
the channel of the instrument using a torque coil to maintain the orientation of the
sensor while scanning. The mechanism is demonstrated creating 3D pointclouds
through small area but fast scans. This approach allows scans to be generated faster
than using only proximal manipulation. Additionally the information acquired from
scanning known objects is used to improve the forward kinematics of the concentric
tube mechanism, thus improving the quality of subsequent scans. The work in this
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Chapter 2

Flexible Manipulators for Fetal

Interventions

As discussed in the previous chapter, distal DoF have been add to range of surgical
tools for various procedures. These additional DoF are usually in the form of ten-
don driven articulated joints, most notably the da Vinci Endowrist ™instruments.
Articulated instruments are dif cult to miniaturise, mostly due to the complexity of
the mechanism. The joints need to be structurally strong in order for the instrument

to be stiff and capable of applying force.

Continuum manipulators are a class of robotics (like articulated or parallel),
which rely upon the elastic properties of materials to deform the manipulator into
a series of curves [43]. As the manipulator is generally considered a series of arcs,
continuum manipulators are often divided into two categories: variable and con-
stant curvature. This chapter will discuss some of the methods of introducing distal
DoF to instrumentation, covering the actuation concept, modelling of the instru-
ment, and the current applications. Following that a short review on previous work
on manipulating imaging probes with both proximal and distal DoF. Finally, the

clinical adoption of surgical robotics will be discussed.
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Figure 2.1: Diagram of a three tube concentric tube robot with the controllable DoF [1].
Whereq and| represents a rotation and extension of the tube respectively.
[©2010 IEEE]

2.1 Distal Actuation Mechanisms

2.1.1 Concentric Tube Manipulators

Concentric Tube Manipulator (CTM) are a series of precurved superelastic tubes
aligned concentrically. The tubes apply internal moments on the adjacent tube
causing the overall shape of the tubes to be an amalgamation of each. Through
this mechanism the tubes can then be independently rotated and translated along
the tube axis, thus controlling the overall shape. Concentric tube manipulators were
developed concurrently but independently by Websteral. and Dupontet. al.

[44, 1]. They were designed to be a form of a steerable needle that did not rely on
the tissue interaction for control [45]. First presented in 2005 as an actuated needle
guide for fetal blood sampling [46], the device featured two curved nitinol tubes
of decreasing stiffness placed concentrically. The motion was restricted to rotation
about each axis and translation of the entire device along the tube axis, allowing
the curvature of the tubes to be controlled. As manipulators of this type rely on
the internal moments for control, they do not rely upon tendons or muscles, and this
provides a number of bene ts. In particular: a constant working channel is provided
throughout the manipulator; the tubes do not have joint limits; their capability and
safety is an integral function of the tube design; all the actuation components are
placed at the end proximal to the surgeon (i.e., not within the patient); and the tubes

are compliant to external forces (Fig. 2.1).
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The tube parameters are generally designed in pairs to assist in modelling the
interactions [1]. The extremes of the interactions are referred to as dominating stiff-
ness pairs (where the difference in the bending stiffness between the tubes is large)
and balanced tube pairs (where the difference is extremely low). In a dominating
stiffness pair the shape in the overlapping section will be dictated by the shape of the
dominating tube. Whereas, in a balanced pair the shape in the overlapping section

will be an average of the two tubes [44].

The initial actuation mechanisms for CTM generally features the tube joined
to a actuator to provide the rotation of the tube, with the mechanism mounted on
a linear stage for the tube translation [1]. Subsequent research focused initially
on a sterilisable mechanism, that placed the unsterilisable actuators into a sterile
drape and transferred the torque through the sterile barrier using an Oldham Couple
[47, 48]. In addition, the superelastic materials normally used are compatible with
magnetic resonance imaging scanners, allowing them to be used while imaging is
active. This then requires that the actuation mechanism does not contain ferrous
materials, therefore precluding the use of electromagnetic actuators. However, the
use of pneumatic actuators has been demonstrated as a suitable alternative to elec-

tromagnetic actuators [49].

Typically, the tubes described above are made from nickel titanium, known
as Nitinol. Alloys of this composition can have elastic strain limits of up to 11%,
though typical properties are closer to 8%. Nitinol tubes are set to the desired cur-
vature through a heat treatment process. The Nitinol is constrained to the desired
shape in a jig and heated to its transition temperature, relieving the strain in the
material and setting it into the xed shape. The part is normally heated using a box
furnace; however the time taken to heat and cool the sample to and from the transi-
tion temperature can introduce a number of undesired effects. The most noticeable
of these is 'spring-back’: where all the strain in the tube has not been relieved,
causing the unconstrained form to attempt to revert back to the original shape. Al-
though reversion is slight, it represents a signi cant limitation when producing a

precision instrument. As an alternative to the box furnace, joule heating involves
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passing an electric current through the material utilising the electrical resistance to
heat the tube. This has the advantage of faster heat transfer to the tube and results
in an appreciable reduction of spring-back. This process does, however, require a
high-current power supply [50]. Recently an alternative to Nitinol and the shape
setting process described above has emerged in the form of 3D printing. Allow-
ing precurved elastic tubes to be fabricated using stereolithography and selective
laser sintering with elastic limits of 5% and 20% respectively. This method also
allows tubes to be tailored both to the procedure and the individual patient. Despite
showing great promise, current printing techniques have a number of known limi-
tations, speci cally: the overall size and wall thickness they are capable of printing
is limited and the materials have not been assessed fully in respect of their biocom-

patibility and resilience to sterilisation techniques [51].

