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Abstract

Minimally invasive surgery has become more popular as it leads to less bleeding, scarring,
pain, and shorter recovery time. However, this has come with counter-intuitive devices
and steep surgeon learning curves. Magnetically actuated Soft Continuum Robots (SCR)
have the potential to replace these devices, providing high dexterity together with the
ability to conform to complex environments and safe human interactions without the
cognitive burden for the clinician. Despite considerable progress in the past decade in
their development, several challenges still plague SCR hindering their full realisation.
This thesis aims at improving magnetically actuated SCR by addressing some of these
challenges, such as material characterisation and modelling, and sensing feedback and

localisation.

Material characterisation for SCR is essential for understanding their behaviour and de-
signing effective modelling and simulation strategies. In this work, the material properties
of commonly employed materials in magnetically actuated SCR, such as elastic modulus,
hyper-elastic model parameters, and magnetic moment were determined. Additionally,
the effect these parameters have on modelling and simulating these devices was investi-

gated.

Due to the nature of magnetic actuation, localisation is of utmost importance to ensure
accurate control and delivery of functionality. As such, two localisation strategies for
magnetically actuated SCR were developed, one capable of estimating the full 6 degrees
of freedom (DOFs) pose without any prior pose information, and another capable of accu-

rately tracking the full 6-DOFs in real-time with positional errors lower than 4 mm. These



will contribute to the development of autonomous navigation and closed-loop control of

magnetically actuated SCR.
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Chapter 1

Introduction

Minimally invasive procedures have been at the forefront of the surgical revolution of
the past century. This push has mainly put the patient at its core by reducing bleeding,
scarring, post-operative pain and recovery time. This has seen the advent of endoscopes
and catheters, which are able to enter the patient’s body through natural orifices, or
small incisions. The development of these tools, however, has not been kind to surgeons,
requiring high dexterity and steep learning curves, especially when the target is of difficult
access. Robotics, with its computation and dexterous intelligence, has the potential to
reduce this cognitive burden and enable access to challenging anatomical areas. In fact,
the development of continuum robots to reach deeper inside the anatomy in a minimally

invasive way has recently become a hot topic of research [1].

Due to the nature of such robots, a key factor in their development is safety and scalability.
This has attracted the use of soft materials which are inherently safe for human interaction
and able to conform to their environment. Three main types of actuation have been
reported in soft continuum robots (SCR): mechanical (e.g. concentric tube) [2], fluidic
(e.g. pneumatic) [3], and magnetic [4]. One of the main differences between these is
that both mechanical and fluidic actuation require tethering, while magnetic actuation
is achieved remotely and contact free. Additionally, mechanical and fluidic dexterity

are directly proportional to diameter due to the need for additional cables and fluidic
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chambers respectively. For these reasons, the interest in magnetically actuated robots
has exploded over recent decades, as it allows for the delivery of the robot to areas
of limited access in the human body [5; 6; 7; 8; 9; 10]. However, this tetherless and
remote actuation requires accurate localisation of the robot in order to ensure controlled

actuation, delivery of functionally and ultimately closed-loop control [11; 12; 13].

Magnetic actuation relies on placing a magnetically responsive robot under external mag-
netic fields. These fields and their gradients generate a torque and force respectively on
the robot, providing actuation [14|. Both the generation of the external magnetic fields,
as well as conferring magnetic properties onto the robot, can be done in several ways.
Catheters containing small permanent magnets at their tip have long been in the market
and used for cardiac ablation [15; 16]. However, in a push to deliver smaller robots with a
more continuous magnetic profile, the use of magnetic micro- or nano-particles has risen
in popularity [10]. The use of magnetically hard [17; 4], soft [18; 19|, and superpara-
magnetic [20; 21| particles has been described. A key difference between these types of
magnetic materials is their ability to, or lack of, retaining magnetisation after the re-
moval of a saturating magnetic field [4]. Hard-magnetic materials are able to retain this
magnetisation, and therefore, can be seen as having a constant magnetic moment. This
makes their actuation and control more intuitive, whereas soft and superparamagnetic
materials must rely on geometry patterning in order to achieve enhanced functional-
ity [20; 21]. Soft and superparamgnetic materials however, allow smaller particle sizes

enabling further fabrication techniques and miniaturisation to the nano-scale [20)].

Lastly, generating these external magnetic fields can be done with either coil systems or
external permanent magnets (EPM) [22; 23; 24; 25; 26]. Coil-based systems are more
intuitive as the relationship between current and generated magnetic field is linear and
well-defined, allowing for easier and quickly implemented magnetic field strategies such as
oscillating or rotating magnetic fields [27; 28]. However, they suffer from small workspace
dimensions, high energy consumption and require cooling systems. Conversely, the use
of EPM mounted on the end effectors of robotic arms is a viable solution as it provides

large workspace compatible with surgical procedures and low energy consumption [24; 29|.

2
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However, it suffers from complex control and actuation strategies, due to the highly non-

linear magnetic fields generated [30].

This present thesis’ overall aim is to improve and advance the capabilities of surgical SCR,
more specifically magnetically actuated SCR, through the development of a magnetically
actuated SCR compatible with real-time pose tracking. A schematic representation of

the system can be seen in Figure 1.1.

Figure 1.1: SCR for minimally invasive surgery actuated via 2 EPMs mounted on robotic
arms. The SCR contains and Hall effect sensor (HE) and an inertial measurement unit
(IMU) for real-time pose tracking.

This was achieved through three main areas of interest and development which are de-

tailed over the following subsections. The main goal of each area is as follows:

e Literature Review: Carry a deep look into the literature and state-of-the-art of
medical continuum robots, and identify the gaps in the research and development
of such robots. This will provide the foundation of knowledge needed to develop

the next generation of magnetically actuated SCR.

e Materials and Fabrication of magnetically actuated SCR: Identify com-
monly employed soft materials and fabrication techniques, and characterise and
model these materials’ mechanical and magnetic behaviour. This will allow the
fabrication and prototyping of the SCR, as well as information on the expected

behaviour when under actuation.

e Pose estimation of magnetically actuated SCR: Develop localisation tech-

3
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niques for magnetically actuated robots under multiple EPM control which are
compatible with closed-loop control. This will effectively allow the tracking of the
SCR when under actuation, contributing to accurate actuation, closed-loop control,

and delivery of functionality.

1.1 Review of Medical Continuum Robots

The application of continuum robots to the medical field is a fairly new endeavour which
has rapidly made progress. With the recent release of commercial systems based on this
type of robots, such as the Monarch™or the Ion platforms, medical continuum robots
are becoming a reality in the operating room. From bronchoscopy to endovascular in-
terventions, continuum robots have the potential to completely change the panorama of

surgical interventions.

Despite these achievements and clear potential, continuum robots suffer from specific
issues due to their inherent design. From dexterity and scalability to modelling and

sensory feedback, these robots still face challenges which prevent their full realisation.

Given this panorama, Chapter 2 serves to summarise the recent progress and develop-
ments in this field while highlighting the active areas of research and the challenges that
these systems face. Starting with an overview of the main medical applications, the chap-
ter progresses to showcasing the variety of actuation designs covering mechanical, fluidic,
and magnetic methods. This is then followed by the challenges this field faces in terms

of fabrication, modelling, control and sensing.

1.2 Material Characterization for Magnetic Soft Robots

Given the new and innovative nature of the topic, magnetically loaded silicone elastomers
commonly employed in soft robots had not been studied in depth. This led to a lack of
understanding of how these particles affect the raw material properties, but also the use

of the undopped material parameters in modelling and simulation of such materials.

4
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Figure 1.2: (a) Fully soft discrete magnetic continuum robot. The red arrows represent
the direction of magnetization. (b) The robot under actuation in an uniform magnetic
field with direction represented by the black arrows. (c) Simulation results considering
our correct model and the theoretical model.

Since the use of the right material parameters is fundamental in the modelling and sim-
ulation of soft robots to ensure accurate actuation and control strategies, a material
characterisation, both in the mechanical and magnetic domains, of commonly employed
magnetic elastomers was carried. Chapter 3 introduces this characterisation. Two differ-
ent elastomers with varying concentrations of hard magnetic particles were characterised.
The mechanical characterisation consisted on uni-axial tensile testing, and subsequent
hyper-modelling fitting on the resulting stress-strain curves. The magnetic characterisa-
tion saw the development of a novel magnetic characterisation technique based on a 6
degrees-of-freedom (DOF) load cell. By measuring the force and torque exerted on an
elastomeric sample by an external magnetic field, the magnetisation vector, and there-
fore the material’s magnetic remanence, can be found. Lastly, the effect that accurate
material parameters have on the modelling and simulation of SCRs was assessed. SCRs

were fabrication and actuated under homogeneous fields. Two simulation models, one
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with theoretical values and one with the experimental measured values, were matched to
the observed real actuation, as shown in Figure 1.2. Simulation errors were reduced from

8.5% to 5.4% when using accurate material models.

1.3 Pose estimation of Magnetically Actuated Robots

As mentioned earlier, due to the nature of the contact-free actuation mode, magneti-
cally actuated robots need localisation in order to ensure accurate actuation, closed-loop

control, and delivery of functionality [11].

As such, localisation of magnetic robots has long been a big topic of research [12]. Sev-
eral localisation methods based on imaging modalities, such as fluoroscopy [31], ultra-
sound [32; 33; 34|, and MRI [35], have been reported with varying number of DOF,
accuracy, and refresh rate. Despite promising results, these methods require additional
equipment into the operating theatre with added costs and footprint. Additionally, meth-
ods based on fluoroscopy expose the patient and physician to harmful radiation making
them incompatible with closed-loop control. Localisation based on magnetic field mea-
surements has long been in use but commercial systems are incompatible with magnetic
actuation systems. The use of magnetic fields for both actuation and localisation of med-
ical robots has gained a lot of attention as it simplifies the system without the need for

additional localisation equipment [36; 37; 38].

The placement of the magnetic field sensors, such as Hall effect (HE), can either be inter-
nal or external to the robot. External methods rely on the placement of magnetic field
sensor arrays somewhere within the workspace. By measuring the change in magnetic
field, these are able to track the device [39; 40; 41]. These easily allow miniaturisation
and tetherless actuation. However, the size of the array limits the workspace dimensions,
it requires calibration of a large amount of sensors, as well as high sensitivity sensor or
very magnetically strong devices in order to accurately measure their magnetic fields.
Alternatively, internal methods see the embedding of the magnetic field sensor together

with an inertial measuring unit (IMU) inside the device [38|. This greatly reduces the
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number of sensors needed, it does not restrict the workspace dimensions, and eliminates
the need for any localisation-specific internal magnetic requirement. Even though minia-
turisation is more challenging for internal methods, when considering magnetic actuation
platforms with large workspaces and particle based continuum robots, these are better

suited.

The problem of localising the full 6 DOF pose can be split into finding the 3D position,
and finding the 3D orientation. Common orientation methods use the Earth’s gravity
and magnetic field as an inertial reference frame, and a gyroscope reading the angular
velocities. However, in a magnetic actuation system the Earth’s magnetic field is not
measurable, loosing the reference for the rotation around gravity. Although, a homoge-
neous actuation magnetic field could be used instead, provided it is not parallel to gravity,
this would make the estimation of position impossible, as this requires non-homogeneous
magnetic fields. If instead, non-homogeneous magnetic fields are generated, then, either
the position or the orientation must be known to solve the other. This makes the problem
not solvable, as a single measurement of magnetic field, gravity, and angular velocity, are
not enough for the full estimation of position and orientation. However, if the orienta-
tion is initialised accurately, then the accelerometer and gyroscope are able to track the
change in orientation. This, together with a measurement of the magnetic field, makes

the estimation of position possible.

These issues with magnetic localisation have been explored in detail for systems with a
single EPM [38]. However, as platforms move into the addition of multiple EPMs, new
localisation strategies which take into account and leverage for this are needed. Chapter 4
first looks into how the number of EPMs in a given system affects the localisation within
its workspace. It then continues to the development of a localisation observer which is
able to estimate the full 6 DOF pose by taking multiple measurements of the magnetic
field for different EPM configurations. This was then implemented and tested on a quasi-
static device. Building on top of this, Chapter 5 sees the development of a real-time
6 DOF localisation algorithm. This algorithm relies on accurate initialisation of the

orientation, which can be done with the algorithm described in Chapter 4. This was then

7
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implemented and tested on a magnetically actuated SCR, Figure 1.3. Additionally, the
relative pose between two EPMs and the singularity regions induced across the workspace
are analysed, and alternative EPM configurations which produce the same SCR deflection
and tip position are found. The algorithm’s update rate was of 280 Hz being compatible
with closed-loop control, providing a stepping stone towards autonomous navigation and

control of magnetically actuated continuum robots.

Figure 1.3: Soft Continuum Robot containing an IMU and Hall Effect sensor (in red) at
the tip for localisation under two external permanent magnets.

1.4 Summary and Contributions

The thesis is structured into 6 additional chapters. The contributions of each are as

follows

e Chapter 2: In-depth literature review on medical continuum robots, identifying

the main challenges yet to solve across fabrication, modelling, control, and sensing.

e Chapter 3: Framework to characterise soft materials commonly employed in mag-
netic soft robots; best practices for accurate magnetic material modelling; effect of

magnetic micro-particles on material behaviour; reduction of simulation errors by

8



1.4. Summary and Contributions Chapter 1. Introduction

37%.

e Chapters 4: Analysis of the effect that multiple EPMs on the workspace have on
magnetic localisation as well as its update rate; six-DOF quasi-static localisation
algorithm without the need of any prior pose information or the Earth’s magnetic

field; errors of 8 mm in norm position and update rate of 2.5 Hz.

e Chapter 5: Observability analysis and definition of singularity regions when 2
EPMs are present in the workspace; optimization of EPM configurations to achieve
best localisation performance and actuation while avoiding singularity regions; im-
plementation of a six-DOF localisation algorithm with running errors of 4 mm and

update rate of 280 Hz.

e Chapter 6: Discussion of the main results from the previous chapters and their

impact on the current state-of-the-art.
e Chapter 7: Final conclusions and future directions.

During the course of the PhD, I have had the opportunity to publish several papers and,
as such, this is a thesis by publication. Therefore, Chapters 2, 3 and 4 are published,

and Chapter 5 is currently under review, as of August 2023.
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Chapter 2

Review of Medical Continuum Robots

Chapter source: T. da Veiga, J. H. Chandler, P. Lloyd, G. Pittiglio, N. J. Wilkinson,
A. K. Hoshiar, R. A. Harris, and P. Valdastri, "Challenges of medical continuum robots

in clinical context: a review", Progress in Biomedical Engineering, vol. 2, no. 3, pp.

032003

Abstract

With the maturity of surgical robotic systems based on traditional rigid-link principles,
the rate of progress slowed as limits of size and controllable degrees of freedom were
reached. Continuum robots came with the potential to deliver a step change in the next
generation of medical devices, by providing better access, safer interactions, and making
new procedures possible. Over the last few years, several continuum robotic systems have
been launched commercially and have been increasingly adopted in hospitals. Despite the
clear progress achieved, continuum robots still suffer from design complexity hindering
their dexterity and scalability. Recent advances in actuation methods have looked to
address this issue, offering alternatives to commonly employed approaches. Additionally,
continuum structures introduce significant complexity in modelling, sensing, control and
fabrication; topics which are of particular focus in the robotics community. It is, therefore,

the aim of the presented work to highlight the pertinent areas of active research, and to
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discuss the challenges to be addressed before the potential of continuum robots as medical

devices may be fully realised.

2.1 Introduction

In the last two centuries, healthcare procedures have changed dramatically. This has
been possible due to technological breakthroughs that have enabled the development of
new medical devices and techniques [1]. One of the most successful examples is the
endoscope. This device allowed surgeons, for the first time in the ' century, to look into
their patients’ bodies through natural orifices and wounds as opposed to making fresh
incisions [2; 3]. This has impacted screening and intervention, which has also shifted
towards less invasive methods and given rise to minimally invasive surgeries (MIS) such
as laparoscopy or natural orifice trans-luminal endoscopic surgery (NOTES) [4]. These
present several benefits to the patient when it comes to blood loss, recovery time, post-
operative trauma, scarring and wound site infection [5]. However, they can be challenging
from the surgeons’ point of view due to differences in ergonomic control, sensory feedback,

dexterity and intuitiveness [6; 7; §].

These limitations and the need for better and improved medical procedures have paved
the way to robotically-assisted medical interventions. This has in turn allowed clinicians
to perform procedures with more precision, flexibility, and control while decreasing pro-
cedural times and complications to the patient [9]. Medical robots have come a long way
since their inception in the 80s when a standard industrial robot was used to secure a
fixture in place for neurosurgery [10]. The release of the da Vinci Surgical System (In-
tuitive Surgical, Inc., Sunnyvale, CA, USA) in the early 2000’s further heightened the
interest in this field. In 2018 more than 1 million procedures worldwide were carried out

with the da Vinci system alone [11].

The majority of medical robotic systems in use today rely on rigid instruments with dex-
terous wrists at the tip. This restricts their movements due to the low number of degrees

of freedom (DOF') exhibited [12; 13|, hindering the robot’s adaptability and safe patient
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interaction [14]. More recently, continuum robots (CRs) have emerged and are gaining
major interest as an alternative to standard rigid-link robots. CRs are able to generate
smooth curvilinear motions exhibiting infinite DOFs and, as such, have the potential
to reach further into the body with reduced tissue trauma through MIS and NOTES
(Figure 2.1) [13]. The use of CRs in medical robotic platforms consequently allows for
improvements in existing procedures and the development of new and better techniques.
This has recently been illustrated by the launch of several continuum platforms such as
Monarch” (Auris Health, Inc., Redwood City, CA, USA) and Ion (Intuitive Surgical, Inc.,
Sunnyvale, CA, USA).

Despite previous reviews on the topic of medical CRs [15; 16; 17; 18], the abundance
of attention and development on the topic warrants an updated review. Therefore, in
this article we provide an overview of the current challenges that this class of robots face
which currently inhibit the realisation of their full potential. We begin the review by
presenting the main application areas for medical continuum robots given the current
state of the art. We then provide an introduction to the field of CRs followed by an
overview of the current actuation methods. We then describe the challenges that these
robots face according to their fabrication, modelling, control and sensing; and conclude

by providing a comparison between methods and recommendation for future research.

2.2 Applications of medical continuum robots

2.2.1 Brain interventions

Open brain surgery is still a common procedure, especially in emergency situations, how-
ever MIS has been gaining popularity such as in electrode implantation and endovascular
coiling for intracranial aneurysm [19; 20; 21]. Since 2010, the robotic system ROSA®
Brain (MEDTECH, Inc., Montpelier, France) has been used to perform a variety of these

procedures. Lower procedural times and higher accuracy and precision are among its
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Cardiorespiratory system Head and neck

Urogenital system

\ Vascular system

Artery

Figure 2.1: Applications of medical continuum robots to access hard-to-reach areas in
a minimally invasive manner. These include the cardiorespiratory system, the digestive
system, head and neck, the urogenital system and the vascular system.

benefits, proving the effectiveness of robot-assisted brain interventions over conventional

methods [22].

Most brain procedures (manual or robotic) still employ rigid, straight instruments, limit-
ing the possible paths between the entry point and the target [19]. The use of continuum
robotic systems that are able to conform to curvilinear paths will enhance brain MIS;
delivering wider freedom to suitable procedures. To this end, some flexible devices, such
as magnetic needles [23], have been emerging but remain too stiff to provide increased

path freedom.
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2.2.2 Lung interventions

Effective trans-oral bronchoscopy for lung biopsy is a key element in early diagnosis of
lung cancer [24; 25|. However, traditional bronchoscopes are restricted to movements
only along the lung’s bronchial tree limiting procedural efficacy [26]. Continuum robotic
systems for a deeper, more consistent and stable bronchoscopy have long been an area
of interest. The commercial release of the Monarch” (Auris Health, Inc., Redwood City,
CA, USA) and Ion (Intuitive Surgical, Inc., Sunnyvale, CA, USA) platforms, in 2018 and
2019 respectively, are great examples of systems targeting this need. By using ultra-thin
bronchoscopes and catheters, these robotic devices are able to reach further into the lung
when compared to conventional bronchoscopes [27; 28; 29]. The use of CRs for lung
biopsy has resulted in improved control, dexterity and freedom of movement through the

airways.

Beyond diagnosis, robotics for treatment of pathologies of the respiratory system has also
been emerging; including standard medical robotic platforms alongside newer continuum
systems, such as the cable-driven Flex®) Robotic System (Medrobotics, Raynham, MA,
USA) [30; 31|. However, due to their lack of dexterity and increased size, these systems
have thus so far been limited to head and neck interventions [32|. As such, there have
been considerable efforts to allow robotic surgery deeper into the trachea and bronchial
tree. Indeed, the Virtuoso Surgical (Virtuoso Surgical Inc., Nashville, TN, USA) system
recently demonstrated treatment of a central airway obstruction [33] and is an example

of progress in this direction

2.2.3 Endovascular interventions

Continuum structures have long been manually inserted into blood vessels and manipu-
lated to the desired location to treat endovascular and heart conditions in a minimally

invasive manner [15|. As can be expected, precise manual catheter navigation and place-
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ment is challenging, requiring the surgeon to undergo extensive training. Aligning these
existing devices and procedures with robotic navigation and steering is a potential solu-

tion to overcome this limitation.

Over the last decade, several robotic navigation and steering systems for guide-wires,
stents and catheters have been released, such as Magellan and Sensei (Hansen Medical,
Mountain View, CA, USA), and CorPath GRX (Corindus, Inc., Waltham, MA, USA).
These systems have been used in a variety of procedures from peripheral vascular to
neurovascular interventions [34; 35; 36; 37; 38; 39; 40]. Robotic navigation of magnetic
catheters has also seen significant progress with systems such as the Stereoaxis Niobe®
Robotic Magnetic Navigation System (Stereotaxis, Inc., St. Louis, MO, USA) [41]. These
navigation systems, in addition to enabling higher accuracy and precision, are also ca-
pable of reducing exposure to radiation and contrast agent for patients and clinicians by
being remotely controlled and cutting procedural times [42]. Building on robotic control,
autonomous catheter navigation is also now being investigated, however this is still at an

early development stage [43].

2.2.4 Gastroenterological interventions

Currently early screening of cancers of the gastrointestinal (GI) tract is performed via tra-
ditional endoscopy or wireless capsule endoscopy (WCE) and, despite their achievements,
both methods have their limitations [24; 44; 45; 46; 47|. Endoscopes are known to cause
tissue damage and discomfort for the patient, whereas WCE lacks active locomotion,

tissue interaction and lumen diameter adaptation [48; 49; 47; 46].

To this extent, robotic alternatives to these two methods have been reported. Robotically
actuated endoscopes are able to improve comfort and reduce pain for the patient by pro-
viding an alternative to manual handling and navigation [50; 31; 51]. Robotic alternatives
to WCE have mainly focused on achieving active locomotion [52; 53|, but ultimately, the

capsules’ wireless characteristic limits their application to screening only. Additionally,
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robot assisted GI surgery is common across several procedures, such as removal of liver
tumours or the gallbladder, using systems such as the da Vinci [54; 55; 56; 57|. Due
to the lack of dexterity exhibited by the instruments, open surgery is still the preferred
method in some cases. Emerging treatment procedures using continuum micro-robots
have been reported, such as the deployment of patches for stomach ulcers [58] or targeted
drug delivery [59; 60]. These technologies, however, are still at a very initial development

stage.

2.2.5 Urogenital interventions

Robotic interventions in the urogenital system have long been common for specific pro-
cedures such as prostatectomy or nephroureterectomy [61; 62]. However, single-port
systems deployable through natural orifices are required to further reduce invasiveness
and to treat alternate pathologies. To this extent, a lot of attention has been given to

research on continuum robots for urogenital interventions.

Continuum robots to replace rigid resectoscopes used in bladder cancer diagnosis [63; 64],
hand-held manipulators for laser prostate surgery [65], or even flexible fetoscopic instru-
ments addressing twin-to-twin transfusion syndrome [66; 67| are some of the proposed
devices in the area. However, currently there are no commercial platforms available.
Given the presence of a natural orifice, such as vagina and urethra, the use of continuum

robots in this area may deliver several benefits.

2.3 The Rise of Continuum Manipulators

2.3.1 Past and present of continuum robots

Traditional robots are composed of discrete rigid links connected by joints and are able to
move with high precision and accuracy, making them highly suitable for tightly controlled

and repeatable tasks. However, there are often limitations when operating in small and

23



2.3. The Rise of Continuum Manipulators Chapter 2. Review of Med-
ical Continuum Robots

confined spaces where adaptability, dexterity and safe interactions with the patient are
necessary [17; 13|. As previously mentioned, the recent coupling of manually steered
continuum structures with robotic actuation and control has provided more intuitive and

easier to use systems increasing the benefits to both the surgeon and the patient.

Continuum robotic systems can be the innovation needed across several areas of medicine,
where current healthcare practices have limited efficacy due to access and safety. Fur-
thermore, replacing straight rigid devices with continuously deformable structures may
allow better navigation inside the body through conformation to the patient’s anatomy
and provide safer physical interaction. Steering and navigating such devices, however,

poses significant challenges.

2.3.2 Definition and classification of continuum robots

CRs can be defined as actuated structures that form curves with continuous tangent
vectors [17]. These robots are considered to have an infinite number of joints and DOF,
allowing them to change their shape at any point along their length [14|. These charac-
teristics make them ideal for variable environments where flexibility and adaptability to

external conditions are necessary.

Continuum manipulators (CMs), structures that resemble an elephant’s trunk or an oc-
topus’ tentacle, have been gaining popularity for medical applications. These typically
have a small diameter and exhibit high dexterity in order to reach confined spaces, such
as the lung’s bronchi. The design of such structures is, on its own, a challenge given
that higher dexterity normally comes associated with a higher number of actuators. This

increases the diameter of the structure, which in turn decreases the range of motion [17].

The demand for safer tissue interactions has led to the development of soft robots. This
emerging field comprises robots made of intrinsically soft elastomeric materials, giving
the robot the ability to absorb energy and deform to their surroundings and external
constraints |68]. They are, therefore, highly compliant and flexible, enabling a vast

range of complex motions [69]. Soft robots are by definition CRs as they can deform
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continuously having infinite DOF [70; 71]. Additionally, they exhibit deformation whereas
hard CRs only exhibit flexibility. Medical soft robotics have shown possibilities from

targeted drug delivery to minimally invasive procedures [59; 72].

2.4 Actuation of Continuum Manipulators

2.4.1 Mechanical Actuation

Mechanical actuation refers to the use of solid elements to directly transmit forces and
torques through or within the actuator structure. Driven in part by the requirement of
high dexterity at small scales for medical interventions, mechanically driven continuum
robots have successfully branched from classical serial designs. Given the variety of
approaches taken, an abundance of robot designs have emerged, being broadly categorised
into steerable needles, concentric tubes and backbone-based [17; 73; 74]. Generally, the
order presented here reflects an increase in design complexity and force output, although
specific implementations vary. Figure 2.2 illustrates example implementations utilising
these design principles, and Table 2.1 summarises many of the mechanically actuated

designs proposed in the literature for specific medical interventions.

(a) (b) () (d)

Figure 2.2: Mechanically actuated continuum robot designs for varied actuation princi-
ples; showing: (a) the steerable needle concept [75], (b) a typical concentric tube design
[76], and backbone-based designs (c) tendon driven [77] and (d) multi-backbone [78].

2.4.1.1 Steerable needle designs

Steerable needles form their continuum shape exclusively through interaction with the
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Table 2.1: Summary of mechanically actuated medical robots.

. L. L. . Diameter|Controllable|Length|Min. bending
Ref |Design principle|Application Actuation
(mm) DOF (mm) |radius (mm)
Bevel tipped
78] PP MIS 0.7 3 ; -
steerable needle
Notched steerable ]
[79; 80] Brachytherapy Ultrasound guided 3.2 3 - 171
needle
) . 3 piezoelectrically
[81; 82]|Concentric tube |MRI guided surgery - 6 567 72
actuated tubes
] Central airway 2 motor driven
[33] Concentric tube <2 3 each - -
obstruction dexterous arms
Monarch™:
[83] Bronchoscopy Cable driven 4.2 10 - -
Concentric tube
2 tendon driven
[84] Backbone Neuroendoscope 3.4 1 each 120 -
bending sections
Single-site partial |2 tendon driven
[85] Backbone 26 2 each 240 76
nephrectomy segments
Cable driven with
[86] Backbone Laparoscopy compressible spring 8 - - -
backbone
Tendon driven extensible
[87] Backbone Neurosurgery backbone segments with |21 - 340 -
tendon driven bending
) 50 tendon driven )
[88; 89]|Backbone Cardiac surgery 10 105 in total |300 35
serial links
2 multi-backbone segments
[90] Backbone Throat MIS 4.2 20 35 8.13

with push-pull actuation
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tissues. Development of robotically controlled needle insertion methods has been driven
by the aim of accurately and precisely reaching target locations within tissues through
non-linear pathways in order to avoid obstacles or delicate structures. Initial designs
typically relied on the uneven forces produced at the bevel tip of the needle to steer along
curved trajectories [75]. Rotation of the needle with variable duty cycle enabled path
control [76; 77|.

Over the years, a number of developments have been proposed in an attempt to minimise
tissue damage during insertion and reduce the radius of curvature. Needles with kinked
bevel tips [91], or with a concentric sleeve and needle stylet [92] have been reported.
Furthermore, needles with flexures [93| and notches [79; 80| to reduce tip stiffness have also
been proposed. Different steering methods have also been developed using tendons [94;
95], through magnetic actuation [23; 19|, and by using water jets [96]. Steering has also
been achieved utilising interlocking translating sections inspired by the wasp [97; 98|, and
an over tube [99]|. Despite their achievements, this type of continuum robots ultimately

relies on tissue damage for actuation.

2.4.1.2 Concentric tube designs

As their name implies concentric tube actuators result from the nesting of pre-curved
tubes, typically made from nitinol (NiTi), within one another [100; 101; 102|. With
relative rotation and translation, varied sets of curvature are achievable with a further
increase in workspace possible through coupled motions. Although first presented for
generic needle-steering, and surgical applications [100; 101], specific formulations have
since been presented for: neurosurgery [103] including endonasal [104; 105]; transurethral
prostate surgery [106; 81]; lung access [107] for biopsy [108] and central airway obstruction

removal [33]; and needle driving through elastic instability [109].

These applications highlight the immediate benefit of concentric designs as their ability
to be realised at small scales, allowing access through the narrow tortuous pathways

of the body. However, unlike steerable needles, concentric tubes rely on a change in
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length to induce varying curvature. Additionally, limitations in pre-curvature of tubes
limit their path-following capabilities and require design parameter optimization to match
application specific trajectories [110]. Furthermore, the payload that can be supported
through concentric tube implementations is an important limitation of their interventional

capacity.

2.4.1.3 Backbone-based designs

A widely adopted approach for realising continuum actuator design is the use of an
elastic central backbone. This ‘spine’ supports the elements required for actuation while
its elastic properties produce continuous bending and restoration forces; returning the
actuator to a neutral (ordinarily straight) position upon the removal of actuation forces.
A number of materials have been employed for this function, such as springs [111; 84; 112],

polymers [113; 114; 115], and NiTi rods/tubes [90; 116].

With a central elastic structure in place, tendons or rods are routed along the length
of the backbone, held to the desired routing pathway through the use of spacing discs,
and fixed to a specific distal point. Although similar in form tendon driven embodiments
produce actuation force only under cable tension, while rod driven (multi backbone) is
rigid in tension and compression, resulting in a stiffer overall design. Upon loading,
the tendons/rods transmit forces to the termination point resulting in bending-inducing
torques. Increased DOF can be achieved by serially stacking actuation segments of this

design.

Routing of the actuation element is a key variable in determining the manipulator’s
performance. Usually, routing configurations per segment are comprised of one or two
antagonistic pairs for single or bi-planar bending respectively, or three actuating elements
spaced evenly around the central axis of the actuator. A generalised model for tendon
routing for single-segment designs [117] and two-segment designs [118| has been proposed.
These show that helical tendon routing increases workspace and enhances obstacle avoid-

ance. Radial variation in tendon path routing has also been recently explored [119],
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illustrating the ability to significantly increase tip stiffness with non-parallel tendons.
Although tuning of this nature enables varied actuator design, once implemented the
kinematic and dynamic properties are largely invariant. However, features to allow varia-
tion in design during operation have also been investigated. Magnetic spacing discs have
been used to form extensible segments [116], leading to the possibility of follow-the-leader
and path following motions [120; 110]. Alternative designs for achieving extension/con-
traction include a tendon driven concentric backbone [87] and the use of two interlaced
lockable continuum robots [121]. In addition to variable kinematics, designs have also
been presented to allow stiffness adjustment through antagonistic tendon-fluid bladder
configurations [122; 123; 124], pressure/vacuum jamming techniques|[125; 126; 127; 85|,

using shape memory alloys [112], or insertable constraints|128].

The benefits of backbone designs reside in their large range of motion, and configurabil-
ity. With the addition of multi-segment, variable length designs and tuneable stiffness,
they are highly suited to surgical applications. However, scaling down these designs is
challenging, in part due to high levels of hysteresis introduced from internal friction and

tension loss within actuation cables, which ultimately limits their scope.

2.4.2 Fluidic Actuation

Fluidic actuators operate under the principle that a confined fluid applies any pressure
change evenly throughout its volume. Any anisotropic strain limiter included in either the
material properties or the material topography will produce correspondingly anisotropic
deformation [129]. The fluid employed in these actuators highly influences their perfor-
mance. In medical applications, the fluids more commonly employed are water and air,
hydraulic or pneumatic respectively, given their availability, regulation and disposal, and
safety to the patient [130]. Pneumatic systems are preferred due to the low viscosity of air
which is crucial for miniaturisation. Its compressibility, however, can reduce the system’s
controllability and introduce lag [131]. Fluidic actuators are able to achieve bending,
twisting, extending and contracting through different designs, such as artificial muscles

and fluidic elastomer actuators. In Table 2.2, a summary of medical robots utilising
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fluidic actuation is presented.

(a) (b) () (d)

Figure 2.3: Pneumatically actuated continuum robots; (a) pleated [132] and (b) corru-
gated [133] FEA manipulators, (¢) The “Belloscope” tip driven endoscope [134] and (d)
the STIFF-FLOP multi-modal system [135].

2.4.2.1 Artificial Muscles

Artificial muscles are characterised by an axial contraction when pressurised [132; 133].
The McKibben muscle is considered to be the original fluidic actuator and consists of
an inner tube enclosed in a flexible double-helix braided sheath responsible for contrac-

tion [132]. This actuator is known for providing a high power to weight ratio.

With advances in manufacturing capabilities over the past 25 years, other variants of ar-
tificial muscles have emerged, such as Pneumatic Artificial Muscles (PAM) [132]. These
employ the same principle as the McKibben muscles but by varying wrap angles and
densities of the external sheath, the topology of deformation under pressure can be ma-
nipulated [134; 135]. PAMs are able to achieve lighter per unit force than other alterna-
tives, greater compliance and zero static friction, preventing jumps during actuation [132].
These characteristics are of particular interest to the surgical robotics community from a

safety perspective, and their use has been reported in cardiac compression devices [133].

2.4.2.2 Fluidic Elastomer Actuator

Fluidic Elastomer Actuators (FEA) consist of synthetic elastomer films with embedded
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Table 2.2: Summary of fluidic actuated medical robots.

Maximum |Maximum| Max.
. L. L . Diameter | Controllable| Length
Ref Design principle |Application |Actuation bending pressure |force
(mm) DOF (mm)
angle (deg)|(kPa) (N)
Direct cardiac
[133] PAM Pneumatic <14 - 140 - 100 50
compression
McKibben artificial )
[66] Fetal surgery |Pneumatic - 2 - - - -
muscles
3 pneumatic
[137] FEA MIS 25 1 165 240 72 -
modules
[31] FEA Colonoscopy |Hydraulic 18 5 60 130 6.1 7.9
[138; 139; 140; 141]|FEA Gastroscopy |Hydraulic waterjet|12 3 - 94 32.8 0.10
2 pneumatic
[142] FEA MIS 32 - 135 132 65 7.9
modules
3 pneumatic
[143; 144] Parallel bellows Gastroscopy |bellows at <14 3 120 65 - -
the tip
2 hydraulic
[145; 146] Serial bellows Endovascular 3 - 80 - - -

segments
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channels which expand and/or bend when pressurised|68; 136]. It is a wholly soft struc-
ture and its strain limiter is built into the material’s geometry. This total absence of
rigid material enables a robot with a much greater range of movement and which is, in
general, safer in contact with human tissue. FEAs also operate at lower pressures than
artificial muscles due to their lack of fibrous support [131]. This enables easier actuation

but limits the maximum force the robot can exert.

FEAs come in a range of different topologies offering different solutions to various prob-
lems such as cylindrical tubes [137], eccentric tubes [147], pneumatic networks [130; 148|,
corrugated membranes (ribbed [131] or pleated [149], see Figure 2.3(a) and 2.3(b)) and
helically restricted elastomers [150]. All these options offer variants of anisotropic strain
limited geometry, generating highly non-linear deformations which, when incorporated
with the natural compliance of the material, produce shapes completely unachievable in
traditional hard robots or with artificial muscles. This highly non-linear behaviour is,
however, difficult to model and control. Furthermore, large deformations can be viewed
as problematic when navigating confined spaces such as those within the human body.
There is also a risk of rupture due to their unconstrained pneumatic bladders. When
operating in sensitive environments and near sharp objects, such as surgical blades, this

is rightly considered a real risk.

2.4.2.3 Emerging Actuators

Recently a number of innovative alternative actuators have been developed. One exam-
ple is actuation via micro-jet propulsion [151]. Despite the potential demonstrated by
this method, further safety developments should be addressed such as disposal of actu-
ation fluid in a comfortable manner and ensuring the minimisation of tissue damage by
the propulsive jet. Other interesting examples include a robot which is steerable and

controllable by growth [152]; and peristaltic motion [153].

In addition to emerging fluidic actuation methods, a large effort has been made to develop

safer alternatives from a rupture point of view. One such example is the fibre-reinforced
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FEA [154] which dopes the elastomer with microfibres turning any potential rupture into
a slow puncture. Approaching the same issue from the opposing perspective, series PAM
(sPAM) replace the original fibrous sheath with additional pneumatic actuators creating
a fully soft actuator with similar power delivery capabilities to the original PAM [155].
Furthermore, self-sealing polymers [149] and vacuum actuated elastomers [156; 157| have

also been reported.

2.4.2.4 Actuator Arrangements

Typically one actuator will provide one primitive motion [158|. Continuum robots, espe-
cially for medical applications, must be capable of multi-directional deformations [159].

This is most readily achieved via modular actuation [137].

In modular actuation, several actuators are connected with the ramification that each
independent actuator must have its own supply line [137]. Actuators may be connected
in series to create slender continuum manipulators [135], in a parallel and un-conjoined
arrangement to create, for example, grippers [160], or in a parallel and conjoined ar-
rangement for multi-directional manipulators [161|. A common approach is to connect
actuators both in parallel and in series as in the STIFF-FLOP project [137] shown in Fig-
ure 2.3(d). This robot features ten independently operated actuators each with a 1.5 mm
diameter driveline. The robot itself has a diameter of 25 mm illustrating one of the major
limiting factors for the application of fluidic actuators to continuum robots’ miniaturi-
sation. Obviously, future improvements in manufacturing technology can assist but the
trade-off between manipulability and size is a chronic and yet unresolved issue. Some
alternatives to address this issue have been reported, such as the use of Band Pass Valves
to reduce the number of drivelines [145] but the traditional limitations of miniaturisation

still apply with regards to manufacturing technology.
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2.4.3 Magnetic Actuation

Magnetic actuation of robots relies on the use of magnetic forces and torques; generated
through manipulation of the magnetisation of the robot and the external magnetic field in
which the robot is placed. This type of actuation eliminates the need for bulky on-board
systems allowing easy miniaturisation and untethered control, both useful for the medical
robot applications. Furthermore, magnetic fields are proven safe for clinical applications,

having been in use for several decades [162].

Robot designs with time-varying magnetic properties placed under constant fields are
challenging to fabricate and present safety concerns due to heat dissipation [163; 164|. For
these reasons, magnetic robots for medical applications almost exclusively have constant
magnetic properties and are placed inside a varying magnetic field for manipulation [163].
Over the past two decades, advances in the use of magnetism in robotics have led to
different ways of incorporating magnetic properties, and to the development of novel
actuation and navigation systems. Table 3 lists several of the magnetically actuated

continuum robots presented in the literature.

2.4.3.1 Device’s magnetism

Embedding magnetic properties in continuum robots has been easily done by inserting
permanent magnets in their structures. By optimising the location, number and distance
between the magnets, the robot can achieve the desired application [165]. This approach
is fairly common with a variety of designs and applications reported, such as the guide-
wire for cardiovascular applications shown in Figure 2.4a [166; 167; 168]. The major
advantage of using permanent magnets is that their properties are well known, facilitating
the modelling and control of the device. Additionally, the use of components already
designed for, and used within, clinical settings facilitates the pathway to commercial
adoption. In fact, several magnetically steered catheters are already available on the

market, such as Polaris X™ Catheter [16; 169]. However, the use of permanent magnets
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imposes limitations in terms of size and achieving fully soft structures.

Figure 2.4: Magnetically actuated continuum robots; (a) embedded permanent magnets
(reproduced from [169] originally published under CC BY license); (b) magnetic compos-
ite polymers [172].

Alternatively, one can use magnetic composite polymers. These polymers are charac-
terised by the introduction of magnetic micro or nano particles into a polymer ma-
trix [170]. This results in a magnetisable mixture whose characteristics, such as me-
chanical properties and suitable manufacturing methods resemble the original ones [170].
By inducing a patterned magnetisation profile into structures made out of these polymers,
one can achieve fast transformations into complex 3D shapes and locomotion capabili-
ties [171]. An example of continuum robots that employ such composites can be seen
in Figure 2.4b. Further information about the challenges of fabrication and inducing

magnetisation patterns can be found in Section 2.5.1.