Moreover, and as noted in relation to many other continuum robots, one of the
main practical limitations of concentric tube manipulators is the need for complex
mechanical models for accurate forward and inverse kinematics. The initial kine-
matic models focused on the bending moments applied by the tubes and used an
idealised version of the Bernoulli-Euler beam equation [52]. However, while these
models worked well in planar cases, when the tubes were rotated the model starts to
fail due to torsion. Subsequent models then accounted for torsion along the straight
section of the tube [44], and that development was closely followed by a model that
accounted for torsion in both the straight and the curved sections [1]. However, in
some cases it was noted that torsional energy accumulated during operation could
cause the position of manipulator to suddenly change despite the input parameters
remaining unaltered; the likelihood and severity of this adverse outcome increased
in proportion to the number of tubes in the system. Whilst the tube con gurations
that cause this can be found in energy models for two tube manipulators, more work
is needed when greater numbers of tubes are encountered [53]. The main disadvan-
tage of existing models is they are computationally expensive and therefore slow
to nd solutions, and the models assume no external loading (e.g. from interac-

tion with tissue). Closed form differential kinematic solutions have also been de-
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rived to provide velocity control which, within a visual servoing framework, enables
fast computation of solutions. This approach has produced an average accuracy of
< 1 mmdemonstrated in a eye-to-hand con guration (static camera) [54]. In an
eye-in-hand con guration (where the manipulator holds the camera) the accuracy
was measured at under one pixel [55]. Additionally, methods for computing the ja-
cobian and compliance matrices for external loading have been presented, allowing
trajectories to be formed but, in each case, the external load needs to be known [56].
That these models nd single kinematic solutions, and do not take into account the
environment in which the manipulator operates, are important considerations in re-
spect of the anticipated surgical applications (such as neuro, vascular, fetal, etc.).
Path planning for concentric tube robots has been demonstrated with the use of
Rapidly-Exploring Roadmaps [57]. Using computationally ef cient algorithms and
highly parallelised processes, a collaborative teleoperation control scheme has been
presented which performs rapid path planning and inverse kinematics allowing for
online and stable control [58]. Alternatively data-driven approaches have also been
presented that attempt to learn both the forward and inverse kinematics of a three-
tube robot through arti cial neural networks [59]. Using this technique, the forward
kinematic network had an accuracy o82nmand 11 for position and orientation
respectively. While the inverse kinematics network had an erroiGafvinand 83

for position and orientation respectively. However, the joint space of the robot was
restricted for the training of both networks; this was due to the in uence on the pose

of the robot caused by the load from the EM sensor.

2.1.2 Tendon-Driven Continuum Manipulators

Tendon-driven Continuum Manipulators (TCM) operate in a similar way to the ar-
ticulated variant. The tendons are placed through/along an elastic spine and xed
in a radial pattern at the same length along the spine. The placement of the tendons
from the central axis of the spine determines the magnitude of the torque applied to
the spine and subsequently the force the end effector can exert (Fig. 2.2) [2]. The
shape of the spine is changed by pulling and releasing the tendons; unlike articulated

manipulators that require four tendons (two antagonistic pairs), continuum manip-
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Figure 2.2: Tendon driven manipulator at different curvatures [2]. [©2008 IEEE]

ulators can use only three to achieve the same two DoF. However, this placement
leaves some instabilities in the manipulator and, due to the relatively small diameter
of tendons, four tendons are more commonly used. Additionally, multiple 2 DoF
mechanisms can be placed concentrically providing 2 additional degrees of freedom
from the translation of each mechanism [11]. The elastic spine can be modi ed to
changed the compliance of the instrument and the bending radius. Either through
a single nitinol tube and cutting notches along the tube, with different cut patterns
providing different properties. There are three main patterns used: symmetrical
cut patterns allowing bidirectional bending, single side asymmetric cut patterns al-
lowing bending in a single direction but with a reduced bending radius [60] and
lastly double sided asymmetric cuts which allow bidirectional bending and increase
the compliance of the instrument [61]. Alternatively multiple pro led tubes can be

arranged concentrically to provide a self supporting but compliant mechanism [62].

TCM instruments are generally modelled in two stages: rstly the in-plane
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curvature is determined, followed by the rotation of the plane to the parent coordi-
nate system. Another option is that the system can be modelled using the concept
of simultaneous rotation, describing the con guration using the Rodrigues formula
[63].

As a further alternative to the use of elastic spines, multiple serial joints can
be used to provide the necessary curvature. These mechanisms follow a serial ar-
ticulated design but have a large and redundant number of joints on the same axis
(though not necessarily adjacent) and actuate them with a single tendon pair [64].
Such systems can also group smaller sets of joints to actuators; this allows for more
precise control, but only at the expense of additional complexity [65]. Generally,
due to physical design constraints, these types of manipulators have relatively large

diameters when compared with other continuum mechanisms.