2.4.3.2 Actuation Systems

Unlike the previous actuation methods where the limitations were mainly due to the on-
board design, magnetic actuation is limited by the external conditions one can generate,
in this case, magnetic fields and magnetic field gradients [172; 173; 174]. Over the past
two decades, a number of actuation systems for magnetic robots have been developed
and can be fundamentally classified into either coil-based or permanent magnet-based,

depending on the source of the magnetic field.
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Table 2.3: Summary of magnetically actuated medical robots. Deflection is shown in mm (minimum bending radius) for hard devices,

and in degrees (deformation angle) for soft devices.

Diameter
Ref Design principle | Application Actuation Length (mm)|Deflection|Inovation
(mm)
Variable stiffness
) Magnetic tip for
[166; 168]|Permanent magnet|Heart ablation <2.5 50 7mm segments allowing
steering
shape forming
Magnetic tip for Magnetically guided
[23; 19] |Permanent magnet|Neurosurgery 1.3 - 100mm
steering steerable needle
Magnetic tip for o Robotic alternative
[50; 49] |Permanent magnet|Colonoscopy 20 22 (active tip) |-
steering to manual endoscopes
Two magnets along High deformation
[167] Permanent magnet|Endovascular 0.5 3.8 132.7°
along the body angles
Magnetic tip for Titanium robot with
[186] Permanent magnet|MIS 47.5 54°
steering flexures along the body
Tendon drive
Polaris X™ ) Commercially available
[169] Electrophysiology |with magnets for |2 1500 -
Permanent magnet soft magnetic catheter
steering
) ) NdFeB in L Fully sub millimeter
[187] Magnetic particles | Cerebrovascular 0.6 3 (active tip) |<90°
PDMS tip magnetic robot
Three NdFeB
) ) Fully soft shape
[188] Magnetic particles | Cerebrovascular |sections along 2 42 -

the body

forming robot
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2.4.3.2.1 Coil-based systems

Coil-based systems are able to generate both homogenous and inhomogeneous magnetic
fields by controlling the input electric current. Uniform magnetic fields can be generated
by Helmholtz coils [175; 176]. These rely solely on magnetic torques for actuation, given
the lack of a magnetic gradient. Maxwell coils, alternatively, achieve both force and
torque actuation. Due to their design simplicity, these systems achieve low controllable
DOF [177; 178; 179]. Several systems with a high number of electromagnetic coils have
been proposed achieving higher number of controllable DOF [180], such as Minimag [181]
and OctoMag illustrated in Figure 2.5a [182]. A system capable of fulfilling the theoretical
maximum of eight DOF was also recently reported [183]|. More recently, emerging systems
consisting of moving electromagnetic coils [184] and a magnetic-acoustic hybrid actuation

have been reported [185].

Generally, coil-based systems have high controllability and stability [189]. However, they
are associated with bulky equipment, small workspace, up-scaling limitations and pro-
hibitively high cost. In fact, adapting these systems to a clinical setting might be a

difficult task without loss of the DOF achieved in the research environment.

2.4.3.2.2 Permanent magnet-based systems

Permanent magnet-based systems provide a feasible alternative to electromagnetic coils.
These do not rely on real time electrical currents to generate a magnetic field, allow-
ing for stronger fields and field gradients while not suffering from overheating prob-
lems [190; 50]. Two approaches using permanent magnets have been reported, rotating
permanent magnets, and robotic manipulation of permanent magnets. Rotating perma-
nent magnets, while providing the advantages of permanent magnets, still suffer from
reduced workspace [191; 190]. Alternatively, mounting permanent magnets at the end
effectors of robotic manipulators and moving them around the desired workspace can be
easily translated into the clinical environment given its much larger workspace [192; 193|.
This method has been used for a variety of continuum devices, such as that depicted in

Figure 2.5b [194; 50].

37



2.4. Actuation of Continuum Manipulators Chapter 2. Review of Med-
ical Continuum Robots

Despite the advantages of permanent magnets over electromagnetic coils, these systems
come with their own limitations. Any changes to the generated fields are performed via
mechanical methods, introducing mechanical noise in the system. Furthermore, the non-
linear relationship between the magnetic field and induced wrench makes robotic control

less straightforward.

EPM — g \

Capsule (IPM)

(a) (b)

Figure 2.5: Magnetic actuation systems; (a) Coil-based system Octomag [185] and (b)
permanent magnet-based system [50].

2.4.3.3 Magnetic navigation systems

Successful magnetic steering depends not only on reliable magnetic actuation but also on
simultaneous monitoring. Magnetic navigation systems based on imaging techniques and

electromagnetic tracking have emerged to address this issue.

2.4.3.3.1 Imaging

The high quality and real-time nature of X-ray monitoring systems made them the
favoured technique for magnetic navigation. Both coil-based and permanent magnet-
based systems using X-ray have been reported [41; 195; 168; 165]. Despite the good
results achieved, the risks associated with X-ray exposure are a major limiting factor and

have encouraged further development of monitoring systems.

Modified Magnetic Resonance Imaging (MRI) machines have emerged as a candidate
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navigation system [196; 196; 197; 198; 199]. In fact, MRI fringe fields have been used for
steering continuum magnetic robots [200]. However, the lack of simultaneous monitoring
and feedback and the need for more reliable control hinder these systems’ use. Ultrasound
based monitoring provides a safe, cheap and reliable alternative approach. Their usage
in magnetic navigation has been explored [59] and used to provide closed loop navigation

in endoscopy [201].

2.4.3.3.2 Electromagnetic Tracking

Navigation of other actuation methods can be done with the aid of common electro-
magnetic tracking systems, such as Aurora (Northern Digital Inc., Waterloo, Canada).
However, these are incompatible with magnetic actuation due to distortions caused by
both the external actuation field and the device’s magnetism [202; 49]. This being so,
alternative methods have been proposed such as the the incorporation of magnetic field
sensors and inertial sensors in the robot to determine its pose [49]. An alternative ap-
proach sees the placement of a two-dimensional array of magnetic field sensors in the

workspace, facilitating miniaturisation of the device [202].

Despite the promising results shown by tracking approaches these are limited to perma-
nent magnet-based actuation systems. Tracking within magnetic fields generated by coil

based systems is not possible due to the high number of singularities present.

2.4.4 Summary

Mechanical, fluidic and magnetic actuation methods for continuum robots have given rise
to a variety of designs. Overall they are well suited for the medical community despite

each having its own limitations.

Mechanical and fluidic methods, although abundant, suffer from trade-offs in terms of
size, stiffness and controllable DOF. Many designs presented achieve high levels of dex-
terity, however, to realise the higher number of DOF, larger diameters are typically
necessary. Considering mechanical actuation specifically, the relative rigidity and non-

compliance can pose a significant safety risk during tissue interaction, necessitating miti-
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gation through complex control strategies. In fact, steerable needles cannot achieve their

small bending radii without causing some tissue damage.

Conversely, fluidic robots inherently address this issue given their structural softness and
compliance. However, the risk of rupture in these devices during pressurisation still needs
to be addressed in an effective and safe way. Furthermore, the relatively low forces they
exert opposes progression against device-tissue friction in tortuous anatomy. Solutions
that are able to achieve higher forces at lower operating pressures, and with improved

patient-specific design may offer safer and more effective options.

Magnetic CRs share many of the inherent benefits with mechanical and fluidic devices,
with the addition of being able to achieve much smaller diameters due to the dearth
of internal design required, such as cable routes or fluidic channels. Furthermore, the
controllable DOF are dependent on the external actuation system, which permits minia-
turisation of the device without loss of controllability. This becomes extremely useful
when considering endovascular or brain procedures where thin devices are needed. One
major drawback when using magnetic composite polymers is biocompatibility. Although
solutions are well established for fluidic devices [161], for magnetic CRs the issue per-
sists. Solutions such as coating the devices with biocompatible materials have been

reported [187], but further studies in this area are still needed.

A final but crucial consideration for these approaches is the off-board actuation system
used. This has been thoroughly explored in the literature for mechanical and fluidic
devices, as they rely primarily on well-established and effective robotic methodologies
such as cable transmission and pneumatic pumps. Magnetic devices, however, represent
a much more recent technology and exhibit less straightforward control strategies. This
has hindered a quick and easy implementation of concepts. As such a wide diversity of
magnetic actuation strategies have emerged dependent on the requirements of the specific

application, however, significant exploration on this topic is still required.
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2.5 Challenges associated with Continuum Manipula-

tors

2.5.1 Fabrication

Medical continuum robotics is an emerging field with some examples of devices now
breaking into the market. As the technology further matures, the development of effective
manufacturing processes that enable greater function and decreased size scales will be
essential to growth of the field. This has been shown in soft robots, where innovation
in manufacturing processes has illustrated new modalities of actuators, design freedom,

sensing and operation.

Fabrication of mechanically actuated robots is well established as they are commonly
produced by standard subtractive manufacturing techniques (e.g. milling or electrical
discharge machining). However, the use of alternative methods, such as 3D printing, to
allow for patient- or procedure- specific customisation has been reported [203], as well
as methods to facilitate fabrication of concentric tubes [204]. Given that fabrication for
fluidic and magnetic robots is a considerably newer area of research and less explored in
the literature, in this paper we first focus on fabrication of polymeric, flexible structures
normally employed in soft robotic devices. The focus then shifts to magnetic contin-
uum structures where new fabrication strategies and magnetisation techniques present

significant opportunities for increased function within robotic surgical devices.

2.5.1.1 Soft Lithography

Soft lithography is a common technique for producing continuum structures due to its
low barrier to entry. The process relies on the accurate replication of features from a
master by casting a liquid polymer. Once cured, the polymer can be removed to reveal a
negative of the mould. It has been shown that some examples of closed chambers can be

produced by assembling components through plasma bonding or using uncured elastomer
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as an adhesive [131].

This method is suitable for limited life materials often used for experimental continuum
devices. Its resolution is also limited by the minimum achievable feature size of the
master mould. In practice, this usually requires a compromise between mould expense,
production time, material suitability and resolution. Photolithographic techniques can be
used to produce high resolution patterns, but production time and cost can be prohibitive.
The accessibility of additive techniques/3D printing techniques has increased the use of
master moulds due to low lead times and costs. However, resolution restrictions are often
higher and several of the mould materials induce a reaction that inhibits curing of silicone

elastomers.

Multi-material structures are also a challenge for soft lithography, with each change in
material significantly adding to production time. Over-moulding higher stiffness mate-
rials is often used to introduce spatially varying mechanical characteristics and induce
a bending bias during operation [68]. Selective inclusion of functional elements, such as
conductive nano-particles, can only practically be achieved via homogenous distribution

throughout the body.

Furthermore, the process is fundamentally 2.5D since the final device needs to be re-
moved from the mould without damage. Lost wax and dissolvable moulds have been
used to enhance the complexity of the designs, but their single use increases manufac-
turing timescales and expense. Creative designs have been important in allowing more
complex behaviour in multi-link continuum robots. However limited achievable complex-
ity using these mould based methods has led to direct additive or even hybrid techniques

being increasingly investigated.

2.5.1.2 Direct Addictive Manufacture

Direct additive manufacture (AM) has been increasingly used to investigate the fabri-

cation of continuum robots, rather than use as a template for secondary casting pro-
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cesses [205; 206]. This provides enhanced design freedom and geometric complexity, as

well as opportunities for true multi-material structures.

Central to all AM processes is the development of materials that are suitable for both the
end application and the manufacturing process. Fused deposition modelling (FDM) and
selective laser sintering (SLS) greatly limit the material choice, given the need for thermo-
plastics. In SLS, this is compounded by challenges in multi-material processing. Stere-
olithography (SLA) faces similar issues being limited to photopolymers. However, mate-
rials with properties approaching those of silicone rubber have been demonstrated [207].
Additionally, SLA’s optical patterning allows greater feature resolution than competing
extrusion processes. Controlled forms of material extrusion and material deposition pro-
cesses are becoming increasingly popular in continuum robotics due to their ability to
deposit high viscosity materials. However, it can be challenging to develop an ink that
can flow easily out of the nozzle and maintain its shape once deposited. Currently, this
is achieved by inducing a phase change through liquid evaporation, gelation, or tempera-
ture change [208]|. Recently, rapid material switching has been demonstrated for spatially

varying material composition or particle loading [209].

2.5.1.3 Hybrid Approaches

Techniques that combine soft lithography for the production of bulk geometries with
direct write for the functional elements have expanded the capabilities of continuum
devices. In these types of processes, the bulk material is cast into a mould before a
selective deposition technique deposits an ink into the base materials. The secondary
deposition process can be completed before or after curing of the bulk structure. The most
widely investigated hybrid approach uses DIW to deposit fugitive, strain limiting, and
conductive sensing elements within an uncured elastomer matrix [210]. Other approaches
have used direct write approaches such as inkjet or aerosol jet to deposit onto a cured

elastomer [211].
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2.5.1.4 Magnetic Composites

Fabrication of magnetic continuum robotics is achieved with specific processes. As dis-
cussed in Section 2.4.3, a number of commercial steerable needle products are avail-
able in the market that rely on embedding permanent magnets within a soft or flexible
structures [16]. These can be manufactured through either mechanical assembly|212] or
over-moulding a polymer body around permanent magnets [167; 213]. These approaches
illustrated some good applications but also have some limitations of scale of potential
devices and their function. These devices have raised questions of robustness in light of

a recall of a number of magnetically tipped steerable guide-wires [214].

Alternatively, manufacture of magnetic continuum robots can be based on micro or nano-
particles within a polymer matrix. Reducing the size of the particles allows them to be
positioned more densely while minimising the impact on the device’s mechanical prop-
erties. Hard magnetic particles, characterised by high remanence, are limited to the
micro-scale [215]. Soft magnetic materials can be synthesised at the nano-scale, however
their relatively low remanence leads to a lesser response during actuation. Additionally,
the total loading fraction needs to be carefully considered in terms of both the magnetic
response and mechanical properties as the higher the concentration the higher the me-
chanical impact on the polymer [216]. Furthermore, limitations in bio-compatibility of
the materials, alignment of the magnetic field, and processes that allow selective and
spatial patterning within polymer bodies challenge the realisation of the full potential of
magnetic continuum robotics. Nonetheless, processes for both types of magnetic particles

have been presented that have made progress against these challenges.

2.5.1.4.1 Template aided magnetisation

Template aided magnetisation consists of holding a pre-formed magnetic elastomer com-
posite sheet in a template. This is then magnetised through exposure to a large external
field [217]. By locally controlling the orientation of the polymer body relative to the

magnetising field, it is possible to induce a spatially varying magnetisation profile [59].
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Figure 2.6: Examples of fabrication processes for magnetic composites. (a) Template
aided magnetisation [218]; (b) Optical patterning process [219]; (c¢) Extrusion process of
magnetic composites [220].

Over-moulding and other similar soft-lithographic techniques can be used to spatially
vary the particle loading concentration and, therefore, the magnetic response. However,
a substitute non-magnetic particle may need to be incorporated to maintain homogenous

mechanical properties.

Despite the simple and easy process, this approach is limited to planar actuators and the
use of templates prevents discrete changes in the magnetisation profile. More complex

structures and magnetisation profiles require secondary assembly stages [218].

2.5.1.4.2 Optical patterning

Optical patterning utilises lithographic techniques to selectively cure a photopolymer
resin loaded with magnetic particles [219]. The uncured resin is exposed to an external
magnetic field which induces particle alignment. The resin is then selectively cured,
locally fixing the position and orientation of the magnetic particles. The external field
can then be adjusted to induce an alternate orientation in the uncured resin. Repetition
of this process can pattern both the polymer matrix and the magnetisation profile in one

single process.

A number of different techniques have been presented where their primary differences
are in the types of particles used, the method of achieving selective light exposure
(masked|220] or mask-less [171]), and the incorporation of additional process steps and
components to induce further capabilities [220]. Early work used a permanent magnet to

align magnetic particles before an ultraviolet light source selectively cured the polymer,
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achieving 2D magnetisation profiles [219]. More recently, 3D magnetisation profiles were
achieved by fixing the permanent magnet to a two DOF rotation axis mounted below
the build volume [171]. Furthermore, improved magnetic response was also observed by

using higher remanence magnetic materials.

Optical patterning is able to achieve 3D magnetisation profiles, providing greater freedom
in magnetic response and device geometry when compared with the template based meth-
ods described previously. However, the mechanical properties of photocured polymers are
often more restricted than those available to casting or extrusion processing. Addition-
ally, particles in photopolymers can inhibit curing through UV absorbance. This may

provide an upper bound to the maximum loading fraction produced by these methods.

2.5.1.4.3 Direct Inkjet Write

Direct Inkjet Write (DIW) of magnetically loaded materials has been demonstrated by
incorporating high remanence microparticles within a polymer matrix [187|. The particles
were magnetised to saturation within the suspension prior to extrusion. Additionally,
fumed silica particles were added to drive the thixotropic behaviour required to prevent
agglomeration during magnetisation and provide the required rheological conditions for
DIW [221]. Microparticle alignment can be achieved by using a switchable magnet at the
nozzle’s exit or by bulk treating post print. Selective alignment during extrusion provides
greater control and freedom over the magnetisation profile, however only 63-64% of the

magnetic moment density can be achieved when compared to uniform magnetisation.

The addition of microparticles in DIW can often lead to increased instances of noz-
zle clogging. Robust DIW processes require a high nozzle-particle diameter ratio or a
low loading fraction to achieve reliable deposition [208]. Since high remanence parti-
cles typically have a minimum diameter of 5um, compromises between process resolution
and magnetic response are currently required. The highest presented loading fraction is

20wt% significantly lower than the 50wt% demonstrated using casting techniques [221].

To summarise the state-of-the-art in CR fabrication, we can see that there are several

areas of progress but that the processes that have been demonstrated to date typically
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involve several elements of compromise across their functionality and/or their possible
applications. In particular we currently see restrictions to the production of small scale
CRs and their dexterity due to fabrication limitations in resolution and material compo-
sition. It should also be noted that many of the techniques described are also often not
exceptionally scalable for high production rates or high manufacturing standards. There
are also particularly significant hurdles for several of the methods with regards repeata-
bility. Advancing beyond these issues is dependant of rationalising multi-step fabrication

routes and employing digital-control and automation for their manufacture.

2.5.2 Modelling

In contrast with standard rigid-link manipulators, whose mechanical properties have been
fully understood and discussed [222], continuum manipulators are still the subject of much
debate within the robotics community in terms of modelling [117; 73| and control [223]

(see the following Section 2.5.3).

The lack of generalised approaches makes understanding and usage of these manipulators
less straightforward. In fact, continuum robots include a variety of concepts as discussed
in previous sections. The non-negligible diversities of these robotic concepts hinder the
development of possible unifying and more generalised modelling and control techniques.
The differences between proposed actuation methods, as reported in Section 2.4, also
make generalisations less trivial and induce extensive dispute. Furthermore, there is an
increased difficulty due to the complex mechanical behaviour of these robots. Unlike
rigid serial robots, one of the only common concepts among continuum robots is a lack
of rigidity, this constitutes their main advantage in terms of application and their main
drawback in terms of physical understanding and description. This lack of rigidity also
leads to more complex relationships between actuators and End Effector (EE) dynamics.
As such, modelling of continuum robots has received significant interest from the robotics

community and several concepts have been emerging.

Kinematic modelling is, in general, not particularly effective in continuum robots owing
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to the redundant design and general lack of rigid coupling between actuators and EE.
With the possible exception of concentric tube robots [224] we could describe the physical
behaviour of a continuum robot as the outcome of the equilibrium of internal forces (e.g.
elasticity, damping, friction, etc.) and actuating external wrenches ((f 7)7 in Figure 2.7).
As a result of this force balance, the continuum manipulator would shape itself to a
minimal energy configuration. Therefore, models that consider static [225; 224; 226; 227|
and dynamic [228; 229; 230; 117; 231; 231| approaches for controller design are particularly
effective. Nevertheless, kinematics |73] and differential kinematics [232] approaches have

also been investigated and may be of great interest for sensing (see Section 2.5.4).

Modelling techniques for continuum robots can be divided into: classical methods (such as
Cosserat rod theory [71], constant curvature 73], rigid link models [232; 227]); combined
methods [117; 194; 231; 231; 233; 228]|; and emerging techniques [234; 226|.

2.5.2.1 Classical methods

The classical methods applied to modelling of continuum robots can be subdivided in
terms of strictness of their assumptions. In particular, Cosserat rod theory aims at
solving the static equilibrium of the manipulator fully (Figure 2.7a) without simplifying
assumptions; (piece-wise) constant curvature modelling assumes the robot shape fits the
arc of one or more circles (Figure 2.7b); and rigid-link assumption would subdivide the
robot into (infinitesimal) rigid links (Figure 2.7c). These techniques listed with increasing
strictness of assumption and consequent ease in description lead to relative pros and cons,

described in the following.

2.5.2.1.1 Cosserat Rod Theory

Cosserat Rod theory does not undergo specific assumptions and is, therefore, an exact
solution to the statics of the continuum robot (see Figure 2.7a). This approach consists
of solving a set of equilibrium equations between the position, orientation, internal force

and internal torque of the robot [117].
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Figure 2.7: Schematic representation of the three classical modelling approaches of contin-
uum robots (a) Cosserat rod model, (b) Piece-wise constant curvature, and (c) Rigid-link
model. f(s) and 7(s) represent the vector fields force and torque with respect to the
robot’s length (s), respectively.

Despite the exact solution given, it suffers from drawbacks that prohibit wide use. There
are difficulties in extending to dynamics since it would involve the solution of a system
of Partial Differential Equations [235]. Moreover, the solution of this approach is to be
computed numerically, leading to high complexity and computational expense and a lack

of a closed-form solution.

2.5.2.1.2 Constant Curvature

Constant curvature models are based on the assumption that the continuum robot de-
flects as arcs of a circle, as represented in Figure 2.7b. This constitutes a significant
simplification when compared to Cosserat Rod and leads to possible analytical solutions
for kinematics [233], statics [230] and dynamics [229]. In Figure 2.7b, we represent piece-
wise constant curvature modelling, i.e. the robot is modelled as a series of links that can
deflect with constant curvature. Assuming constant curvature only, even if widely used,

1S more restrictive.

Even if piece-wise constant curvature modelling may constitute a valuable trade-off be-
tween the complications of Cosserat rod theory and the assumptions of rigid-link mod-
els, most of the literature has focused on the single constant curvature [233; 229| with-
out exploiting the larger generalization provided by combining constant curvature seg-

ments [230; 236]. This would be of great value, especially due to the possible extension
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to dynamic modelling [229] and the reduction of numerical intensity with respect to

rigid-link approaches.

As underlined in Figure 2.7b, one of the drawbacks may be constituted by the lack
of compliance to the constant curvature assumption with possible consequent deviation
from the real robot’s behaviour. Extension to the polynomial curvature case has also
been recently proposed [237|. However, further experimental analysis and discussion of

its application is needed.

2.5.2.1.3 Rigid-link Model

Assuming a continuum robot can be divided into (small enough) segments [232; 227],
behaving as rigid links (see Figure 2.7¢), is a significant assumption when dealing with
continuum structures. This would either lead to behaviours which are far from reality
(few segments) or a very large number of variables (many segments). Employing the
rigid-link assumption is a useful simplification since it permits the use of well-established

approaches for control and sensing [222].

In the presence of sensing [232] (see Section 2.5.4), the simplifications related to the usage
of this model may be mitigated and compensated by the measure of the robot’s behaviour.
Therefore, the designer may find a balance between model and sensing complexity to find

an optimal approach.

2.5.2.2 Combined methods

Due to the continuously emerging design, fabrication and actuation methods for CMs,
single model approaches are of limited use. In fact, depending on the type of actuation,
models need to be a combination of the intrinsic robot’s behaviour and actuation dynam-
ics. In this case, the wrench we previously defined as extrinsic becomes an integrated

module of the robot’s model.

Large interest since the early days of continuum robotics has been paid to backbone

continuum robots [228; 117; 238; 231; 232| (see Section 2.4.1). Due to the contact be-
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tween cables and discs, several authors have combined friction models with discs dynamic

model [231; 238]; and with the constant curvature model [228].

In the last few years, interest towards magnetically actuated catheters has soared [225;
194; 227]. Here an extrinsic wrench is generated as a consequence of the interaction be-
tween internal magnetised agents. In general, the considered models are a combination
of the dipole model [50; 239] with rigid-link model [227] or with Cosserat rod model
[225; 194]. As far as the authors are aware, combinations with piece-wise constant curva-
ture models have not yet been investigated; although, they may be promising, owing to
the possible existence of an analytical solution to the combination of dipole model and

constant curvature model.

2.5.2.3 Emerging Techniques

The previously described modelling approaches, given the very novel nature of continuum
robots, are not without drawbacks. Therefore, new paradigms for modelling continuum

robots have recently been investigated.

In particular, in [234] the authors attempt to overcome the limitations of constant cur-
vature modelling by substituting circular curves with Fuler curves which proved to be a
better fit for a pneumatic continuum robot. In [226], the authors employ a quasi-static
approach based on optimal configurations taking inspiration from optimal non-linear con-
trol. Despite the promising results, the lack of analytical solution and the difficulties in

generalising the dynamic modelling are the main drawbacks of this approach.

Even if, intuitively, research should be driven by the quest for more and more accu-
rate modelling approaches, accuracy is generally paid for with computational burden.
This expense, given the interest towards models for real-time control over simulation for
design, is a fundamental parameter to consider in the choice and/or investigation of a
modelling approach. Moreover, control is generally based on both model and sensors

(see Section 2.5.4) and the aim of the designer is the balance between these two compo-
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nents. Therefore, we expect research to evolve towards more affine-to-control modelling

approaches [236; 237] with the mindset of complexity mitigation.

2.5.3 Control

Control is one of the fundamental aspects of any robotic platform since it gives significance
to the mechanical properties of any autonomous system. Interestingly though, only 9%
of researchers seem to be focused on this topic within soft continuum robots [223]. This
could be interpreted both as a consequence of the large interest in other aspects of CRs,
such as mechanical design, or equally related to the very limited knowledge in terms of
modelling (see Section 2.5.2) and sensing (see Section 2.5.4). In fact, to achieve accurate
control, both these aspects are fundamental, even though the presence of a human-in-

the-loop - as found in medical robotics - may mitigate some shortcomings [90].

The lack of accurate or appropriate sensing mechanisms in certain situations has led
researchers to differentiate between open loop, which is based on model inversion; closed
loop based on feedback of the robot’s actuator; and feed-forward and feedback combined
control [223|. Despite the effectiveness of this partition, the last two classes can be
grouped more generally within the closed loop control class [240] with their differences

related to being model-based and model-free.

Control in continuum robots can be divided into: kinematic and differential kinematic
control [241; 242; 243; 244]; adaptive and learning-based approaches [245; 246; 247; 248;

249; 250; 251; 252|; and wrench-based controllers [225; 253; 254; 255; 256; 257; 258|.

2.5.3.1 Kinematic Approaches

Kinematic approaches include any controller that considers the inverse kinematics or
inverse differential kinematics, under the clear assumption that any controller needs
knowledge of the direct kinematics. The application of inverse kinematics is the most

widely used approach to controlling robots and considered straightforward for standard
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robots [259]. Due to the highly redundant design of continuum robots, inverse kinemat-
ics is not particularly effective [241]. In fact, kinematics is generally not bijective for
redundant manipulators and infinite solutions exist for the inverse kinematics [222]. Nev-

ertheless, a large amount of research has recently focused on learning inverse kinematics.

Differential kinematics [243], on the other hand, is particularly effective with redundant
manipulators, since it allows multi-task control [223]. A good example of such cases is the
dual-arm concentric tube coordinated control [242]|. Assuming the differential kinematics
to be known with sufficient accuracy can be a relatively strong assumption given the
modelling approximations designers are forced into. Satisfactory accuracy might not
therefore be assured. To overcome this limitation, adaptive approaches have been proved

effective in some scenarios.

2.5.3.2 Adaptive and Learning Approaches

To deal with partial knowledge of the robots (differential) kinematics, some authors have
started investigating adaptive and learning approaches, which are aimed at compensating
for modelling approximations with data gathering. These approaches can be subdivided
into mechanical adaptation methods and learning-based methods. The former are gen-
erally based on some approximated mathematical model for the manipulator and aim
at real-time adaptation of the approximations; the latter are data-driven modelling ap-

proaches.

2.5.3.2.1 Adaptive Approach

This approach is generally applied to approximated models, whose inaccuracies can be
mitigated by the presence of a feedback loop. The problem is tackled as the estimation of
the mechanical parameters is done on-line. In particular, the approach in [251] describes
the robot’s pose as a Fourier series expansion and a recursive least square approach is
applied to update the parameters. More satisfactory results were found by applying

a locally weighted projection regression, by approximating the model with a collection
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of linear models and adaptation performed by means of a stochastic gradient descent

approach [252].

A different approach has been recently presented in [250|, with the application of a
model-free adaptive controller based on visual servoing. Another approach considers the
adaptive observer of a Kalman filter [249], designed to estimate the Jacobian matrix of
the manipulator. However, the model of state evolution is relatively simple and does not

consider the mathematical properties of the Jacobian matrix.

2.5.3.2.2 Learning Approach

More recently, modelling and control based on machine learning methodologies has gained
much interest amongst the robotics community. These methods, as with the previously
mentioned adaptive counterpart, have the common aim of avoiding complex and approx-
imated analytical models. In particular, contrived mechanical response models can be
replaced with data-driven model-free simulations. Examples of such strategies appear
in [245] which uses a multilayer perceptron with a single hidden layer, the multilayer
network employed in [246; 188], and a modified Elman Neural Network and Gaussian
Mixture Model in [248]. Despite some promising results and the recent surge in the ap-
plication of learning techniques to robotics, a limitation of these methods is the blindness
to real mechanical interactions. This lack of physical significance endorses a lack of un-
derlying physical comprehension, this in turn can produce an un-auditable system and

may lead to potentially hazardous undetected inaccuracies.

2.5.3.3 Wrench-based Approaches

Since the actuation of a continuum robot can be generally related to the interaction
between their flexible structure and actuating (external) wrenches (see Section 2.5.2 for
more details), some authors have tackled the control problem by directly controlling
the actuating wrench. Some examples are the static approaches in [225; 254; 257 and

dynamic approaches in [258].
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As an outcome of this vision, due to the redundant nature of continuum robots, compli-
ance/stiffness [253; 257] and task-space force [254| control have been investigated. This
is of primary importance for some medical robotics tasks, such as smooth navigation in
soft environments and palpation [256]. Nevertheless, the estimation of a robot’s force
is not trivial without the assistance of sensors. Therefore, [117] and [256] have indepen-
dently worked on the estimation of the force by applying a probabilistic and deterministic

approach, respectively.

Literature on control of CMs shows significant interest in model-based approaches. Given
the complex mechanical behaviour of CMs and the need for several diverse and intercon-
nected elements (see Section 2.5.1) in their design, mechanical characterization may lack
accuracy and thus induce errors in control. We therefore envisage that other methods,
such as adaptive methods or deep learning, will be implemented to compensate for this

drawback.

2.5.4 Sensing

As stated previously, accurately modelling CMs remains a huge challenge, reinforcing
the need to further develop techniques to improve controllability, actuation and safety.
Real-time shape sensing of CMs allows for more precise and reliable motion control. To
date there are three main types of shape sensing employed in CMs: optical sensing,

electromagnetic tracking, and imaging techniques.

2.5.4.1 Optical based shape sensing

Optical sensing is based on the use of fibre Bragg grating (FBG) sensors written onto
optical fibres. These are able to reflect a narrow range of the full spectrum of input light
depending on the fibre’s strain and temperature [260]. This way, by incorporating several
FBG sensors along an optical fibre it is possible to estimate the shape given the strain
measurements at each sensor. Consequently, embedding one or more optical fibres with

FBGs in CMs enables shape sensing of the device.
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The popularity of this method has been increasing in continuum structures, especially
those which undergo small deflections. Needles are one of the most common structures
where this sensing method has been employed. Needles are inherently stiff, supporting a
nearly perfect strain transfer to the attached FBGs. Three optical fibres with two FBGs
each have been reported to give very accurate results for single 2D deflections [261].
However, as the deflection complexity increases to double deflections [262], or 3D deflec-
tions [260], the inaccuracy increases significantly. The main sources of errors have been
attributed to a low number of sensors and their inaccurate placement during fabrication.
Additionally, the location of the FBGs has also been reported to have a fundamental
role [261; 262].

This sensing technique has also been used on less stiff structures such as catheters [263;
264; 265] and endoscopes [266; 267|. These structures are more challenging due to the
lower strain transfers onto the sensors. In fact, preliminary work on the field was not
able to achieve accurate results [266] or had to be used in combination with other sens-
ing techniques [264| such as those reviewed here. Recently 3D shape reconstruction of

catheters was achieved using multi-core fibres [265].

Overall, using FBGs sensors for shape sensing of CMs is a viable solution, especially for
structures that undergo small deflections. Furthermore, its usage on force and torsion
sensing has also been demonstrated, allowing higher sensing capabilities without the need
of extra equipment [268; 269; 270; 271]. Its insensitivity to magnetic fields allows its usage
in a variety of medical situations such as MRI or coupled to magnetically actuated devices.
Nevertheless, the technology still faces significant challenges that hinder its mainstream
use, especially in high deflection structures. Not only will the sensors give less accurate
results due to a lower strain transfer ratio but they will also damage easily when subjected
to such strains. This imposes strict limitations to the devices that are suitable for this
type of shape sensing. Additionally, the relatively high cost of such technology hinders
its application in low cost devices. The number of sensors and their placement are also

shown to have a major impact on results [272; 273].
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2.5.4.2 Electromagnetic tracking based shape reconstruction

Electromagnetic (EM) tracking uses mutual induction between a magnetic field generator
and a magnetic field sensor for shape reconstruction. Two variations of this method have
been proposed based on the location of the magnetic field generator, either external or

internal to the robot.

External methods are the most common and use commercially available EM tracking
systems, such as the NDI Aurora [274], for shape reconstruction. These systems are able
to determine the pose of small sensors on a generated external magnetic field. By placing
these sensors along the robot, the system is able to determine the robot’s pose. The usage
of these systems for shape sensing has been widely demonstrated [275; 276|, and methods
to estimate contact force have also been reported [277; 278]. Despite its promising results,
this method is constrained by the limitations of the localisation method itself, such as

limited workspace and variable accuracy within it [276].

Internal methods are able to overcome these limitations by placing the source of the
magnetic field inside the robot itself. Two small permanent magnets alternated with two
Hall effect sensors along a CM were able to reconstruct 2D shape [279]. By measuring
the magnetic field at the location of the Hall effect sensors, it is possible to estimate the
relative position, and therefore, the deflection of the manipulator. Similar approaches
have been reported [280; 281; 282| and a common limitation to them all is that with
increasing deflections, the errors increase. This is due to cross talk between the sensors

and the magnets, posing limitations to minimum bending radii.

Electromagnetic tracking shape sensing methods are able to provide freedom from line-of-
sight restrictions and are relatively easy to incorporate into the robot. However, they are
highly susceptible to magnetic disturbances from nearby equipment. External methods
using commercially available systems cannot be used in conjunction with magnetically
actuated robots or MRI applications [283|. Nonetheless, proprietary localisation methods

could be developed for the specific application and robot, such as [49]. Internal methods
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suffer from crosstalk between sensors and magnetic agents during high deformations,
hindering the reliability of shape estimation results. Furthermore, the incorporation of an
internal magnetic field generator can impose limitations on the robot’s size. Nevertheless,
assuming these challenges are addressed, this method could potentially achieve much

smaller bending radii than FBG, facilitating its use in soft CRs.

2.5.4.3 Imaging based shape estimation

Imaging methods rely on current medical imaging techniques to track and estimate the
shape of CMs. Unlike the previous methods, this approach does not required the integra-
tion of any additional sensors onto the surgical instrument which can be beneficial from

a design and miniaturisation point of view.

Fluoroscopy [284; 285; 266] and ultrasound [285; 286] are the two main imaging tech-
niques used in shape estimation of CMs and endoscopes. The usage of biplane fluo-
roscopy for shape estimation of continuum structures has been reported and is known
to achieve accurate 3D reconstructions [287; 163|. However, these methods depend on
biplane systems that are associated with large radiation dosages and costs. Given the
nature of monoplane fluoroscopy, detecting out of plane deflection using imaging alone is
not possible [288]. Several works have combined planar imaging techniques with track-
ing methods [289; 288; 290| or kinematic modelling [291; 292] however these systems
tend to achieve less accurate results. Shape estimation of CMs using endoscopic cam-
eras has also been reported and is generally performed on a marker-based or markerless
approach [293; 294|. Marker-based approaches require additional integration of compo-
nents into the device, while markerless require large manually labelled training sets [294].

Furthermore, these methods are normally limited by the field of view of the camera.

Imaging based methods can provide reliable results for shape sensing of CMs. There
are no limitations to the minimum bending radii these methods can potentially achieve,
unlike alternatives methods which, for larger deflections, can become erroneous. They

are limited of course by image resolution, noise and processing techniques. Furthermore,
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due to their dependency on, and need for integration with, hospital equipment, they may

not be readily implemented.

In summary, recent developments in shape sensing for CMs has improved their efficacy.
However, when introducing additional on-board hardware, as in FBG and EM tracking
approaches, robot miniaturisation, stiffness, flexibility and durability can be adversely
influenced. Off-board sensing methods remove such restrictions, and of these, imaging-
based methods are most prevalent, offering potentially practicable solutions to the sensing
problem if suitable clinical integration can be realised. A less explored but promising
off-board approach employs load cell sensors located at the robot’s proximal end for
estimation of tip force and shape [295; 296|. Ultimately, the limited accuracy of flexible
and soft robots, particularly when subject to interaction forces, hinders their reliability
in clinical settings. Methods for shape sensing are therefore essential to realise the full
potential of medical CRs, and future development may engender ever smaller bending

radii measurement, while maintaining high accuracy and miniaturisation capabilities.

2.6 Conclusions and Future directions

Medical robotics has seen remarkable innovation over the last decades. Driven by the
need for less invasive procedures while maintaining dexterity levels, continuum robots
have established themselves as a viable alternative to traditional rigid-link manipulators.
The recent commercial releases of continuum platforms for robot-assisted procedures

further advocate their future place in advanced healthcare practices.

Despite the progress achieved, further advancements are highly dependent on current
challenges across actuation, fabrication, control, and sensing. As with traditional surgi-
cal robotic systems, continuum robots are commonly intrinsically actuated using tendons
or pressurised fluids, limiting the achievable DOF as their size reduces. External actu-
ation via magnetic fields does not suffer from this scaling issue, providing a promising
approach for controlling continuum robotic devices, especially at the small scales required

for medical applications. Magnetic soft robots may provide an optimal solution as they
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are able to combine the freedom in scale from magnetism with the safe interaction of soft

robots.

Fabrication and control of such devices is currently still a challenge given the materials
employed and the magnetisation patterns needed for actuation. However, allied to these
challenges is also the possibility for major breakthroughs. Developments in digitally-
driven and computer controlled manufacturing processes holds potential to allow an ex-
citing next generation of continuum robots, with greater resolution and dexterity, enabling

us to reach and treat areas of the human anatomy that may otherwise be inaccessible.
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Abstract

Magnetic soft robots are increasingly popular as they provide many advantages such as
miniaturization and tetherless control that are ideal for applications inside the human

body or in previously inaccessible locations.

While non-magnetic elastomers have been extensively characterized and modelled for op-
timizing the fabrication of soft robots, a systematic material characterization of their
magnetic counterparts is still missing. In this paper, commonly employed magnetic ma-
terials made out of Ecoflex™ 00-30 and Dragon Skin™ 10 with different concentrations
of NdFeB microparticles were mechanically and magnetically characterized. The mag-

netic materials were evaluated under uniaxial tensile testing and their behavior analyzed
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through linear and hyperelastic model comparison. To determine the corresponding mag-
netic properties, we present a method to determine the magnetization vector, and mag-
netic remanence, by means of a force and torque load cell and large reference permanent
magnet; demonstrating a high level of accuracy. Furthermore, we study the influence of
varied magnitude impulse magnetizing fields on the resultant magnetizations. In com-
bination, by applying improved, material-specific mechanical and magnetic properties to
a 2-segment discrete magnetic robot, we show the potential to reduce simulation errors

from 8.5% to 5.4%.

3.1 Introduction

The field of soft robots has drawn considerable attention over the past years, due to the
wide range of potential applications enabled through the controlled use of highly com-
pliant materials; several examples have been reported from minimally invasive surgical
procedures to common grippers [1; 2; 3|. Recently, the specific use of magnetic actuation
in soft robots has allowed new possibilities given their advantages such as miniaturization
and untethered control. From flexible soft catheters [4; 5; 6; 7| to micro-robots with a
wide range of locomotion capabilities [8; 9; 10|, soft magnetic robots have gained increased

attention from the robotics research community [11].

Mainly two types of magnetic soft robots have been reported [12]: those with embed-
ded magnets within the elastomeric matrix [4; 13; 14|, and those which make use of
magnetic responsive elastomers (MRE) [5; 8; 6; 9; 10]. MRE are commonly achieved
by mixing magnetic nano- or micro-particles within the elastomeric matrix and, hence,
combine the elastic properties of the elastomer matrix with the magnetic properties of
the particles [15; 16]. Embedding a magnetic moment is achieved via applying a strong
magnetizing field, either through an impulse magnetizer [5; 17; 18] or a permanent mag-
net (PM) set up [10]. Impulse magnetizers offer advantages to the robotics community
such as readiness, off-the-shelf and instant magnetization, over PM set-ups which cannot

be switched off. Nonetheless, the resulting magnetization from impulse magnetizers obey
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the skin effect, in which its value decreases in depth from the objects surface inwards [19].

To achieve precise modeling, actuation and control, soft robots rely on accurate mate-
rial characterizations. Considerable efforts have been made to mechanically characterize
frequently employed non-magnetic elastomers [20; 21; 22]. However, characterization of
MRE is often restricted to their microstructure and particle behaviour [23; 24; 25|, or to
their magnetorheological properties [26; 27|; which fails to provide macro-level properties
of interest from a robotics point of view [16]. Furthermore, these tend to pertain to elas-
tomers and magnetic particles that are not common within the soft robotics community

due to either higher stiffness or softer magnetic properties.