The stability of TCM manipulators can, however, be increased through sub-
stituting the wire tendons for superelastic tubes or rods. The superelastic tubes are
positioned around a central spine in the same radial spacing as the wire tendons.
The tubes are xed at the end of the manipulator and small disks are placed along
the spine to maintain the requisite spacing. The tubes can be pushed and pulled -
removing the need for antagonistic pairs - to control the shape of the central spine
[3]. The use of superelastic tubes promotes greater stability and the dexterity can
be increased further by placing additional tubes concentrically through each ex-
isting tube (Fig. 2.3) [66]. A further alternative involves manipulators that com-
prise of multiple structured planar modules which provide compliance [67]. This
approach allows large bending motions decoupled from contraction motion, high
back-drivability and low hysteresis. Quasi-static models are used to control these
manipulators, they describe the elastic energy of the system as a function of bending
allowing the current con guration to be found as the solution with the minimum en-
ergy. However, these models often ignore torsion and external forces [68]. The use
of rods instead of tendons also presents the possibility of dispensing with a spine
or backbone to support the mechanism. Instead these mechanisms can be assem-

bled in a similar fashion to rigid link parallel mechanisms (where the load is shared
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Figure 2.3: TCM using three pairs of concentric tubes to control four DoF [3]. [©2005
IEEE]

between the rods), thus improving the stability of the manipulators [69].

2.1.3 Pneumatic Arti cial Muscles

Pneumatic Arti cial Muscles (PAM) are the latest form of actuator to be applied
to fetal surgery. There are many types of pneumatic actuators though the most
commonly used as a distally placed actuator is the McKibben muscles. These mus-
cles feature a thin membrane wrapped in a woven shell with ferrules at each end.
When in ated, the thin membrane expands causing the shell to expand with it but
simultaneously contract in length thus reducing the distance between the ferrules
(Fig. 2.4)[70]. McKibben actuators exhibit a high power to weight ratio and, due to
the compressibility of gas, are compliant. As McKibben muscles operate through
a change in length, they are deployed in a similar way to tendons; however, due
to their small physical size, they are not required to be positioned proximally. The
distal placement of the muscle both reduces the effect of elasticity in the tendons

and increases the exibility in the manipulator up to the muscle. Arti cial muscles
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Figure 2.4: Working principle of the McKibben muscle, Middle shows the muscle in a rest-
ing state. Left shows the muscle with a positive pressure applied, the muscles
expands radially causing the length to reduce. Right shows a negative pressure
applied, the muscle radially contracts causing the length to increase[4]

have been applied to fetal surgery using a pro led Nitinol tube as the backbone of
the instrument. (Pro ling is a process that cuts slots into the tube with the aim of
reducing the bending stiffness while maintaining a similar compression stiffness.)
This type of instrument has a single DoF allowing it to bend along a static plane,
but utilise an antagonistic pair of muscles thus allowing actuation in either direc-
tion. The muscles are placed along the pro led section of the tube removing the
need for tendons. The instrument has demonstrated a repeatability cir@l an

operational bandwidth of Biz[71].

2.2 Manipulation of Imaging Probes

The robotic manipulation of imaging probes has different requirements to inter-
ventional instrumentation (such as forceps or needle drivers). For the majority of
imaging modalities, the instrument does not need to be capable of applying large

forces as tissue interaction is minimal.

2.2.1 Scanning mechanisms

A number of manipulators already exist which are not designed for direct control
by the surgeon but, instead, provide repeatable motions with the aim of improving

the imaging. Typically, these are employed with imaging modalities that provide
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low-dimensional information or have a limited eld of view. The three examples il-
lustrated in Fig. 2.5, demonstrate the different applications of scanning mechanisms

when attempting to:
* increase the dimensions of data acquired
» improve the acquired data
e combine multiple modalities

The rst example is a scanning bre endoscope [5], where 1D information
is utilised to develop a 2D image. This approach uses piezo actuators to vibrate
a single optical bre at its resonant frequency. Applying sinusoidal waves across
2 axes causes the bres to follow a spiral pattern. The single bre delivers laser
light (through a lens assembly at the tip) to the imaging surface. The re ected
light is then captured through a bre bundle around the outside of the actuators and
lens. Through a calibration sequence, the recorded re ected light with the motion
of the bre can be reconstructed into a colour image. This allows a exible colour
endoscope to be produced with 2 iInmdiameter, a 500 pixel diameter resolution
at 15Hz