Several methods for determining materials’ magnetic properties have been proposed and
can be broadly classified into torque and force measurements (such as Torquemeter 28]
and Faraday balance [29]); magnetometric measurements (Hall probe [30; 31]); induc-
tive measurements (vibrating sample magnetometer (VSM) [18]); and magneto-optical
(e.g. MagView (Matesy GmbH, Germany)) [10; 32; 33|. These techniques can be used
to determine different material aspects, and overall are able to provide an exhaustive
and highly accurate analysis. However, they come with their own limitations. Torque
measurements are often restricted to spherical shaped samples. Magnetometric and in-
ductive measurements, despite allowing sample shape freedom, require small and short
samples [32]. Furthermore, static inductive measurements are only capable of performing
relative measurements requiring a well-defined reference. Magneto-optical measurements
are limited to surface properties, being unable to provide a characterization for the whole
sample directly [34]. The requirement of specific sample designs and sizes, as well as lim-
ited access to such equipment, often leads to robotic applications using properties based

either on the manufacturer’s data or models applied to raw materials [9; 5].

To address this, we provide a material characterization of MRE commonly employed
in soft robots [5; 18], from mechanical and magnetic perspectives. Two different elas-
tomeric matrices with increasing concentrations of magnetic filler are characterized. For

mechanical characterization we consider a tensile analysis of these different MRE and the
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suitability of linear elastic and commonly employed hyperelastic models to represent their
behavior. For magnetic characterization we present an easily implemented, cost-effective
method for determining the magnetic moment of MRE samples. The method uses a load
cell for measurements, not needing expensive single purposed magnetic specific equip-
ment, and was used to study the influence of particle concentration, impulse magnetizing
fields, and MRE stiffness on the resulting MRE magnetic moment. The results were then
applied on two types of soft magnetic continuum robots to demonstrate the influence of

robot-specific mechanical and magnetic characterization on simulation results.

3.2 Fabrication of magnetic soft material

In the present study, we consider the elastomers Ecoflex™ 00-30 (Smooth-On, Inc., U.S.A.)
and Dragon Skin™ 10 (Smooth-On, Inc., U.S.A.), with all samples fabricated via molding
techniques. To fabricate samples, the two-part elastomer was mixed in equal weights,
followed by addition of the corresponding weight of hard magnetic micro-particles (NdFeB
with an average 5 pm diameter and intrinsic coercivity of Hy = 9.65 kOe, MQFP-B+-,
Magnequench GmnH, Germany). The mixture was then placed in a high vacuum-mixer
(ARV-310, THINKYMIXER, Japan) for 90 seconds at a speed of 1400 rpm and pressure of
20.0 kPa and injected into the desired molds. Samples for the mechanical characterization
were molded into dumbbell shape (type 2 on ISO 37:2917 [35]), whereas samples for the
magnetization test were molded into cuboid shape of dimensions 7.5 x 7.5 X 4.0 mm. The
MRE were left to fully cure at room temperature before demolding. The samples for
magnetic characterization were magnetized after curing under a magnetizing field B,, of

2.7 T or 5.0 T using an impulse magnetizer (IM-10-30, ASC Scientific, U.S.A.).

NdFeB concentrations were increased in 50% by weight increments up to the maximum
supported by the elastomer matrix as listed in Table 3.1. Concentrations above those

listed prohibited curing as thus were not considered in the study.

100



3.3. Mechanical characterization Chapter 3. Materials for Soft
Continuum Magnetic Robots

Table 3.1: Samples fabricated for characterization.

Elastomer Con. (wt%)
0
50
100
150
0
Dragon Skin™ 10 50
100

Ecoflex™ 00-30

3.3 Mechanical characterization

Destructive uniaxial tensile testing was applied to the different MRE samples. Their
stress-strain responses were evaluated using a linear model, as well as commonly employed

hyperelastic models.

3.3.1 Methods

The tensile test conditions were in accordance with ISO 37:2017 [35], using an Instron 5943
machine associated with a video-extensometer to record the elongation of the specimen.
The markers for the video-extensometer were placed at 8 mm from the centre line of the
specimen, and the pressure on the grippers was 20 psi. The experiments were run with a

velocity of 500 mm /min until rupture. Five specimens for each type of MRE were tested.

The response of each MRE was evaluated by fitting a linear elastic model at 100% strain
for all samples and retrieving the corresponding Young’s modulus. Additionally, to under-
stand the best modeling practices for MRE, a linear elastic model, and the hyperelastic
models Mooney-Rivlin [36], Neo-Hookean [37], Ogden with three coefficients [38|, Poly-
nomial with 5 coefficients [39], and Yeoh [40] were fitted to the whole strain range of the
obtained stress-strain curves. This was performed using a nonlinear least-squares solver

from MATLAB (Isqnonlin function, MathWorks®) Inc., U.S.A.).
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3.3.2 Results and Discussion

Fig. 3.1 shows the stress-strain curves obtained for the different MRE, as well as the linear
fits up to 100% strain. Table 3.2 lists the values of Young’s modulus at 100% strain, as well
as the mean absolute percentage errors (MAPE) of the linear and hyperelastic models for
the whole strain range. Fig. 3.2 shows the fittings for the linear and hyperelastic models
for the whole strain range for a sample of Ecoflex™ 00-30 and a sample of Dragon Skin™

10 at 0 wt% NdFeB.
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Figure 3.1: Stress-Strain curves under uniaxial tensile test for (a) Ecoflex™ 00-30 and
(b) Dragon Skin™ 10 with increasing concentration of NdFeB microparticles. The shaded
regions define the range of values obtained for each strain across five specimens, and the
full lines the values for a single sample as an example. Additionally, the dashed lines
represent the fitted linear model up to 100% strain.

For both MRE, an increase in concentration of NdFeB microparticles increases the mea-
sured stress for a given strain, representing a stiffening of the composites. In fact, a
concentration of only 50 wt% NdFeB results in an increase of the Young’s modulus by
approximately 70% for both MRE. Ecoflex™ 00-30 allows high concentrations of NdFeB
up to its maximum of 150 wt%. However, the rate of increase of the Young’s modulus

decreases as the concentration goes up. In fact, from 100 wt% to 150 wt%, an increase
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Table 3.2: Results of model fitting to MRE tensile test data: showing the values of

Young’s modulus (E) for fitting up to 100% strain, and the mean absolute percentage
error (MAPE) for all fitted models.

Linear model Hyperelastic models
100% strain Full strain | Neo-Hookean | Mooney-Rivlin Yeoh Ogden Polynomial
Elastomer Con. (wt%) | E [kPa] | MAPE [%] | MAPE [%] | MAPE [%] MAPE [%] | MAPE [%] | MAPE [%] | MAPE [%]
0 42.7 + 3.9 28.7 98.0 23.0 12.2 13.2 4.8 6.5
™ 50 73.2 +10.2 229 66.8 17.2 19.7 14.9 7.1 5.0
Ecoflex™ 00-30 100 | 1021 +7.3 173 5.2 183 10.0 113 10 53
150 | 128.2 £ 4.6 24.6 21.6 14.5 16.2 13.6 6.5 4.9
01]201.1 +12.0 13.6 33.0 11.3 18.9 16.0 3.6 2.1
Dragon Skin™ 10 50 | 3432 +09.1 10.0 9.7 20.6 13.2 9.4 3.4 1.6
100 | 360.1 £+ 10.9 9.9 9.2 19.4 9.2 8.5 3.3 1.3

== Experimental Data === Linear Neo Hookean

== Mooney-Rivlin Yeoh ==Ogden 3 ==Polynomial 5

o Stress [MPa]
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0
0 50 100 O 50 100

@ Strain [%] )

Figure 3.2: (a) Ecoflex™ 00-30 at 0 wt% NdFeB and (b) Dragon Skin ™ 10 at 0 wt%
NdFeB fitted with a linear elastic model and different hyperelastic models for the whole
strain range.

of only 26% is evident. Conversely, Dragon Skin™ 10 can only withstand a maximum
concentration of 100 wt%. Nonetheless, only a small increase in stiffness exists when
compared to a concentration of 50 wt%. This could have certain advantages as it would
lead to higher magnetic volume while maintaining the mechanical properties of lower

concentrations.

The addition of NdFeB microparticles also translates to a loss of hyperelasticity. This
can be easily observed in the stress-strain curves in Fig. 3.1; as well as the lower fitting

errors for the linear model as the concentration increases in Table 3.2. This loss of hy-
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perelasticity is most significant for larger strains, where MRE with higher concentrations
start to behave linearly. Despite this, fitting errors for linear models are still higher
when compared to non-linear models. Generally, the Ogden model with 3 coefficients
and the Polynomial with 5 coefficients exhibit the best results with the lowest fitting
errors, while the Neo-Hookean and the Mooney-Rivlin models present the highest er-
ror values. Hyperelastic models show applicability to MRE, consistently providing more
accurate predictions over corresponding linear models. Still, it is expected that at the
maximum limit of magnetic content, the loss of accuracy using linear models will not be

as significant as for lower concentrations.

3.4 Magnetic characterization

To magnetically characterize the different MRE, the samples were placed under an ex-
ternal magnetic field and field gradient, and the generated forces and torques measured.
This is akin to magnetically actuated soft robotic applications, where actuation and con-
trol rely on the forces and torques exerted on the robot by the external magnetic field
and field gradient. By measuring the forces and torques experienced by the samples, their
magnetic properties can be determined. This method was first validated on small PMs,
and then used to examine the influence of particle concentration, impulse magnetizing

field intensity, and MRE stiffness on the resulting MRE’s magnetization.

3.4.1 Methods

3.4.1.1 Theoretical Background

The magnetic force F' and torque 7 exerted on an object with magnetic moment m can
be described by (3.1) and (3.2)

F=(m-V)B, (3.1)

T=mx B, (3.2)
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where B, denotes the external magnetic field vector. In this work, B, is generated by an
axially magnetized cylindrical PM and is described by the following multipole expansion

model in spherical coordinates [41]:

n+2
o Imll — (5) _dD,
B.(p) =2 1D, — .
(p) v n%dd N (n + 1)D,7 7] 0 (3.3)

where i is the magnetic permeability of a vacuum, ||m|| is the Euclidean norm of the
PM’s dipole moment, V the magnet’s volume, L. the magnet’s length, p the vector from

the centre of the PM to the point of interest in space, and D,, the following equation (3.4).

( 1 2n
Pu(p - f/
2 / /# d¢/dx, if nis odd
Xn
Di(n,f)=q .0 (3.4)
0, if n is even

where [ represents the cylinder’s diameter-to-length aspect ratio, and P, (-) the Legendre
polynomial of order n [41]. Referring to Fig. 3.3, primed variables are defined relative to
the PM for integration and all non-primed variables are defined relative to a global frame

where the point of interest is defined [41].

Figure 3.3: Geometrical definition of variables. G denotes the global reference frame,
while S the sample’s frame.

The dipole model, which consists of the first non-zero term (i.e. n = 1) of the previous

multipole expansion model (3.3), is a simplifying assumption that generally yields good
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results for small enough samples or large enough magnet-to-magnet distances [41|. This
is normally the case for situations in magnetic control or localization algorithms [42; 43|.
However, for the current application where maximum accuracy is desired, the multipole
expansion model with a higher number of terms provides more accurate results. There-
fore, the external field was computed using the first nine non-zero terms of the multipole
expansion (i.e. n = 17); which have been reported to provide an error lower than 2% for
distances greater than 1.5 minimum-bounding-sphere radii for axially magnetized cylin-

drical PMs with g =1 [41].

Furthermore, B, is a static magnetic field obeying Maxwell’s equations (3.5) and (3.6).

VB, =0 (3.5)

V x B, = pioJ (3.6)

where J represents the current-density vector field, which is zero. Therefore, (3.1)

and (3.2) can be rewritten as

= m (3.7)

where (-)x represents the skew operator.

Given its size, and keeping its distance from the PM large enough, the sample can be
represented by a magnetic dipole. By measuring the forces and torques exerted on it,
one can determine its magnetic moment using (3.7). Its magnetization m,, or magnetic

remanence B,., can then be determined via

[l
m, = 3.8
v (3.8)
[} 1o
B, = 3.9
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3.4.1.2 Test rig

The test rig can be seen in Fig. 3.4. It is composed of a static cylindrical N52 PM (length
and diameter of 101.6 mm, axially magnetized, B, of 1.48 T) to generate the external
magnetic field and gradient. The MRE sample is attached to a 6-axis load cell (Nanol7
Titanium, ATI, U.S.A.), which is mounted on a motorized linear stage (NRT150/M,
Thorlabs, Inc., U.S.A.). The presence of the linear motor allows the collection of data
across different values of p. The PM and the motorized stage were placed orthogonally
with their centres aligned, so that the magnetic sample moves to and from the centre of

the PM along the Z axis in the global coordinate frame.

Permanent magnet

Figure 3.4: Setup for the magnetic characterization of MRE.

For each sample, the values of force and torque were measured across 16 discrete distances,
from 16 to 31 cm, centre to centre, spaced 1 cm apart. To remove noisy measurements,
the difference between each two positions was averaged for each axis of the measured F'
and 7. In case an axis’ average was below a third of the maximum average recorded, the
axis was zeroed. The test was repeated three times from each sample and the average
and standard deviation across repetitions computed. Points with standard deviation over
a third the average force or torque were excluded. The remaining averaged data was then
fitted to (3.7) in order to determine the values of m, using a non-linear least squares

method (Isgnonlin function, MATLAB, MathWorks®) Inc., U.S.A.).
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3.4.2 Validation

The characterization approach was validated using two small PMs as samples varying in
shape and size, a cubic N52 NdFeB PM of 6.35 mm length (B444-N52, K&J Magnetics
Inc, U.S.A.), and a cylindrical N52 NdFeB of 3.18 mm diameter and length (D22-N52,
K&J Magnetics Inc, U.S.A.). Their magnetizations were aligned with the 7 axis of the
global coordinate frame. Fig. 3.5 depicts the measured values of force and torque, against
the fitted results for the cubic sample. As it can be seen, only the expected components
of force and torque were activated and the measurements have very low deviation across
repetitions. The B, obtained was of 1.44 T, falling within the range expected for N52
magnets (K&J Magnetics, Inc., U.S.A.).

® F, exp. = F, fitted ® 7, exp. = 7, fitted
® Fyexp. = F, fitted ® 7y exp. = 7, fitted
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Figure 3.5: (a) Force and (b) Torque measurements for a 6.35 mm cubic N52 magnet as
a sample, and modelled values from fitting. MAPE 2.6%.

The current configuration works well for high remanence/large samples, such as the tested
cubic PM. However, for samples with lower values, the resolution of the load cell will
restrict the accuracy of the measurement. Nevertheless, one of its advantages is its
flexibility to conform to specific user or equipment requirements. By varying sample size;

PM size and grade; distance and relative position between PM and sample; and load
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cell’s sensitivity, one can tailor the platform to the desired application and samples to

measure.

For this specific case, force data is prone to have lower signal-to-noise ratio due to the
load cell’s lower force resolution when compared to torque. For that reason, only torque
values can be considered in order to obtain an accurate measurement. Due to the current
and fixed relative position and orientation between the PM and the sample, using only
torque values hinders the possibility of obtaining the full magnetization vector. Therefore,
two sample orientations were measured so that the full magnetization vector could be

computed, according to (3.10),

“r= “(=Bx) “Rs °m (3.10)

where “(-) denotes representation on the global reference frame, and “(-) on the sample’s
reference frame, “Rg denotes the rotation matrix between the sample’s and global refer-
ence frames. The second orientation used was 90° around the sample’s y axis with respect
to the first orientation. The corresponding results for the cubic and cylindrical validation
PMs can be seen in Fig. 3.6, with remanence values of 1.46 T and 1.44 T respectively.
As it can be seen, even though the torque values for the cylindrical PM are much lower,

the method still gives an accurate reading of its magnetic remanence.

® 7, exp. @ T, exp. T, exp. == T, fitted = 7, fitted T, fitted
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Figure 3.6: Torque measurements for the validation step using permanent magnet sam-
ples, showing: cubic 6.3 mm PM (MAPE 3.1%) in (a) rotation 1, (b) rotation 2; and
cylindrical 3.2 mm PM (MAPE 6.2%) in (c) rotation 1, (d) rotation 2.
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3.4.3 Results

3.4.3.1 Effect of particle concentration on MRE

Fig. 3.7 depicts the values of m, obtained for the tested MRE samples. As expected, the
higher the magnetic content, the higher the value of m, obtained. This increase of m, with
concentration is not linear as it gradually slows down as the concentration increases. In
fact, for samples magnetized under B,, = 2.7 T, the ratio of remanence-to-concentration
between 50 wt% and 100 wt% is of 0.136 T/wt%, decreasing to 0.096 T /wt% between
100 wt% and 150 wt%.

155}
— 140t
£
2 125¢
=
= 110} | €EF30 B,,=2.7 T
2 $EF30 B,,=5 T
S 95 DS10 B,,=2.7 T
‘gﬁ 30t | DS10 B,,=5 T
<
= 65f

50t

50% 100% 150%
Magnetic content [wt%]

Figure 3.7: Effect of the magnetic particle content and magnetizing field on the values of
magnetization of MREs.

3.4.3.2 Effect of impulse magnetizing field intensity on MRE

Different values of B,, gave rise to different values of m,, even though both B,, were over
the particles’ intrinsic coercivity. This verifies the limitation that impulse magnetizing
fields have in which the depth of penetration depends on the sample’s shape and size,
obeying the skin effect [19]. Therefore, even though the magnitude of B,, is more than

double the intrinsic coercivity of the samples when equal to 2.7 T, it is not enough to
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Table 3.3: Magnetization vector angle deviations after re-magnetization at a 90° angle.

Elastomer Con. (wt%) | B, =27T |B,=5T
Ecoflex ™ 00-30 100 5H £1° 90 +1°
Dragon Skin™ 10 100 61 £1° 90 +2°

fully magnetize the sample.

3.4.3.3 Effect of stiffness on MRE

As seen in Fig. 3.7, no significant difference was found between Ecoflex™ 00-30 and
Dragon Skin™ 10 samples. This indicates that these matrices do not affect the magnetic
properties of the final MRE when submitted to a single magnetizing field. However, it
has been shown that the first magnetization loop of MRE differs from the following one
due to possible restructuring of the particles and elastomeric matrix, depending on the

matrix’s stiffness [25].

To further study this effect, samples of Ecoflex™ 00-30 and Dragon Skin™ 10 loaded at
100 wt% were submitted to two consecutive perpendicular magnetizing fields with the
same previous intensities. Table 3.3 lists the average magnetization vector deviation
angle with respect to the original direction. For lower impulse magnetizing fields, the
resulting magnetization direction was not aligned with the magnetizing field, but at
offset dependent on the MRE stiffness. The stiffer the MRE the higher the shift. When
B,, =5 T, the shift in magnetization is complete at an average of 90° for all elastomers,
indicating that high impulse magnetizing fields are able to overcome any restructuring of

softer matrices and particle movement and fully re-magnetize the composite.

3.5 Validation

To validate the characterization results, soft magnetic continuum robots were fabricated
and actuated under a uniform external magnetic field. Two types of robots were stud-

ied, covering the designs showcased in the literature: fully soft magnetic robots [6] and
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fully soft robots with magnetic and non-magnetic regions [5|. Their behavior was then
compared to the corresponding 2D finite element models (FEM) either assuming the the-
oretical properties or our corrected values. Both the fabrication methods and FEM have

been previously described in [5].

Fig. 3.8 shows the results obtained for the fully soft magnetic continuum robot. The
robot, which is 37 mm long and 5 mm in diameter, consists of Ecoflex™ 00-30 loaded
at 100 wt% NdFeB, axially magnetized under the both previous B,, values (2.7 T and
5 T). Fig. 3.8(b) shows the experimental deflections obtained for both magnetizing fields.
As it can be seen, the robot magnetized under 5 T exhibits a slightly larger deflection.
Given that both B,, values are over the particles’ intrinsic coercivity value, the theoretical
magnetic remanence does not distinguish the two; assuming a value of 107 mT for both
cases. Furthermore, the material is modelled linearly with a Young’s modulus of 69 kPa,
as per its datasheet. On the contrary, our corrected values are able to distinguish between
the two different B,,, as well as provide a more accurate value of Young’s modulus. This
difference is enough to achieve deflections closer to the real-life results, lowering MAPE
errors from 9.9% to 7.5% for B,, = 2.7 T, and 11.5% to 5.6% when B,, = 5 T. The
remaining error can be further reduced by studying how the mechanical properties of the

MRE change when under actuation, as well as using application specific values.

The results achieved for the fully soft discrete magnetic continuum robot are presented
in Fig. 3.9. The robot is 40 mm long, and 3 mm in diameter. It is made of Ecoflex™
00-30, consisting of plain sections alternated with axially magnetized 150 wt% NdFeB
sections. The robot was magnetized under 5 T to achieve maximum magnetization. In
this case, theoretical values are blind to mechanical differences between sections, assuming
a constant Young’s modulus of 69 kPa for the whole length of the robot. The corrected
model, on the other hand, is able to provide a responsive value of Young’s modulus
with increasing concentration of NdFeB, as well as a more accurate value of magnetic

remanence, lowering the MAPE error from 8.5% to 5.4%.
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Figure 3.8: (a) Fully soft magnetic continuum robot. The red arrow represents its mag-
netization direction. (b) The robot under actuation in an uniform magnetic field with
direction represented by the black arrows. (c) Simulation results considering our cor-
rected model and the theoretical model.

3.6 Conclusions

In this paper, we presented a material characterization for magnetic elastomers commonly

employed in soft robots that is able to reduce errors in their modeling and simulation.

Tensile testing and a hyperelasticity analysis of Ecoflex™ 00-30 and Dragon Skin™ 10
showed that an increase in concentration of NdFeB content, in addition to stiffening the
MRE, translates into a loss of hyperelasticity. Even so, for the majority of the cases,
hyperelastic models are still able to predict the materials’ behavior more accurately than

linear models, especially hyperelastic models Ogden and Polynomial.

To magnetically characterize the MRE, we propose a method based on a 6 degree of
freedom load cell that measures the forces and torques exerted on the sample by an
external PM. One can finely tune parameters (for example the PM specifications, its

distance and relative orientation to the sample, load cell’s accuracy, and samples’ physical
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Figure 3.9: (a) Fully soft discrete magnetic continuum robot. The red arrows represent
the direction of magnetization. (b) The robot under actuation in an uniform magnetic
field with direction represented by the black arrows. (c) Simulation results considering
our correct model and the theoretical model.

size and remanence) to achieve optimal results. For example, smaller distances require less
sensitive load cells and allow smaller and weaker samples, however, errors associated with
the dipole assumption will increase. Larger distances, on the other hand, decrease errors
from the dipole model assumption but require larger and stronger samples, and highly
sensitive load cells in order to guarantee an acceptable signal-to-noise ratio. Additionally,
the load cell needs to be calibrated in an external-magnetic-field-free environment before
each measurement, and have minimum magnetic interferences during measurements to
maximize measurement quality. The method was validated using PMs of different sizes
and shapes as samples, and shown to be able to determine their magnetization vector
and remanence accurately. The method was used to characterize MRE and study the
effect of particle concentration, intensity of impulse magnetizing field, and elastomer
stiffness on the resultant MRE magnetic properties. Higher magnetic content leads to
higher magnetization non-linearly, as it slows down with concentration. Furthermore,

unlike impulse fields 5.2 times the MRE intrinsic coercivity value, impulse fields 2.8 times
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were not able to fully magnetize the samples, reflecting the dependency on skin effect’s.
Matrix stiffness was shown to have an effect on the resulting magnetization direction
when subjected to multiple magnetization cycles. Nevertheless, this effect is only present

in lower magnetizing impulse fields.

As these factors (elasticity, magnetization value and history, and concentration of mag-
netic content) all influence the properties of the soft robot in interconnected and non-
linear ways, having a practical method to characterize properties provides a useful tool in
improved design, modeling, and simulation of magnetic soft robots. As such, these find-
ings were subsequently validated on two types of fully soft magnetic continuum robots
and shown to reduce modeling errors on average by 37% when compared to using the-
oretical parameters normally provided by manufacturers or parameters from raw data.
This reduction can be further increased by utilizing application strain specific mechanical
properties and models, testing how the mechanical properties of the MRE change when

under actuation, and more repeatable and accurate soft robot fabrication methods.
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Abstract

Localization of magnetically actuated medical robots is essential for accurate actuation,
closed loop control and delivery of functionality. Despite extensive progress in the use
of magnetic field and inertial measurements for pose estimation, these have been either
under single external permanent magnet actuation or coil systems. With the advent of
new magnetic actuation systems comprised of multiple external permanent magnets for
increased control and manipulability, new localization techniques are necessary to account
for and leverage the additional magnetic field sources. In this letter, we introduce a
novel magnetic localization technique in the Special Euclidean Group SE(3) for multiple
external permanent magnetic field actuation and control systems. The method relies
on a milli-meter scale three-dimensional accelerometer and a three-dimensional magnetic

field sensor and is able to estimate the full 6 degree-of-freedom pose without any prior
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pose information. We demonstrated the localization system with two external permanent
magnets and achieved localization errors of 8.5 + 2.4 mm in position norm and 3.7 +

3.6° in orientation, across a cubic workspace with 20 ¢m length.

4.1 Introduction

Magnetically actuated medical robots (MAMR) have seen significant focus and develop-
ment in recent decades due to their potential for miniaturization [1], tether-less actua-
tion [2| and high number of controllable degrees-of-freedom (DOFs) [3; 4]. In fact, mag-

netically guided catheters have been used to treat cardiac arrhythmias since 2003 [5; 6].

A key aspect in their actuation is pose estimation [7; 8|, enabling closed loop control and
delivery of functionality [9]. Imaging techniques have long been used for this purpose but
are generally tied to limited resolution, harmful radiation exposure and need for additional
hospital equipment [10; 11; 12|. As such, methods based on magnetic field measurements
have received significant attention, with magnetic tracking systems being widely available
on the market. These, however, are not compatible with magnetic actuation systems due

to distortions on the localization magnetic fields.

To address this issue, significant research on magnetic localization coupled with mag-
netic actuation systems has been done [13; 2; 14; 15; 16]. Several works have been
based on magnetic field sensing arrays external to MAMR [17; 14]. While advantageous
from a miniaturization and internal power consumption point of view, these systems
require calibration of large sensor arrays and have limited localization workspace dimen-
sions. Internal sensing to the MAMR, on the other hand, does not suffer from workspace
dimension restrictions. It requires, however, on-board power and heterogeneous local-
ization magnetic fields, with 6-DOF localization having been shown for systems with a
single external permanent magnet (EPM). Internal sensing methods have been shown for

endoscopic capsules, as well as magnetically guided catheters [2; 18; 16; 19].

Over recent years the need for enhanced control and manipulability of MAMRs has led to

the advent of actuation platforms based on multiple magnetic field sources (MMFS) such
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as multiple electromagnetic coils and multiple permanent magnets [20; 21; 22; 4; 23; 24|.
Some of these platforms have been cleared for human use such as Stereotaxis Genesis
RMN® based on two permanent magnets, and Magnetecs and Aeon Scientific based on

multiple electromagnetic coils.

Despite this progress, magnetic localization for such systems is lagging behind, with flu-
oroscopic imaging being currently used [5]. Unlike single magnetic field source systems
where the singularity regions and localization limitations have been thoroughly investi-
gated and solved for [16], magnetic localization for MMF'S systems suffers from additional
challenges due to the superposition of the magnetic fields leading to configuration-specific
singularity regions. Only recently, a 3D position localization system with internal mag-

netic field sensing was demonstrated for a multi-coil system, for a 3 mm catheter [19].

Furthermore, a common conundrum in 6-DOF magnetic localization with internal sensing
is finding the rotation around gravity, due to the absence of the Earth’s magnetic field
measurement [25]. This has been solved in the past by accurately initializing this missing
rotation angle and tracking it with a gyroscope [26; 27|. However, this is prone to errors
over time, especially for slow moving systems where gyroscope data is not as sensitive.
Additionally, if communication to the MAMR is lost, a new accurate initialization is
needed, proving impossible mid medical intervention. More recently, Taddese et al. [16]
fitted an auxiliary coil around a single EPM providing a second set of magnetic field
measurements. This solves the missing rotation angle and is also able to eliminate the
localization singularity plane when it comes to localization with respect to a single EPM.
However, when MMF'S are present in the workspace, that singularity plane ceases to exist
due to the superposition of magnetic fields, and instead singularity regions are present

depending on the relative pose of each EPM.

This paper introduces, for the first time, a 6-DOF magnetic localization method for
systems with multiple EPMs without the need for any prior pose information. The

method relies on measurements from an accelerometer and a single 3D magnetic field

Hall effect sensor (HE), both internal to the MAMR. We analyze the effect that the
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number of EPMs in the workspace has on the full pose estimation; and demonstrate its
performance in a two EPM magnetic actuation platform. Since adding an orthogonal
coil is not able to solve for the singularity regions, in this work we do not consider it and
instead solve for the missing rotation angle by using multiple magnetic field measurements
at different EPM configurations. This works for static or quasi-static systems, with
maximum MAMR velocity highly dependent on the actuation system and the magnetic
field generated. This is the case for non-actuated parts of a larger system, such as the
deployment point at the tip of an endoscope, or for MAMRs while the generated magnetic
fields are sufficiently weak to induce actuation. Additionally, unlike common works in
literature which parameterize the rotation matrix, in this work the full 6-DOF pose is
estimated directly in the special euclidean group SF(3). This avoids any singularities or
non-unique representations of the orientation when using Euler angles or quaternions [28;

29; 16).

4.2 Localization Strategy

4.2.1 Problem Formulation

We consider finding the pose of a MAMR, with frame {A} within our workspace {W}
(see Fig. 4.1). Its position is denoted as p € R* in {W} and attitude as rotation matrix
R € SO(3) of the MAMR frame {A} relative to {W}. Additionally, the MAMR’s linear
velocity is denoted by V' € R? expressed in {W}. The MAMR'’s angular velocity expressed

in {W} relative to {A} is represented by € € R?.

We describe our state in the special euclidean group SFE(3), i.e. the group of homogenous
transformations with entries in R? associated with the Lie algebra, se(3) of dimension 6.
The main goal is to estimate the homogenous transformation matrix from the MAMR

reference frame { A} to the global frame {W} (see Fig. 4.1).

T =Ty {A} = (W}
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Therefore, the dynamics model can be represented as

. (Q+b+d), V
T=T (4.1)
0 1

with (2 + b + d) the measured angular velocity from the gyroscope including its bias b
and noise . Additionally, ()« denotes the skew-symmetric matrix associated with the

cross product by itself.

Figure 4.1: Representation of the world reference frame {)V} and MAMR reference frame
{A}, together with gravity vector G in green, and magnetic field measurements B; in
orange for m EPMs. In purple is the state to estimate.

4.2.2 Measurement Model

We consider our MAMR to be under m EPMs actuation, and to be fitted with an ac-
celerometer and a 3D HE sensor, providing two types of measurements: acceleration, and

magnetic field vector.

Considering that gravitational acceleration (g) dominates over linear accelerations as per

common approach in literature [25; 26], the accelerometer measurement can be repre-
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sented as (see Fig. 4.1 in green)

G=R"g (4.2)

where R” denotes the transpose of the MAMR’s rotation matrix.

The magnetic field vector generated by an EPM; (with j = 1,...,m) can be modeled as
a dipole

ol - (an .
Bj = B(,uj,rj) = 47T|I‘]|3 (31‘]‘1'}1 — ]) 147 (43)
J

with r; the distance between {A} and EPM;, and p; the EPM’s magnetic moment in
{A}. This assumption is valid for far-enough distances from the EPMs and is commonly
employed in other magnetic localization works [30; 16]. Assuming that there are no metal

objects in the workspace, the measured magnetic field B equals the sum of the magnetic

fields generated by each EPM.
B=) B, (4.4)

Given the absence of the Earth’s magnetic field measurement, a minimum of two magnetic
field measurements for different configurations of the m EPMs are needed for observability
(see Fig. 4.1 in orange, and Section 4.3.1). This is a valid assumption for systems where
the magnetic field changes much quicker than the MAMR's pose, such as static or quasi-
static systems. This being so, assuming null mean Gaussian measurement noises [25|, the
measurement model can be expressed as follows. In addition to n measurements of the
magnetic field, their norm ||B;|| was also included. Unlike the full magnetic field measure-
ment vector, which contains information on both position and orientation, the magnetic

field norm is dependent only on the MAMR’s position. When multiple measurements are
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present, the addition of the magnetic field norm increased convergence speed.

1B |

Byl
h=|B, |, i=2..,n (4.5)

B,

G

4.2.3 Extended Kalman Filter

Extended Kalman Filters (EKF) in SO(3) and SE(3) have been widely used and proved
effective [26; 28]. For the sake of summary, only the EKF equations are explicitly de-

scribed here. Further detail on the formulation of EKF can be found in [26] and [31].

The discrete dynamics of the estimated state can be described as

Tk—o—l = Tkexp(Kkykt) (46)

Vi = yi — h(T}) (4.7)

with time-step & = 0,¢, 2t, ..., K} the gain defined by the standard EKF prediction and
update steps below, exp(-) the exponential map of SFE(3), h the measurement model
defined in eq.(4.5), and y, the sensors’ outputs in the measurement model format, i.e.

the norm of the magnetic field, followed by the magnetic field and gravity.

4.2.3.1 Prediction

This step sees the propagation of the state covariance matrix P, € R%*6 as

Py = By Py Fl + GrQ,GL
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with P, = diag(Pkp,PkR), where P, and P, denote the state covariance matrix of
the position and orientation respectively. Additionally, input noise is considered as a
null-mean Gaussian distribution with constant covariance @, € R%*®. Lastly, Fj, =
exp(Axt) and Gy = Tk%exp(Akt), with A; defined by the Lie algebra as matrix A, =
Q. V;0 0]

4.2.3.2 Update

The second step sees the computation of the gain K} used in the update of the state as

shown in eq. (4.6) through

Ky = P.H/ S,

Py = P, — K;.S,. K}

where Hy, = gLT:. Additionally, measurement noise is considered as a null-mean Gaussian

distribution with constant covariance matrix R,, € R™*™ - h € R™.

4.2.4 FError metrics:

The observer’s performance was assessed through two different error metrics: one for the

estimation of the MAMR’s position and one for the MAMR/’s attitude.

e =|lp— Dl
er = tr(I — R'R) (4.8)
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4.3 Simulation

To infer the stability and performance of the observer, first, an observability analysis on
the system was done to assess the minimum number of magnetic field measurements for
observability. Second, the impact the number of EPMs m and the maximum number
of magnetic field measurements n in the measurement model (see eq. (4.4) and (4.5))
have on the stability of the observer was analyzed. Lastly, the observer was run within a
simulated environment to infer the EKF’s performance and expected convergence time.

EKF covariance matrices Fp, (),, and R, were tuned in this step.

The number of EPMs was varied between one and six. Given that EPMs are used for
actuation, localization should not rely on a specific EPM motion. Therefore, random
motion paths were generated for each EPM. Additionally, each EPM was constrained to

a plane 15 cm away from the workspace edge, as seen in Fig. 4.2.

Z [m]

y[m] ' X [m]

Figure 4.2: Planes covered by the generated EPM paths. Each EPM is constrained to a
plane 15 cm from the workspace edge.

4.3.1 Observability Analysis

To predict the performance and stability of the observer, an observability analysis was

performed for system in (4.1) with measurement model in (4.5). Additionally, the number
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of EPMs m in the workspace and the number of magnetic field measurements n in the

measurement model have on the observer was also analyzed.

Local weak observability of a non-linear system is defined by the following codistribution

being full rank, i.e rank(V,O) = 6.
V7O = span({VyL:h, i € Nt U0}) (4.9)

where Effh defines the ith-order Lie derivative of h with respect to the state 7. In
this work, we consider the first order derivative only, and so, this codistribution can be

expanded as

VO, VrOjB

VOB, VrRO|B,|
VO =1[V,0 V30| = V,08, VgOg, (4.10)

‘7PC)Bn VZRCDBn
‘7pC)G— ‘7RC)G

making explicit the two components of the state, position and orientation, and the dif-

ferent types of measurement.

As shown in [26], VRO represents the Lie derivative with respect to the orientation. Since

that the norm of the magnetic field has no orientation information, VzOg,|| is equal to

Z€Tro.
VrO|B,| = [0 0 O} (4.11)
0 _R:,3 : Bz R:,Z ' Bz
VrOB, = | R3-B, 0 —~R.;-B; (4.12)
_R:,2 . B'L R:.l : Bz 0
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0 R33  —Rsy
VR(QGZ —R33 0 R31 (413)

V, O represents the Lie derivative with respect to the position, and can be expressed as
follows. Given that IMU measurements only contain information regarding orientation,

V,0¢ is equal to zero.

— [OIBil OlIBill OBl
VoOusy = |50 A58 25 (4.14)
0B;, 0B, 0B;,,
ox oy 0z
0B, OB; 0B,
= ity iy ty 4.1
VPOB” o oy 0z ( 5)
oB OB OB

000
ViOc =10 0 0 (4.16)

000

Looking at the full observability matrix V7O, we see that for when n = 1, rank(V7O) =5
making the system not observable. In fact, a single configuration of the EPMs and its
respective magnetic field B; together with its norm and G are not enough to solve the full
6-DOF pose. This can intuitively be inferred as the gravity vector measurement is able
to provide 2-modes of the orientation, with the rotation around its own axis, i.e. rotation
around gravity, missing [26]. Since the magnetic field vector and its norm are not linearly
independent, only three of the remaining 4 modes of the pose dynamics can be solved
for. Therefore, without any prior pose information, a minimum of 2 measurements of
magnetic field are necessary in order to make the system observable and estimate the full
6-DOF pose. Additional measurements of the magnetic field can be taken for different

EPM configurations.

To analyze the effect the number of EPMs in workspace (1 < m < 6) and the number of
EPM configurations (2 < n < 100) in the measurement model, the condition number N,

was taken across multiple planes of the workspace. The condition number is defined as the
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ratio between the maximum and minimum singluar values of V;O, and, as such, lower
values indicate a better conditioned system. Fig. 4.3(a) shows N, across the XZ plane
(y = 0) for n = 100 and for one, two, four, and six EPMs in the workspace, respectively.
Fig. 4.3(b) plots how N, changes when multiple EPM configurations n are added to the
measurement model, for each number of EPMs. N. was computed at three planes of the
workspace XY (z = 0), XZ (y = 0, represented in (a)), and YZ (z = 0). As we can
see, there is a significant difference between a single EPM m = 1 and multiple EPMs
m > 2, with m > 2 having significantly lower N, for any number of EPM configurations
n. This is due to the fact that when multiple EPMs are present in the workspace, the
resulting magnetic field becomes considerably less trivial, reducing the number of possible
solutions for a specific measured magnetic field. However, there is no significant difference
for when m increases beyond two. Additionally, N, lowers as more EPM configurations
n are added to the measurement model. However, a plateau is reached at around n = 20,

as more EPM configurations do not lower N..

4.3.2 Simulated Observer

To further predict the performance of the EKF, the observer was ran with the MAMR
fixed at 100 different randomly generated poses across the workspace. Convergence was
deemed achieved once position error was below 5 mm in all axis, and the trace of the
orientation error under 0.1, both for over 150 consecutive time-steps. Since the number
of EPM configurations n in the measurement model affects the EKF’s frequency due to
robot movement and data acquisition time, rather than assessing speed through EKF
iterations k, speed was assessed by the total number of different EPM configurations

needed until convergence was reached, n - k. The results were averaged across all 100

tested MAMR poses for each number of EPMs and EPM configurations.

Fig. 4.4 plots the results obtained. As expected from the previous condition number
analysis, there is a clear distinction between a single EPM and multiple EPMs. Multiple
EPMs lead to a much faster convergence needing a significantly lower total number of

EPM configurations. However, the difference between two and six EPMs is marginal.
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N,

40
30
20
10

(b)

Figure 4.3: System’s condition number N, for different numbers of EPMs m and different
number of EPM configurations n in the model. (a) Shows the condition number N,
across the XZ plane of the workspace for one, two, four and six EPMs, when n = 100.
(b) Plot showing how the condition number N. changes with higher number of EPM
configurations in the measurement model for each number of EPMs.

Additionally, the higher the number of EPM configurations n in the measurement model
the faster the convergence for a single EPM, as the associated N, gets lower. However,
with multiple EPMs this effect is not as noticeable, with n around 20 leading to a faster

convergence.

Given these results, we consider from this point forward the case for which m = 2 and n =
20, i.e. there are two EPMs in the workspace, and the measurement model is comprised of
20 different EPM configurations. To further assess the localization performance for these
conditions, a simulation was ran for 10,000 different random MAMR poses across the
workspace. Fig. 4.5(a),(c) shows the error in position e, and orientation ep over time for

all tested poses. As we can see, the observer converged for all tested poses, with 95.0%
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Figure 4.4: Effect that multiple EPMs and the number of EPM configurations in the
measurement model n have on convergence speed n - k. Convergence was achieved once
errors in position were below 5 mm across all axis, and the trace of the orientation error
er below 0.1, for over 150 consecutive time-steps.

of tested poses with norm position errors below 1 mm at finish. Additionally, as the
histograms show, convergence in orientation is achieved faster than position, with 100%

of the poses having converged fully in orientation before 1000 iterations (see Fig. 4.5(d)).

4.4 Experimental Setup

To evaluate the proposed localization system performance, a sensing platform was devel-

oped and tested with a 2-EPM system.

The sensor board was composed by a 3D IMU (LSM6DS3, STMicroelectronics, Switzer-
land. Accelerometer sensing range 4+2g, Sensitivity 0.061mg/LSB1g, Footprint 2.5 x 3 X
0.83 mm) and a 3D HE (MLX90395, Melexis, Belgium. Sensing range £50 mT; Sensi-
tivity 2.5 puT/LSBsg, Footprint 3 x 3 x 0.9 mm). The sensors used were chosen due to
their dimensions, sensitivity and sensing range, allowing their use in embedded devices

of the millimeter scale under high magnetic fields. The sensors were interfaced with a
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Figure 4.5: Simulation errors for 10,000 random poses across the workspace over EKF
iterations, with 2 EPMs and 20 EPM configurations in the measurement model. (a)
Norm of the position error, (b) Histogram showing the distribution of convergence in
position, (c¢) Error in orientation, (d) Histogram showing the distribution of convergence
in orientation.