The second example is an endomicroscopy scanner [6]. This is designed to
improve the acquired data by increasing the eld of view. Endomicroscopy is a
form of microscopy that often relies on bre bundles to miniaturise the distal sec-
tion of the microscope, thus allowing it be introduced within the body as part of
a minimally invasive procedure. These imaging devices are most commonly ap-
plied to providingin vivo assessment of tissue pathology because they provide high
resolution (1 4 nmm) images [72]. However, the clinical use of the high resolu-
tion images produced is inhibited due to the relatively low eld of view achievable
( 600mm) [72]. Such scanning mechanisms have been applied endomicroscopy
in an attempt to improve the eld of view by manipulating the probe in a known and
repeatable pattern and then combining the recorded images. To counter trajectory
errors introduced from tissue deformation (as the probe must be in direct contact

with the tissue), a visual servoing approach is introduced to adjust the trajectory
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Figure 2.5: Top Row - Scanning bre endoscope which uses piezo elements to scan a -
bre emitting white light in a spiral pattern, the light re ected from the sur-
face is detected and an image can be formed of the entire scan pattern [5].
Middle Row - Endomicroscopy scanner which uses two motor driven
cams to manipulate a probe in 2D, visual feedback is then used to
adjust trajectories while scanning to improve the acquired mosaics [6].
Bottom Row - a scanning mechanism that combines endomicroscopy and ul-
trasound, using a tendon driven rail to scan the microscopy probe across the
length of the ultrasound transducer [7].
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while scanning. Images are then combined using visual information but each image
is initialised in the estimated kinematic position.
Thirdly, a scanning mechanism that combines endomicroscopy with ultrasound

has been developed [7]. Endomicroscopy provides high resolution images at a mi-
croscopic level on the tissue surface, while the ultrasound provides depth resolved
information at a macroscopic level. The mechanism uses a tendon-driven rail to
scan the microscopy probe along the length of the ultrasound transducer: this brings
the images from the two modalities into a similar level (through mosaicing the mi-
croscopy images). A calibration phantom is then used to determine the offset be-
tween the ultrasound and microscopy probe, enabling information within the same

coordinate system to be displayed.

2.2.2 Proximal Manipulation

The use of manipulators outside of the body (proximal to the surgeon) can improve
the stability of the imaging probe motion; there are also a number of established
modalities that can provide internal imaging whilst positioned outside of the body,
such as ultrasound and x-rays. Ultrasound is often targeted for robotic manipulation
due to the dif culties in manual manipulation of the probe, especially over long pe-
riods of time [8]. One example of this is a robotic ultrasound manipulator, utilised
speci cally for fetal ultrasound examinations. The system employs a dual arm sys-
tem with 17 DoF; this is used to manipulate two ultrasound probes independently.
The system is shown in Fig. 2.6. One of the key aspects of this arrangement is
that each of the safety critical joints (ones that primarily control the translation of
the probe) has a mechanical clutch, and this prevents excessive force from being
applied to the patient: the clutch disengages the link from the driven joint when the
load exceeds a predetermined threshold. However, some commercial robots have
been developed to execute ultrasound manipulation tasks, such as the UR5 (Uni-
versal Robots A/S, DK) [73]. While intended to solve the same issues as identi ed
in the previous example (the manipulation dif culties noted), the approach focuses
on implementing a low-level controller, rather than on the mechanical design of the

manipulator. The system uses a force/torque between the robot end-effector and
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Figure 2.6: Left - The custom made dual probe ultrasound manipulator scanning a patients
abdomen [8]. Right - ARTIS Pheno® (Siemens Healthineers AG, DE) a 6
DoF robotic manipulator holding a C-arm allowing greater positioning control
between the imaging system and the patient.

the ultrasound probe to feed the current wrench applied to a haptic controller, held
by the sonographer; the sonographer then controls the force applied to the patient.
Both of the presented systems have been designed for tele-operation by the sonog-
rapher, who controls the ultrasound probe through a haptic controller in free space
(controlling all 6 DoF). Visual servoing approaches (as part of which image infor-
mation can be taken into account during the manipulation of the probe [74]) have
been proposed as a method of improving imaging probe manipulation. Addition-
ally, the combination of imaging and force information has allowed for the patients
motion to be compensated for while maintaining a consistent view [75].

It is apparent that robotics brings an additional advantage for imaging modal-
ities placed outside the body, particularly the capability to manipulate large and
heavy equipment, exempli ed by the ARTIS Pheno® (Siemens Healthineers AG,
DE) [76]: this is a C-arm attached to a 6 DoF robotic manipulator allowing more
control on the positioning of the C-arm (as shown in Fig. 2.6).

For imaging probes that require access to the targeted organ/area, the proxi-
mal manipulator must rst be constrained to a Remote Centre of Motion (RCM) at
the insertion point for the instrumentation. There are two approaches to achieving
this constraint: mechanically or through software (both are illustrated in Fig. 2.7).
Mechanisms have a notable advantage in terms of reliability and robustness, as the

RCM is mechanically enforced. However, the position of the RCM is xed and
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Figure 2.7: Left - the MiroSurge which uses a 7 DoF constrained to a virtual RCM [Miro-
surge, DLR (CC-BY 3.0)].Right - a patient side manipulator of the da Vinci
surgical robot that is mechanically constrained to a RCM

this requires additional mechanisms to position the RCM initially [77]. In compari-

son, software enforced RCM utilise articulated manipulators then, using geometric
knowledge of the robot and instrumentation, constrain the motion of the actuated
joints. This allows the manipulator to move to the RCM and potentially change the
RCM according to external motion. It is noted that the use of articulated manipu-
lators introduces the possibility of singularities within the constrained workspace,

and the accuracy of these are likely to lower from the longer kinematic chains [78].