Raspberry Pi 4B through I2C protocol. The HE sensor was calibrated by placing it in the
center of a 1D Helmholtz coil (DXHC10-200, Dexing Magnet Tech. Co., Ltd, Xiamen,

China) under known magnetic field vectors.

The dual EPM platform (dEPM) was used [4; 32|, consisting on two KUKA LBR iiwal4
robots (KUKA, Germany), each manipulating one EPM (cylindrical permanent magnet
with diameter and lenght of 101.6 mm and axial magnetization of 970.1 Am? (Grade
N52)) (see Fig. 4.6).

To fully assess the localization performance across the dEPM large workspace, a 3D
printed plate (20-by-20 cm) was placed in between the two robots, delimiting the lo-
calization workspace in two dimensions. The sensor board was attached to 3D printed
holders of various heights and orientations, which were in turn attached to the plate,

allowing full variation of position and orientation.

Additionally, ground truth data was collected via a 4-camera optical tracking system
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(OptiTrack, Prime 13, NaturalPoint, Inc., USA, with submilimeter accuracy). With
optical markers attached to the end-effectors of both robots, to the workspace plate and
to the sensor board, the relative pose of each robotic arm base and the sensor board with
respect to {W} was found before each experiment (see Fig. 4.6). While the EPMs were
in motion, their poses were determined by reading the robotic arms joints and computing
the inverse kinematics. This ensures a more accurate tracking of the motion of the EPMs

since the markers may be blocked from the field of view during the motion.

Finally, the Raspberry Pi, the robotic arms, and the optical tracking system were all
connected using ROS. Data from the robotic arms encoders and sensors was collected
at a rate of b0Hz. Given the inclusion of 20 EPM configurations in the measurement
model, the EKF was ran at 50/20 = 2.5 Hz. The EKF parameters used are shown in
Table 4.1. These were determined by the simulation step in Section 4.3.2 and the sensors

used. Additionally, the state was initialized at the origin of the workspace, Ty = I.

Table 4.1: EKF Covariance Matrices

EKF
State Py = diag(107*,107%)
Input Q,, = diag(107°,1073)
Measurement || B]| Ry = 107°
Measurement B | R,,, = diag(107°,107°,207°)
Measurement G R,. =10"°I

4.5 Results

The localization algorithm was tested for eight different poses across the workspace (see
Fig. 4.7). Each pose was tested twice, with the EPMs doing a different random motion

each time composed of 200 different poses.

Fig. 4.8 and 4.9 depict the error in position e, and orientation e respectively, for each
tested pose and repeat. The observer converged to the right solution for all tested poses
with an average error of 8.5 + 2.4 mm in position norm - with 4.14 £+ 3.0 mm along

the X axis, 4.13 £ 3.0 mm on the Y axis, and 3.44 £+ 2.5 mm along the Z axis - and
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Figure 4.6: Experimental setup, comprised of two robotic arms with EPM at the end-
effectors, Optical Tracking system, and sensor boards.

Figure 4.7: Tested poses across the workspace.

0.032 £ 0.027 in orientation trace error, i.e. 3.7 &= 3.6°.

However, as Fig. 4.8 and 4.9 show, there is significant variation in convergence speed and
stability of the solution across repeats for the same pose. Given that the only difference
between repeats is the EPMs motion, and therefore, the magnetic field measured by
the sensors, the path each EPM takes and their combination have a big impact on the
algorithm performance. This seems to be more significant for the estimation of the
position than for the orientation, given that position estimation relies exclusively on
magnetic field measurements. Fig. 4.8(c) illustrates this effect very clearly, where for
repeat 1 the algorithm converged to the right solution only to start diverging towards the

end, and repeat 2 took longer to converge than all other cases. Unlike localization with
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Figure 4.8: Error in position estimation for the eight tested poses across the workspace.
Two repeats for each pose were performed.
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Figure 4.9: Error in orientation estimation for the eight tested poses across the workspace.
Two repeats for each pose were performed.

a single EPM where the localization singularity plane is well defined and known, when
multiple EPMs are present in the workspace, their relative pose dictates whether there are
singularity regions and where they are. Since the EPMs are travelling random paths, it is
possible that at times the sensors were located in a singularity region. Given the presence
of multiple EPM configurations at each iteration of the observer, this does not seem to
impact convergence but rather convergence speed. If the measurement model contained

only a single configuration of EPMs, ideal for fast moving MAMR, these singularity
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conditions would need to be well defined and avoided.

To test the observer’s behavior in non-static conditions two different scenarios were tested.
First, to address periodic motions such as breathing, linear and angular velocities were
given to the world reference frame {W} in the previous set of experiments as to mimic
MAMR motion. The obtained results are shown in Fig. 4.10. Linear velocities of up to
0.1 mm /s and angular velocities up to 2 °/s produced marginal differences when compared
to the static cases. Velocities above these values had significant impact on the results.
Second, the observer’s robustness for occasional spike movements such as coughing was
tested. Spikes of 5 cm of up to 4 seconds, and spikes of 10 cm of up to 2 seconds did not
produce significant changes in results. Longer spike times made the results unreliable.
These values, however, are highly dependent on the platform. In this case, the robotic
arms were operating at 30% of their full speed for safety reasons. Increasing this speed,
and /or including less EPM configuratios in the measurement model, would allow faster

MAMR speeds and longer spike motions.
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Figure 4.10: Error in (a) position and (b) orientation estimation for different linear and
angular MAMR velocities.

4.6 Conclusions

In this letter, a 6-DOF localization strategy without any prior pose information for ac-
tuation systems under multiple EPMs was presented. The method relies on the mea-

surements from a 3D accelerometer and a 3D HE sensor. These sensors are low-cost
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and widely available. Additionally, their small footprint makes them easily embedded in
small-scale medical robots. In fact, magnetic localization based on these sensors has long
been in use in medical robots, ranging from catheters [19] to endoscopic capsules [16].
However, as new platforms based on multiple EPMs emerge for the control and actuation
of magnetically actuated continuum robots for endoluminal procedures, localization tech-
niques that take into account multiple magnetic field sources are needed. The internal
placement of the sensors to the MAMR should be carefully designed to better offset any
internal magnetic field measurements from the sensor. This will ensure accurate external

magnetic field readings.

Unlike previous work that shows localization with respect to a single EPM, in this work
we developed a localization technique under multiple EPM control. We showed that,
when compared to a single EPM, multiple EPMs lead to faster convergence speeds. The
method was tested across a 8000 cm?® workspace, with average errors of 8.5 & 2.4 mm in
position norm and 0.032 4 0.027 in orientation trace error. This localization technique
can thus be applied to endoscopic capsules, or magnetically guided catheters, which are

under MMF'S control or in close proximity to additional magnetic field sources.

In this work, the EPMs were moved randomly around the workspace, as their movement
should be mainly optimized for actuation. However, this was shown to lead to localization
singularity regions and varying results when it comes to convergence speed and error. Op-
timizing the EPM paths for both actuation and localization for active sensing will allow
for reliable simultaneous localization and actuation under multiple EPM control. This
could be achieved by analysing each specific EPM configuration required for actuation,
and finding an alternative whenever such a configuration leads to non-observability. Ad-
ditionally, this would allow a reduction in the number of measurements needed per time

step, increasing the state estimation update rate and convergence speed.

Lastly, the speed at which the EPMs are moving is crucial for the convergence speed
of the observer, as well as, the MAMR’s speed. Due to multiple instances of the EPM

configurations present in the measurement model, a significant change in magnetic field
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should be captured across different EPM configurations. With the robotic arms moving
at 30% of their full speed and 20 EPM configurations per iteration, the observer was
running at 2.5 Hz allowing MAMR’s speeds of up to 0.2 mm/s. The robotic arms speed
was constrained for safety reasons due to the random motion travelled. It is expected
that in a realistic operative scenario, the robotic arms would be travelling well-defined
trajectories allowing for faster safe speeds. This would allow faster update rates and

MAMR’s speeds.
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Abstract

Localization methods for magnetically actuated medical robots have long been a topic of
research, as they are fundamental to closed loop control and delivery of functionalities.
However, magnetic localization has mainly been linked to robots under a single perma-
nent magnet control. With the release of multi-magnet actuation systems for increased
control and manipulability, new locazation methods are needed to account for the added
magnetic field sources. This paper presents a six degree of freedom localization method
for magnetically actuated robots under two external permanent magnets control. The
approach relies on the measurements of an accelerometer and gyroscope for the estima-
tion of orientation in the Special Orthogonal Group SO(3), and the measurements of the

actuating magnetic fields for the estimation of position. The observability analysis of
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the system is presented, and the relationship between the external permanent poses and
conditioning of the system is explored. Additionally, a calibration procedure to determine
the relative poses between the two external permanent magnets is presented where the
path that the magnets travel is optimized for the best results. Lastly, the localization
method was implemented in a magnetic soft continuum robot and achieved positional
average errors of 3.5 mm in norm, and orientation errors of 2.5 °, 1.5 ° and 2.8 ° around

x, y, and z, respectively.

5.1 Introduction

Medical and surgical robots have seen significant development over recent decades as they
are able to reduce procedural times and learning curves for clinicians, and increase patient
comfort through less bleeding and scarring. Specifically, magnetically actuated medical
robots (MAMR) have sparked increased interest as they allow for remote actuation and
miniaturization without loss of controllable degrees of freedom (DOF) [1; 2; 3; 4; 5]. Ad-
ditionally, the development of soft magnetic continuum robots (SCR) capable of reaching
deeper inside the human body in a safe and autonomous manner, have further advanced

the state of minimally invasive robotic surgery [6; 7; 8|.

Given the high non-linearity of magnetic fields, localization of such robots is fundamental
to ensure accurate actuation and manipulation, in addition to enabling closed loop con-
trol [9; 10; 11], autonomous navigation [12], and delivery of functionality [13]. However,
the majority of commercially available localization systems are either not compatible with
magnetic actuation (e.g. electro-magnetic tracking) or rely on imaging methods, such as
fluoroscopy [14] or ultrasound [15|. As such, the topic of localization of magnetic robots
has been heavily researched and developed [16; 17|, with significant work on achieving

both actuation and localization using the same magnetic fields [18; 19; 20; 21; 22].

Magnetic actuation can be achieved by either coil-based or permanent magnet (PM)-
based platforms, with localization strategies for both having been reported [14; 23|. While

coil-based systems have the advantage of readily generating linear field changes, they re-
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quire high power and generally suffer from restricted workspace dimensions. PM based
platforms however, offer large scale actuation while maintaining low running costs. Lo-
calization strategies for PM-based platforms have been largely developed for single ex-
ternal permanent magnet (EPM) systems [19]. With the advent of magnetic navigation
platforms based on multiple PMs [24], such as the FDA approved Steoreotaxis Genesis
RMN®) [25], the dual External Permanent Magnet (dEPM) platform [4], or multiple
rotating PMs [26], fluoroscopy is still the standard practice as localization for such plat-
forms has been lacking [27]. New localization methods that are able to consider additional
PMs and the resulting non-linear magnetic fields are needed. It was not until recently,
a 3D position magnetic localization system was demonstrated under optimized magnetic
field gradients [21], and an additional feasibility study on using an array of magnetic field
sensors for the full six DOF localization [28]. Alternative methods that are miniaturiz-
able rely on minimal sensing and are compatible with multiple magnetic field sources are

needed.

The use of an inertial measurement unit (IMU) containing an accelerometer and gy-
roscope, together with an array of magnetic field sensors has been shown effective in
the 6-DOF pose estimation of a capsule controlled by a single EPM via magnetic cou-
pling [19; 29]. Taddese et al. managed to correct the gyroscope bias and to eliminate
the EPM singularity region by fitting an electromagnetic coil generating a low-intensity
time-varying orthogonal magnetic field. While this approach is notable for magnetic
coupling actuation single EPM systems, it is not applicable to multi-EPM systems for
generic magnetic field actuation. These systems suffer from not well defined and vari-
able singularity regions depending on the relative pose between the EPMs. Therefore, a
minimum of two coils generating two different low-intensity time-varying magnetic fields
would be needed to eliminate the EPMs singularity regions. This would make the mea-
suring of magnetic fields from the EPMs redundant, and no longer require the actuation
fields for localization, but rather generating additional localization magnetic fields on top
the actuation fields. From a practical perspective, several considerations would need to

be made to ensure that such low intensity fields would not actuate the MAMR while
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still being easily and accurately measured by the embedded magnetic field sensors. As
such, alternative methods should be considered when designing localization methods for

multi-EPM systems, while still relying on the actuation magnetic fields for measurement.

In our previous work, we investigated the feasibility of magnetic localization with respect
to multiple EPMs for quasi-static systems [22]|. In this work, we introduce a real-time
6-DOF pose estimation algorithm for MAMR under dual EPM control, based on a 3D
accelerometer, 3D gyroscope, and a single 3D magnetic field sensor. We define the singu-
larity regions based on the relative motion of two EPMs which should be avoided during
actuation and localization. The localization algorithm was tested on a soft continuum
robot (SCR) under actuation in the dEPM platform, where alternative EPM configura-

tions were provided as not to lose controllability.

5.2 Observability Analysis

We consider finding the pose of a MAMR, with frame {4} within the workspace of a dual
EPM platform with reference frame {W} (see Fig. 5.1). We consider the EPMs to be
cylindrical and axially magnetized, and that the MAMR is fitted with a 3D accelerometer,

3D gyroscope, and a 3D Hall effect (HE) magnetic field sensor.

EPM,
A,

[
(Y.

L AMAMR

EPM,;

i {W}
z
o
Figure 5.1: Representation of the world reference frame {)W} and MAMR reference frame

{A}, together with gravity vector G in green, and magnetic field measurement B in
orange.
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The angular velocity measured by the gyroscope €2 can be modelled as

Q=w+b+4 (5.1)

where w represents the MAMR’s angular velocity expressed in {W} relative to {A}, b

the gyroscope bias, and § the measurement noise.

The accelerometer measures the MAMR’s linear acceleration and its output can be ex-

pressed as

A=R'(g+a+o) (5.2)

where R denotes the rotation matrix mapping the MAMR's orientation in {V}, g denotes
the gravity vector in {W}, a other components of the linear acceleration, and o the

measurement noise.

Lastly, assuming that there are no metal objects in the workplace, the magnetic field

measurement B is the sum of the magnetic fields generated by each individual EPM as

with 1 denoting measurement noise. Additionally, the magnetic field generated by each

EPM ¢ can be modelled by the following equation as per other works in the field [19].

tolti| o o7 .
B, = 3t0L — I, 5.4
47r|ri,3< vt — Iy, (5.4)

with r; the distance between {4} and EPM;, u; the EPM’s magnetic moment in {A},
and o vacuum’s magnetic permeability. This model has been shown to have errors lower

than 2% for distances larger than 1.5 the EPM diameter [30].

In this work, we consider d, o, and 1 as null mean Gaussian noises, and gravity (g)

dominates over other linear acceleration components, as per common approach in the

149



5.2. Observability Analysis Chapter 5. Dynamic Localization
for Magnetically Actuated Robots

literature [31]. Therefore, our measurement models can be modelled as

Q=w+b (5.5)
G=R"g (5.6)
B=B,+B, (5.7)

These considerations will be taken into account in the design of the observer in Sec-

tion 5.3.4.

5.2.1 Problem Formulation in SE(3)

The main goal is to estimate the homogenous transformation matrix of the MAMR refer-
ence frame {A} to the global frame {W}. We describe our state in the special Euclidean
group SE(3), i.e. the group of rigid transformations on R? associated with the Lie algebra

se(3) of dimension 6.

T="T4:{A} = {W} (5.8)
r—| " P (5.9)
01x3 1

where p € R? denotes the MAMR's position in {W}.

The overall system can thus be described as

) Q, v
T=T (5.10a)
01x3 1
B
h= (5.10b)
G

with v the MAMR’s linear velocity expressed in {W}.
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5.2.1.1 Observability Analysis

To predict the stability and performance of the observer, the observability of the system

in eq. (5.10) was analysed.

Local weak observability of a non-linear system is defined by its observability co-distribution

being full rank, i.e rank(V70O) = 6 for this case.

The system’s observability co-distribution can be defined as [32]

VrO = span({VTﬁf;ﬁh,i cNtU 0})

(5.11)

where EiT-h defines the sth-order Lie derivative of h with respect to the state T'. In this

work, we only consider the first order derivative, and so the system’s co-distribution can

be represented as

VTO = |:Vp0 VRO:|

(5.12)

where V0 refers to the co-distribution with respect to the position, and VzO the co-

distribution with respect to the orientation.

The position co-distribution can be expanded into

0Bz 0By
oz oy
0B, 0By
oxr oy
0B, 0B
0. 0
V,0=|% %
0 0
0 0
0 0

0B,
0z

0B,
0z

OB,
0z

0

0
0

(5.13)

as only the magnetic field measurements are able to provide information regarding the

MAMR’s position.

On the other hand, both gravity and magnetic field measurements provide information
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regarding the MAMR’s orientation.

0 —Ry; B R, B
RsB 0 —R, B
"R,-B R,-B 0
V3zO = (5.14)
0 Rss3 —R3o
—Rss3 0 Ra;
I R —Rs 0 |

where R.; denotes the i column of matrix R. Looking at the full observability co-
distribution, it can be seen that rank(V,O) = 5, and hence the system is not observable.
This can be intuitively inferred, as the gravity vector only provides information on 2
modes of orientation, missing the rotation around gravity. This leaves a single measure-
ment of the magnetic field to solve for the missing four state modes, i.e position and

rotation around gravity.

This is a known and common conundrum in orientation estimation in environments where
the Earth’s magnetic field is not available. In previous our previous work, multiple mea-
surements of the magnetic field were added [22]. However, this method is not compatible
with real-time localization. Consequently, it is helpful to split the problem into two
sub-problems: the estimation of the rotation matrix in SO(3) and the estimation of the

position in R3.

5.2.2 Problem Formulation in SO(3)

The goal here is to estimate the full rotation matrix of the MAMR R in {W}. This state

is described in the special orthogonal group SO(3), where

SO3) = {R e R¥*3|RTR = I, det(R) = 1} (5.15)

where I € R3*3 is the identity matrix.
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Since magnetic field measurements depend on both the MAMR’s position and orien-
tation, orientation will be estimated solely based on the accelerometer and gyroscope
measurements. An observer previously described in [32] is applied and can be described

as follows.

R=R(w+Db), (5.16a)
RT
hy — & (5.16b)
~wyRTg

The state evolves over time according to the angular velocity measured from the gyro-
scope. The measurement model is composed by the direction of gravity measured by
the accelerometer and its first derivative. This observer is able to accurately track and
estimate the full orientation of a rigid body as long as some angular velocity is present in
the system, independently of magnetic field measurements [32]. However, since a single
inertial measurement is present, the system requires accurate initialization of the rotation
around gravity. Furthermore, due to the gyroscope bias b, the estimate is expected to
drift over time. In this work, we consider b to be constant and offset from the measure-

ments.

5.2.3 Problem Formulation in R3

Assuming the rotation matrix within the workspace is known, the main goal is now to find
the MAMR’s position p € R? in {W}. For the estimation of position, only magnetic field
measurements are used as IMU measurements do not depend on the position within the
workspace. This system is described in equation (5.17). The observability co-distribution

for the system is full-rank making the system observable.

p=p-Vv (5.17a)

h, = {Bl(p) + Bg(p>:| (5.17Db)
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As shown previously [22], the relative pose of the EPMs highly affects the system’s
observability and the observer’s performance. As such, Fig. 5.2 depicts the system’s
condition number across the workspace for the most common EPM configurations of
the platform [4]. The condition number is defined as the ratio between the maximum
and minimum singular values of the systems observability co-distribution matrix, and
therefore, lower values indicate a better conditioned system. We can see that singularity
planes and regions exist for certain configurations as shown by a high condition number.
These singularity planes are characterized by unidirectional magnetic fields. Fig. 5.3 plots
the magnitude of the magnetic field on these planes. For summary’s sake, the singularity
planes for the EPM configurations when the EPMs are magnetized along 7 (Fig. 5.2(c)
and (g)) were omitted as they are identical to magnetizations along X (Fig. 5.2(a) and

(e)) albeit rotated by 90 degrees around the y axis.

z[m]

yIml (o) X [m]

Figure 5.2: Position estimation in R? condition number across the workspace for different
relative poses between the EPMs. The configurations depicted in (a), (b), and (c) generate
a homogenous field along the X, Y, and Z axis respectively in the workspace center.
Scenarios (e), (f), and (g) generate magnetic field gradients 0B, /0y, 0B, /0y, and 0B, /0x
respectively in the workspace center. Configurations (d) and (h) represent orthogonal
configurations of the EPMs magnetic moments.