Both approaches to constrain the system to the RCM have been applied to the
control of rigid endoscopes for use in laparoscopic surgery. A number of surgi-
cal tasks require bimanual manipulation, and this can be particularly challenging
because an endoscope is required in order to visualise the surgery. Often one sur-
geon will hold the endoscope while another hold the instrumentation required for
the procedure. In operational surgical environments, this setup imposes a signi -
cant constraint on available space around the patient (with two surgeons working
in the same space); it requires clear communication between the surgeons; the en-
doscope does not require constant manipulation, which leads to physical burden on
the surgeon holding it. Robotic endoscope holders have been presented as a po-
tential solution for this, however one of the main dif culties in this is the control
interface for the surgeon. The rst generation design was the AESOP ™(Computer

Motion Inc., US): a 7 DoF robotic endoscope holder capable of moving the endo-
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scope during surgery by voice commands [79]. However, the technology utilised
provides only coarse commands for positioning and motion, limited to: up, down,
left, right, in, out and stop. Subsequently, interfaces that provided ner control of
the endoscope were introduced, such as eye tracking, where the endoscope follows

the motion of eyes on the endoscope display [80].

2.2.3 Distal Manipulation

For the manipulation of imaging probes within the body, the majority of systems
available now rely on both proximal and distal manipulation. Flexible endoscopes,
for endoluminal procedures, require the least amount of proximal manipulation,
with only insertion into the lumen; tendon actuation is used to adjust the curvature
of the tip and therefore the distal orientation. This results in limited accessibility and
often substantial discomfort for the patient. To address such limitations, different
manipulation strategies have been proposed to control the endoscopes within the
body; two such approaches are magnetically actuated and distal locomotion [81]
(examples to these approaches shown in Fig. 2.8) . Magnetic actuation relies on
the control of magnetic elds external to the body to induce forces on a magnet at
the tip of the endoscope. The external magnetic elds are either generated from
xed coils positioned about the patient, rotating permanent magnets or permanent
magnets controlled by an external articulated manipulator [9]. For distal locomo-
tion, novel mechanisms are implemented at the tip, using the interaction with the
lumen to propel the endoscope through the lumen. Three actuation systems have
been presented: continuous tracks, legged and pneumatic. Continuous tracks use
miniaturised tracks around a cylindrical housing driven by internal motors. They
were considered appropriate for surgical applications as they could be used on pla-
nar surfaces and within a lumen [10]. The legged approach employs two sets of legs
at either end of the tip, positioned radially about the tip. Through the utilisation of
two motors within the endoscope (one to drive each set of legs), the endoscope can
move forwards or backwards along the lumen [82]. Alternatively, the pneumatic
approach incorporates two balloons, one at the tip and another that can travel along

a length of the endoscope; the rear balloon reduces the insertion forces while the
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Figure 2.8: Left - Magnetically actuated endoscope, where an External Permanent Magnet
(EPM) is held by a robotic manipulator to guide an endoscope with an Internal
Permanent Magnet (IPM) through a lumen, in this case a colonRgjht -

Distal locomotion of an endoscope provided by tracks along each side of the
endoscope [10]

front balloon keeps the endoscope in the centre of the lumen [83]. In a similar ap-
proach to the control of rigid endoscopes presented above, eye tracking has been
applied to exible endoscopes. Here, the insertion is still handled by the operator

but the orientation of the endoscope follows the operators focus on the screen [84].

New instrumentation has also been presented for the da Vinci surgical robot
using the da Vinci Research Kit (dVRK) [85]. The proximal manipulation of the
da Vinci provides the RCM constraint but the distal mechanism (articulated wristed
end-effector) has been replaced with a tendon driven continuum mechanism. The
camera mounted at the tip provides 6 DoF. In conjunction with visual servoing, the
endoscope can then be used to track the instruments during surgery, this maintains

a set orientation relative to the instrument.

The manipulation of imaging probes within in the body can be ergonomically
challenging, for example in the use of a microscopy probe to scan across the surface
of an organ [86]. Visual servoing can be used to assist in the motion using an
external imaging sensor, in this case a stereo endoscope. In this approach a marker
is attached to the microscopy probe while being held by a robotic manipulator. The
stereo endoscope is used to reconstruct the surface of interest and a trajectory is
generated accounting for the eld of view of the microscopy probe (and they need

for overlapping areas). The probe then executes the trajectory using the pose of the
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marker, tracked with the endoscope as feedback for the motion but, additionally, as
a pose estimate used to assist in generating a mosaic of the entire scan. Importantly,
as the scan motion has been tracked by the endoscope, the mosaic can then be

overlay directly on the endoscope image.

2.3 Clinical Adoption

Surgical robots rst started to be used clinically in the mid-1980s, with two robots
originating from North America. Initially, there was the Arthrobot: a custom-made
system to position the patient's leg during orthopedic surgery through voice com-
mands by the surgeon [87]. The second was a modi ed industrial robot, registered
to a Computed Tomography (CT) scanner, and used to position a needle guide for
brain tumour biopsies. A calibration procedure of the system was presented to re-
calculate the kinematic parameters of the robot, which brought the tip positioning
accuracy to Imm allowing effective use in biopsies [88]. These robots focused
on positioning outside of the body (a constraint possibly due to approval mecha-
nisms in place at the time and for patient safety reasons). Shortly after Arthrobot,
the PROBOT was presented to assist in performing trans-urethral prostate resec-
tion. The system took a scan of the prostate using an ultrasound transducer, by
which means the surgeon marked on each image the sections of the prostate to be
removed. The system constructed a 3D model of the prostate and the section to
be removed. The cutting trajectories were then planned and executed in a semi-
autonomous manner allowing the surgeon to stop the robot and adjust the cutting

parameters [89].

In the 1990s two companies started developing robotic surgical systems, In-
tuitive Surgical (US) and Computer Motion (US). Both companies focused on a
teleoperation-based system, where the surgeon could be remote to the patient (i.e.
different room, different building or different country). Computer Motion rst de-
veloped AESOP (discussed above in §2.2.2) and, this was cleared for clinical use in
1994. However, the full surgical systems, da Vinci and Zeus (from Intuitive Surgi-

cal and Computer Motion respectively) did not gain FDA clearance until 2001; each
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Figure 2.9: Left - Port and Instrumentation of da Vinci SP surgical system (Intuitive Surgi-
cal Inc.). Through a single port the system introduces an articulated stereo cam-
era and 3 instruments. [©2020 Intuitive Surgical, InRight - The broncho-
scope of the Monarch bronchoscopy platform (Auris Health Inc.). The bron-
choscope consists of an actuated sheath (shown in light blue) and an actuated
scope (shown in dark blue) [11] [©2019 IEEE]

system was initially targeted towards heart surgery [90]. Following a number of
lawsuits between both companies, they merged in 2003 and, as a consequence, the
Zeus was discontinued. Since then, the number of robot assisted surgeries has in-
creased rapidly and the range of surgical procedures they can perform has expanded
markedly. The ef cacy of robot-assisted procedures compared to laparoscopic pro-
cedures is generally comparable but with robot-assisted surgeries often requiring a
shorter hospital stay [91]. However, the cost of the robot-assisted surgery compared

to laparoscopic surgery is signi cantly higher, averaging approximately $3200 [92].

The use of surgical robots has now been approved for use for almost 20 years
(since 2000 for the da Vinci surgical robot) [93], yet continuum robots have only
recently (and in limited applications) been adopted in the clinical environment. The
da Vinci SP ® (Intuitive Surgical Inc., US) was one of the rstto be deployed which,
rather than using multiple incision points, introduces an articulated camera and up
to three multi-jointed instruments (as shown in Fig. 2.9). In addition, two tendon
driven continuum platforms were introduced in 2018 and 2019: the Monarch ™
platform (Auris Health Inc., US) shown in Fig. 2.9 and the lon ™ (Intuitive Surgical
Inc., US). Both are catheter style instruments designed to navigate deep within the

lungs, reaching signi cantly further into the lung than conventional manual tech-
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Figure 2.10: Left - CyberKnife radiotherapy system, with the linear accelerator attached
to the robot arm, stereo X-ray imaging mounted in the oor and ceiling, and
a respiratory tracking system also mounted in the ceiling. [©2019 Accuray
Incorporated. All Rights ReservedRight - Mako system being used for
a total knee replacement, the optical markers are used to register the robot,
the patient and the plan into the same coordinate system. [©2020 Orlando
Orthopaedic Centers. All rights reserved.]

niques. Catheter surgical robots have been previously marketed for intravascular
interventions through two companies Hansen Medical Inc. and Corindus Vascular
Robotics Inc.. (Hansen, however, was purchased in 2016 by Auris Health Inc. and
the intravascular systems were discontinued). The systems are teleoperation based,
meaning surgeons can control the guide wire and rapid exchange balloon and stent
delivery systems behind a radiation shielded barrier. On the patient side, a robot
arm, holding the instrumentation in motorised drives, facilitates the use of standard
instrumentation. Current evidence shows the robot procedures are safe and reliable,
and often reduce the surgeons exposure to radiation 8§% [94].

Lastly, while the previously described surgical systems have all been teleop-
erated systems (where the clinician directly controls the system during operation),
there are two other interfaces used to control surgical robots: supervisory control
and shared control. Supervisory control generally provides planning interfaces for
the surgeon but the actual operation is autonomous, with the surgeon having the
ability to start and stop the procedure. This method of control is exempli ed by the
CyberKnife®(Accuray Inc., US) shown in Fig. 2.10. The CyberKnife is a robotic

radiosurgery system which is comprised of a linear accelerator mounted to a 6 DoF
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robotic manipulator, a stereoscopic X-ray system, with each source placed orthog-
onal to the patient; an optical tracking system and a positionable bed for the patient
which is held by a second robotic manipulator. The treatment is planned by the
clinician on preoperative images. The system then performs a registration between
the preoperative imaging and the patient using the stereo X-ray system (which al-
lows the treatment trajectories to be known in the robot coordinate system). The
imaging systems are used during treatment to track the patient's breathing and ad-
just the robots motion accordingly. This con guration provides an overall targeting
accuracy on a target undergoing respiratory motion 4f5 mm[95]. Shared Con-

trol system relies on a collaboration between the robot and the surgeon, and this
case can be demonstrated by the Mako™(Stryker Corp., US) shown in Fig. 2.10.
The Mako system is designed for joint replacement orthopaedic surgeries; it con-
sists of a planning system where the surgeon, using preoperative images, plans the
insertion of the replacement components for the procedure. The other element of
this system is a robotic arm, designed to hold the range of surgical instruments
required by the surgeon. Before the procedure starts, a registration step is under-
taken to align the preoperative plan to the patient. During the procedure, the robot
will be compliant allowing the surgeon to control the instruments similar to a non-
robotic procedure. However, the robot will prevent the tool from extending beyond
the planned motions. This approach, in comparison to exclusively manual surgery,

provides increased accuracy and repeatability of the component placement [96].

2.4 Summary

Continuum manipulators commonly work from similar principles: that is to say,

applying a moment to an elastic spine causing it to deform. This allows for the cre-
ation of manipulators using relatively simple structures, in comparison to articulated
mechanisms that require joints. This allows a more straightforward approach for the
manipulator to be miniaturised. Tendon and uidic actuators have separate back-
bones and driving elements; a different principle to CTM, which use the backbone

as the driving element. Combining the backbone and driving elements provides the
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advantage of a constant working channel through the device. However, the diam-
eter of the working channel reduces as the number of DoF increases. In contrast,
and within known limits, tendon or uidic manipulators can maintain a constant
diameter while increasing DoF through the utilisation of a stepping radial pattern
of the tendon path. The majority of the work on CTM is focused on the control of
multiple-tube robots (i.e. 3 tube mechanisms with 6 DoF); often the instrumentation
developed for testing this work uses a wire as the innermost tube (to simplify a por-
tion of the control). However it is uncommon to nd instrumentation that does not
rely solely on the CTM for manipulation but couples the motion with an additional
manipulator positioned proximally and, additionally, focuses on the integration of
end-effectors (such as grippers and imaging sensors) with the manipulators.

This thesis will proceed to investigate the combination of proximal and dis-
tal actuation methods to manipulate imaging probes. The combining of actuation
methods has the potential to improve the stability and precision of the motion from
the proximal side, while the dexterity of the instrument can be increased through
the distal side. Considering the proximal side, while parallel robots can display sig-
ni cantly higher stiffness and ner motion precision, articulated robots can provide
accurate and dynamic motion and require only a small footprint for a comparatively
large reach. Additionally, due to the RCM constraint on the proximal side, the ma-
nipulators often provide redundant DoF allowing greater control in the overall pose
of the robot. Whereas, at the distal side, the use of CTM will be explored in relation
to the low diameters possible from the structure of the manipulators. Additionally,
as the purpose of the instrument is to hold imaging probes, the manipulator does
not need to be capable of applying force. While one of the limitations of CTM is
the need to check the stability of the tube con gurations to prevent tube "snapping”,
this generally affects CTM with 2 or 3 tubes. In order to control the orientation, the
instrument only requires a single curved tube, allowing it to take advantage of low
diameters and high repeatability, while avoiding the issues in stability and complex

kinematic models that af ict CTM with more curved elements.



Chapter 3

Coupled Proximal and Distal

Manipulation for Stable Fetoscopy

3.1 Introduction

As presented in 81.1.1, FLP is a minimally invasive procedure used to treat TTTS.
The procedure involves a fetoscope with a therapeutic laser being introduced into
the uterine cavity and coagulate vessels on the placenta (which are part of a detri-
mental shared blood supply between the fetuses) [23]. Typically, this is a techni-
cally challenging procedure as current instrumentation is rigid and constrained to a
remote centre of motion at the incision point. These limitations prevent the placenta
from being viewed with a constant orientation compounding the dif culty of (a) the
identifying the shared vasculature and (b) the aiming of the laser for consistent co-
agulation. To address the challenges of FLP it is possible to increase the dexterity
and stability of the fetoscope by introducing actuated components to the fetoscope
design. Greater dexterity of the tip of the instrument can facilitate observing and
delivering therapy to the anterior placenta [40] while stability can be controlled by
an articulated arm which constrains movement around a RCM at the incision point
[97]. A major challenge for delivering robotic actuation to fetoscopic instrumen-
tation is size. As discussed in Chapter 2, continuum mechanisms have been used
in surgical robotics to facilitate smaller diameter instruments and while increasing

the number of DoF. However, these mechanisms are often applied to single port
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surgery, intravascular or neurosurgery, where the mechanism is xed outside the
body (proximal to the surgeon) and controls only the movement from within (i.e.,
distal to the surgeon). An example of continuum manipulators would be concentric
tube robots [44, 1], a manipulator category that uses a series of precurved tubes
positioned concentrically (the overall shape of the tubes being controlled by trans-
lating and rotating each tube). Concentric tubes have been demonstrated with six
DoF, though they often have a comparatively low position accuracy¥Bm when
employed without the use of external sensors [54, 98]. In comparison, more estab-
lished articulated mechanisms such as those used in the da Vinci surgical robot
(Intuitive Surgical, US), utilise both proximal and distal motion from the parallel
linkage and the wrist joints separately. This approach results in seven active DoF,
four proximal and three distal (one of which being the end effector). Instruments
featuring continuum mechanisms with both distal and proximal motion, have been
presented previously using concentric tube robots coupled with a passive proximal
arm for single port prostate surgery [99]. In this application, the concentric tube
robot is inserted through an endoscope with a working channel, thus allowing the
endoscope to be manipulated with the passive arm and the robot to be manipulated
relative to the endoscope. However, it is important to note that the proximal arm
was mainly used for the initial positioning of continuum mechanism and the co-
manipulation of the device was not fully explored. Additionally, a concentric tube
mechanism has been integrated into a da Vinci instrument an arrangement which
provides three distal DoF along with the da Vinci three proximal DoF constrained
to a mechanical RCM [100].

This chapter is an extension of work presented in [101] and presents the design
and control of a concentric tube manipulator; one that provides two DoF at the
distal end of the instrument and allows the orientation of the tip to be decoupled
from the position controlled at the RCM. The design of the instrument is broken
down into three main components: mechanism design, where a generic mechanism
design is presented allowing it to be customised according to the tube parameter,

while maintaining a small form factor; the tube design, where the tube parameters
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Figure 3.1: Diagram of the overall system, with the proximal manipulation provided by a
KUKA LBR iiwa 7 R800, a concentric tube robot that provides the distal ma-
nipulation and a stereo endoscope mounted to the tip of the distal manipulator.

are determined from the clinical requirement and workspace available; and lastly
the integration between the concentric tube manipulator and a 7 DoF robotic arm
constrained to a RCM incorporating a stereoscopic micro Complementary Metal-
Oxide-Semiconductor (CMOS) camera at the tip of the concentric tube manipulator.

Fig.3.1 shows a Computer Aided Design (CAD) drawing of the complete system.

83.3 presents the how the instruments are controlled individually and when
coupled together, followed by the validation of the kinematic model using an EM
tracker in the experiments and results section. The experiment and results section
presents the experimental setup of the distal instrument, a method for measuring
the arc parameters of the tube, the accuracy of the mechanism and overall accuracy
of the distal instrument. The workspace, accuracy and repeatability of the coupled
mechanism is then demonstrated through tracking the tip of the nitinol tube using

electromagnetic sensors in addition to visual odometry.
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3.2 Instrument Design

For the purpose of decoupling the orientation of an imaging sensor from the posi-
tion, the distal side of the instrument requires 2 DoF, rotation around the tube axis
and extension along the tube axis. The distal mechanism was designed to be easily
adaptable to tube parameters while retaining a small and compact form. The design
utilised a carriage to transfer the torque from the actuators to the inner tube, simi-
lar to a design presented in previous work [48]. Additionally, the use of a carriage
allowed the actuators to be xed in place on the mechanism. The actuation com-
ponents of the mechanism consists of a leadscrew and square shaft of equal length,
positioned parallel to the tube axis and constrained to rotation along their axis by
bearings placed either end of the mechanism. The leadscrew performs the transla-
tion of the carriage through a nut xed to the carriage; while rotation of the tube is
achieved through the square shaft, running the length of the mechanism and a gear
with a square bore xed to the carriage. When the square shaft is rotated it drives a
gear xed to the tube housing which in turn, rotates the inner tube in the opposite
direction. Additionally, the square shaft constrains the translation axis of the car-
riage, acting as the linear guide required for the leadscrew to operate. At the distal
end of the mechanism, the stainless steel outer tube is xed in place concentrically
to the curved nitinol inner tube. The design of the carriage provides a mechanical
interface, allowing the tubes to be swapped without a requirement to dismantle the
mechanism. The inner tube is joined to the carriage through two bearings and a spur
gear, the same size as carriage gear. A CAD drawing of the assembled carriage and

driving mechanism is shown in Fig. 3.2.

The mechanism houses the carriage and constrains the lead screw and square
shaft but does not hold the motors. Instead the end of the leadscrew and square shaft
has a female section of a hexagonal coupling. This allows the design to be motor
agnostic (i.e., any motor can be used if coupled to a male hexagonal connector),
allowing motors to be chosen according to the tube parameters and required torque.
The motors used are mounted together onto a plate (the width of which matches the

mechanism housing) and xed using four machine screws positioned in each corner.
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Figure 3.2: (a) Diagram of the carriage with: the lead screw nut (yellow); tube holder with
the bearings and gear (blue); and rotation component with the square shaft cou-
ple, bearings and gear (green). (b) Assembled mechanism without carriage; (c)
Assembled mechanism with carriage attached, also shows the female connector
for the motor couple.
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