It is known that for a single cylindrical axially-magnetized EPM, the plane orthogonal to
its magnetization passing through its center is singular [19]. This plane is characterized
by magnetic fields which are perfectly aligned with the magnetization of the PM. These

are symmetric concentrically around the PM, and thus an infinite number of points have
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Figure 5.3: Field magnitude on singularity planes for different EPM configurations. The
magnetic field on these planes is unidirectional and orthogonal to the plane, each line
denoting a magnitude. (a) Homogenous field along the X axis, (b) homogenous field
along the Y axis, (c) and (d) magnetic field gradient 0B, /0y.

the exact same magnetic field vector. This effect is replicated on the plane equidistant
from two EPMs when these are perfectly aligned along their magnetisations (Fig. 5.2(b),
Fig. 5.3(b)).

When two EPMs are parallel to each other (Fig. 5.2(a) and (c), and Fig. 5.3(a)), the single
EPM singularity plane is still singular as the magnetic field on that plane is uniaxial and
concentrically symmetric, although around two centers rather than one. Additionally,
when the EPMs are parallel with their magnetizations opposed (Fig. 5.2(e) and (g)), a
second singularity plane is present (Fig. 5.3(c) and (d)), as the magnetic field is also

unidirectional and symmetric on the equidistant plane between the two EPMs.

These singularity planes can be mitigated by having the EPMs misaligned (Figure 5.2(d)
and (h)), where only small singularity regions are present closer to each EPM singularity

plane.

5.3 Experimental Setup

The proposed localization technique was evaluated on a magnetically actuated soft con-

tinuum robot (SCR), under dEPM actuation.
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5.3.1 Soft Continuum Robot

The SCR featured a sensorized tip containing a 3D HE and an IMU. Figure 5.4 depicts
a schematic representation of the fabrication process. Silicone rubber (Ecoflex®)00-30,
Smooth-On, Inc., U.S.A.) was mixed with hard magnetic micro-particles (NdFeB with
an average 5 um diameter and intrinsic coercivity of H,; = 9.65 kOe, MQFP-B+-, Mag-
nequench GmnH, Germany) in a 1:1 weight ratio. The mixture was mixed and degassed
in a high-vacuum mixer (ARV-310, THINKYMIXER, Japan) for 90 seconds at 1400 rpm
and 20.0 kPa [33]. The elastomer was subsequently injected into a 3D printed mold and
left to cure at room temperature (Fig. 5.4(a)). Once cured, the SCR was magnetized un-
der a magnetizing field of 5.0 T using an impulse magnetizer (IM-10-30, ASC Scientific,
U.S.A)).

Separately, the sensors were soldered onto 5 mm diameter circular printed circuit boards
(PCBs), and then fitted into a 3D printed holder (with an outer diameter of 5.5 mm). The
sensors used were chosen due to their dimensions, sensitivity and sensing range, allowing
their use in small embedded devices under high magnetic fields (IMU: LSM6DS3, STMi-
croelectronics, Switzerland. Accelerometer sensing range +16g, Sensitivity 0.488mg/LSBg;
Gyroscope sensing range £2000mdps, sensitivity 70mdps/LSB1g; Hall Effect: MLX90395,
Melexis, Belgium. Sensing range +50 mT; Sensitivity 2.5 uT/LSBig). This was then
placed at the distal end of a second 3D printed mold together with the SCR, and then
non-magnetic silicone elastomer was injected (Fig. 5.4(b)). The final SCR was 6 mm in

diameter, and 80 mm in length, with an axial magnetization.

5.3.2 Sensor Calibration

Once the SCR was fabricated, the sensors were calibrated. This calibration has the main
goal of finding the orientation of the ICs inside the SCR. The accelerometer was calibrated
by measuring gravity along the SCR inertial axes. The gyroscope was offset by measuring
its output for 10 min while stationary. The HE sensor was calibrated by placing the SCR
tip in the center of a Helmholtz coil (DXHC10-200, Dexing Magnet Tech. Co., Ltd,
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Figure 5.4: Schematic representation of the continuum robot fabrication with a sensorized
tip containing an IMU and HE sensor. (a) Silicone rubber with magnetic particles is
injected into a mould, (b) Sensors are held in place through a PCB holder which is
embedded in the overall SCR.

Xiamen, China) under known homogeneous magnetic fields. The sensors were interfaced

to a Raspberry Pi 4B through i%c protocol.

Given that the SCR is magnetic, its effect on the measurement of the external magnetic
field has to be considered. To this effect, the magnetic field measurements were offset by
measuring the internal magnetic field when the SCR is under no external actuation, which
was equal to 3.2 mT (see Figure 5.5(a)). The SCR was then actuated under a known
external magnetic field of 9 mT in a Helmholtz coil (DXHC10-200, Dexing Magnet Tech.
Co., Ltd, Xiamen, China) (see Figure 5.5(b)) where the internal magnetic field measured
was of 3.1 mT. Given these results, in this work, the internal magnetic field to the SCR

is considered constant.

5.3.3 Dual External Permanent Magnet Platform

The dEPM platform was used to test the localization technique [4]. This platform is
comprised of two KUKUA LBR iiwal4 robots (KUKA, Germany), each manipulating
one EPM (cylindrical permanent magnet with diameter and length of 101.6 mm and

axial magnetization of 970.1 Am? (Grade N52)) (see Figure 5.6). The platform is able to

157



5.3. Experimental Setup Chapter 5. Dynamic Localization
for Magnetically Actuated Robots

(a) (b)

Figure 5.5: Fabricated Soft Continuum Robot (a) unactuated, (b) under a 9 mT homo-
geneous magnetic field.

generate magnetic fields up to 50 mT and magnetic field gradients of up to 300 mT /m
at the center of the workspace. The SCR was placed in the center of the workspace with

its base fixed in place at the origin, and its tip free to move.

Figure 5.6: Experimental setup for the localization experiments. In orange is the optical
tracker used as benchmark. In red the PCBs with the embedded sensors.

Additionally, a 4-camera optical tracking system (OptiTrack, Prime 13, NaturalPoint,
Inc., USA, with submilimeter accuracy) was used for ground truth measurements. Mark-
ers were attached to the end-effectors of both robots, the workspace center and the SCR
tip. Robot Operating System (ROS) was used to operate the robotic arms and to read

data from sensors at 300 Hz.
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5.3.4 Extended Kalman Filter

Extended Kalman Filter (EKF) has been proved effective in localization techniques [32].
Here we describe the discrete-time dynamics of the position, followed by the prediction
and update steps of the EKF. For the sake of summary, we present the general form of

the EKF, which was applied to estimate the orientation and the position separately.

5.3.4.1 Orientation Discrete Dynamics

The discrete dynamics of the estimated orientation R can be described as

Rk+1 = Rkexp(wkx)exp((Kkik)X) (518&)

Zk = Zp — hR(ﬁEk, wk.) (518b)

with £ = 0, T, 27, ... and K} the Kalman gain defined below, exp(:) denotes the
exponential map of SO(3), z; the output from the IMU, and hg(:) the measurement
model proposed in eq. (5.16b).

5.3.4.2 Position Discrete Dynamics

The estimated position p discrete dynamics are described as follows

Piy1 = Pr + Kz (5.19a)

with z; the output from the HE sensor, and hy(-) the measurement model proposed in

equation (5.17).

5.3.4.3 EKF Prediction Step

The prediction step of the EKF consists of propagating the state covariance Py as

P, = kaqukT +Qn (5.20)
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where F}, denotes the state derivative of the system dynamics, GG;, the state derivative of

the measurement model, and (),, the input noise covariance matrix.

5.3.4.4 EKF Update Step

The update step computes the Kalman gain according to the following equations.

Sy = H.P.H} + N,

Ky = P.H!S;!
P, = P, — K;.S,. K}

with N,, the measurement noise covariance matrix.

5.3.5 Error Metrics

Each observer’s performance was assessed through the norm of the error. For the position

observer, the norm was computed as shown in eq. (5.21).

1Bl = llp — pll (5.21)

For the orientation observer, the error of the whole rotation matrix was computed through
eq. (5.22).
er = tr(I — R'R) (5.22)

Unlike position, orientation is a bounded entity with a maximum error, eg € [0,4].

Therefore, the orientation errors are expressed as a percentage.

5.4 Platform Calibration

In order to estimate the SCR’s pose within the workspace, the dEPM platform first

needs to be calibrated. Unlike single EPM platforms in which the localization algorithm
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finds the relative pose between the agent and the EPM, when two or more EPMs are
present, the localization is done with respect to a previously defined global reference
frame. Therefore, this calibration procedure aims at defining a global reference frame
and finding the relative transformation matrices of both robotic arms ("1, and WTj,).
This was previously done through an optical tracking system [4; 6; 22]. However, the
requirement of additional equipment and free line of sight between the cameras and
markers are not ideal in a clinical environment, and can severely limit the accuracy of

results.

In this work, we propose a viable alternative through magnetic localization. By fixing
a magnetic field sensor with reference frame & in the workspace, and taking its pose
as the new workspace origin & = W, this sensor can be localized with respect to each
robotic arm one at a time 21Ty, and B2Ty,. This sensor can be embedded in a device
which is not responsive to magnetic fields, or be embedded in a magnetically actuated
device and ensuring these calibration fields are low in intensity. From here on we describe
the methodology for a generic robotic arm, repeating the process for every robotic arm

present in the system.

5.4.1 Observer

For the calibration of the dEPM we consider only magnetic field measurements and
no IMU. This limits the required hardware for the calibration procedure. The goal is
to find the relative pose between the sensor and the base of the robotic arm 57y,. The
homogenous transformation between the robotic arm base and the EPM is assumed to be
known and read from the robotic arm encoders. Since only magnetic field measurements
are available, the calibration process focuses first on finding the position of the sensor,

followed by its orientation.

The position is first estimated by using the measurement model described in eq. (5.23). It

is composed of three separate measurements of the magnetic field norm for three different
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EPM positions.
IB1(p)]

Yp = | [Ba(p)] (5.23)

IBs(p)]|

Once the position is estimated, the orientation is subsequently estimated offline, using
the same set of measurements but using the magnetic field vector, since its position p is

now known.

Bl(p’ R)

B3 (p7 R)

This allows the estimation of the full 6-DOF pose of a static magnetic field sensor where

the EPM movements are not used for actuation and purely for localization.

5.4.2 EPM Path

z [m]
z [m]

y [m]

Figure 5.7: Simulated EPM paths (in black) and corresponding error norm for estimation
of the position across the workspace, for the calibration of the system. (a) Four circles
on plane y = —0.2; (b) Four circles across planes y = —0.2, x = 0 and z = 0; (c)
Spiral on plane y = —0.2; (d) Random path with boundaries —0.2 < z,z < 0.2 and
—0.25 <y < —0.2.

The path the EPM travels has a significant impact on the estimation error across the
workspace. Ideally, for the calibration of the system the path should cover as much of
the workspace as possible and generate significantly different measurements in order to
provide as much information as possible. However, such a path is difficult to achieve

in a short amount of time and space. For this reason, four different EPM paths were

simulated and the position across the workspace estimated. For all simulated paths, the
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EPM was constrained to stay in a single side of the workspace, and all paths had the
same number of points, taking between 200 and 300 seconds to complete, assuming a safe

EPM speed (30% of maximum speed of the robotic arm, 4 cm/s).

Fig. 5.7 shows the results obtained for the position estimation across the workspace for
each path tested. The paths tested were: four planar circles (Fig. 5.7(a)), four circles
in different planes (Fig. 5.7(b)), spiral planar motion (Fig. 5.7(c)), and a random planar
path (Fig. 5.7(d)). As we can see for all cases, the majority of the workspace is estimated
with errors lower than 5 mm. The random movement (Fig. 5.7(d)), despite having the
highest level of variety of movement, leads to several points of high error, especially
closer to the EPM. The spiral movement (Fig. 5.7(c)), overall, was the movement with
the lowest number of points with higher error, and these were concentrated on one of the

corners of the workspace. For this reason, this was the path chosen for testing.

5.4.3 Experimental Setup

For the calibration procedure a 3D printed plate with the HE sensor in multiple config-
urations was placed in the center of the workspace (Fig. 5.8). Optical tracker markers

were attached to both the plate and the sensor for ground truth measurements.

Figure 5.8: Experimental setup for the calibration of the platform. The optical tracker
used as benchmark is outlined in orange, and the HE sensor in pink.
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5.4.4 Results

The EKF parameters for the position estimation were Ppg = diag(101), @ pr = diag(0.11)
and Rp = diag(0.17), with I € R3*?® the identity matrix. The EKF parameters for the
orientation were Pry = diag(1/), Qrr = diag(10/) and Rr = diag(0.0017). The position
estimate was initialized at the workspace center, and the orientation as the identity
matrix. The EPM was moved along a spiral path covering a wide area of the workspace
taking 250 seconds. Seven different poses within the workspace were tested (Fig. 5.9(a)).

The results for the calibration step are shown in Fig. 5.9(b).

The average error in position norm was 5.3 = 1.8 mm, with 2.4 + 1.4 mm along the z
axis, 2.9 £ 1.7 mm along y, and 2.8 £ 1.4 mm along z. The final orientation percentage

error was 0.14%, with 1.5 +1.3° in z, 1.9 + 1.4° in y, and 3.5 £ 3.7° in z.

5.5 Pose estimation

Once the platform has been calibrated and the poses of the two robotic arms in the global
reference frame are known, the SCR can be actuated and localized. The EKF parameters
for the estimation of both the orientation and position as described in Section 5.3.4 can
be found in Table 5.1. Additionally, as stated earlier the orientation observer needs to
be initialized with an accurate estimate Ry. In this work, this was founding using the
benchmark data. In a clinical realistic environment, this could be found using static
localization methods [22]. The position observer was initialized at the center of the

workspace.

Table 5.1: EKF parameters for real-time orientation and position estimation.

Orientation Position
Initial State Ry 0, 0, 0]
State Py diag(10=°1) diag(107°1)
Input Qy diag(5721) diag(107°1)
Measurement Ny | diag(271, 3.47°1) | diag(5*I)
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Figure 5.9: Results for calibration procedure. (a) Workspace containing the eight tested
points together with the spiral path travelled by the EPM. (b) Error norm in position
and orientation for each point vs the EPM path.

5.5.1 Singularity Conditions

As shown in Section 5.2.3, certain configurations of the two EPMs generate singularity
regions in which the estimation of the position becomes challenging. As such, alternative
EPM configurations which produce the same SCR deflection and tip position need to be
found in order not to lose functionality of the SCR while simultaneously avoiding singu-
larity conditions. Given the high non-linearity of the magnetic fields generated by two
EPMs, and the flexibility of the dEPM platform, these alternative EPM configurations

can be easily achieved.

Figs. 5.10, 5.11, 5.12, and 5.13 show the singularity EPM configuration and the alternative

EPM configuration ((a) in green and brown respectively) which produce the same SCR
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Figure 5.10: Movement along the positive X axis. (a) Shows the two EPM configurations;
(b) The position of the continuum robot for the two EPM configurations; (c¢) Orientation
and Position error for the two EPM configurations.
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Figure 5.11: Movement along the negative X axis. (a) Shows the two EPM configurations;
(b) The position of the continuum robot for the two EPM configurations; (c¢) Orientation
and Position error for the two EPM configurations.

tip deflection ((b), black dot denoting starting SCR tip position), and the localization
results for both cases ((c)) (see Suplementary Video 1). The system was initialized
(at t = 0) with the EPMs away from the workspace, and therefore in the absence of
any magnetic field measurements, and the EPMs were moved into their final positions
(shown in (a)). We can see, that for the singularity conditions, the observer executed
very poorly, not converging to the correct solution, with an average error in position norm
of 53.1 + 20.3 mm. Conversely, the alternative EPM configurations that produced the
same SCR deflection yielded much better results, with an average error of 4.5 + 1.8 mm,

converging to the right position in under 10 seconds.
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Figure 5.12: Movement along the positive Y axis. (a) Shows the two EPM configurations;
(b) The position of the continuum robot for the two EPM configurations; (c¢) Orientation
and Position error for the two EPM configurations.
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Figure 5.13: Movement along the negative Y axis. (a) Shows the two EPM configurations;
(b) The position of the continuum robot for the two EPM configurations; (c¢) Orientation
and Position error for the two EPM configurations.

Since the orientation estimation does not depend on the magnetic field measurements,

the errors in orientation were similar across all cases, with an average percentage error of

0.63%, with 1.0 & 0.7° for x, 0.6 & 0.5° for y, and 5.2 £ 0.2° for z.

5.5.2 Random Continuous Movement

To analyse the stability of the localization against gyroscope drift and possible momen-
tary singularity regions, the EPMs were moved along random paths while the SCR was
actuated freely for a total length of 10.5 min. Fig. 5.14 depicts the full 6-DOF pose esti-

mation results for random movements of the EPMs over the whole time period, together
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with the error over time for both the orientation and position. Additionally, an expanded
view of the estimated state for the first and last minute can be found in Fig. 5.15. The

full time length estimation can be seen in the Supplementary Video 2.

As we can see in Fig. 5.14(b) the observer maintained orientation errors under 1% during
the first half of the running time. However, this error increased towards the end, mainly
due to inaccurate rotation around gravity (Fig. 5.15(b)). This is expected since there
is only a single inertial measurement present in the system, leaving the rotation around
gravity to be estimated solely on the biased gyroscope output. This bias, when integrated
over time, makes the estimate drift. In this work, this bias was considered constant, and
that assumption was enough to maintain an accurate orientation estimate for the first
5 min, with average errors of 0.21%, the equivalent of 2.5 £ 1.6° around z, 1.5 & 1.2°
around y, and 2.8 +2.2° around 2. However, by the end of the running time, 10 min and
30 seconds, the error of orientation around gravity was of 26.4° increasing the error in

the orientation estimation up to 5.2%.

When looking at the position estimation, we can see that the observer converged to the
right state within the first 15 seconds, with an average error of 3.5 + 2.7 mm in norm
after convergence during the first 5 min, and of 4.1 £ 3.8 mm for the full time-scale.
Additionally, the error spike at the end of the time period is due to the removal of
magnetic field when the EPMs are moved away from the workspace. Since the EPMs
are travelling along random paths, there are moments of magnetic singularity affecting
the estimate of the position. However, we can see that the observer is able to quickly re-
converge to the right state. Furthermore, the position errors for the first 5 min are around
58% lower when compared to our previous work [22]. This is due to the fact that the
orientation is estimated independently of the position and magnetic field measurements.
In our previous work, both the position and orientation estimates are affected by magnetic

singularity regions.
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Figure 5.14: Results for the 6-DOF localization for when the EPMs are travelling along
random paths. Full lines denote the estimated state against the ground truth data (dashed
lines). The estimated rotational angles (a) and the error in the estimation of the rotation
matrix (b). The estimated positional values (c¢), and its corresponding error norm (d).
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Figure 5.15: Expanded view of the estimated state against ground truth data for the first
((a) and (c)), and last ((b) and (d)) minute.
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5.5.3 Maximum Error in Initial State Estimate

A known disadvantage of an EKF is the negative impact the initial estimate of the state
may have on the observer’s convergence. As expressed in Table 5.1, the initial positional
state was defined as the workspace origin, translating into an initial error of 4.9 cm. To
evaluate the maximum initial error the observer can withstand and still converge, the

localization algorithm was tested against a range of initial state errors.

Figure 5.16 plots the state error at 30 seconds for initial state errors of up to 40 cm. As
it can be seen, the observer converges in less than 30 seconds for errors of up to 35 cm.
When the error was of 40 cm the observer failed to converge. Given that in this work
we assume a cubic workspace of size length of 20 cm, it is expected that the EKF will

converge as long as the initial state is inside the workspace.

0.6¢
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=04}
=2t
—0—0—0—90 000 —
0 0.1 02 03 0.4

Initial State Error [m]

Figure 5.16: Expanded view of the estimated state against ground truth data for the first
((a) and (c)), and last ((b) and (d)) minute.

5.6 Conclusions

In the present work, we introduced a novel approach for the localization of magnetically
actuated robots under two EPMs by means of an IMU and magnetic field sensor. We
discuss how the relative pose between two EPMs affects the observability of the system
and show that alternative EPM configurations ensure localization accuracy without loss
of manipulability. Although we have shown the case for two EPMs, the method is easily

applicable to additional EPMs, as long as the singularity conditions are studied and
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defined.

To ensure accurate localization estimates, the platform needs to be calibrated, i.e. the
relative pose between the EPMs must be known. In this work, we proposed a calibration
method that relies on a single triaxial magnetic field sensor and sees the EPM travel an

optimized path to ensure the whole workspace of 20 x 20 x 20 cm? is accurately calibrated.

We tested our localization technique on a SCR and showed that we are able to accurately
track the SCR tip across the workspace in real-time. Overall, the localization achieved
errors of 3.5 mm in position norm and 0.21% in orientation, with an error of 2.8° for
rotation around gravity during the first five minutes of running. These are comparable
to previous magnetic localization works. Additionally, the refresh rate of the proposed
algorithm was 280 Hz, thus enabling closed-loop control strategies. In this work the
orientation is estimated independently from the position. This was achieved by using ac-
celerometer and gyroscope measurements and applying a common observer in the special
orthogonal group. This has the advantage of the orientation estimate being unaffected
by the movements of the EPMs maintaining an accurate estimate even during possible
singularity regions. However, it requires accurate initialization and it drifts over time due
to the gyroscope bias. Since the estimation of the position relies on the orientation being
known, orientation errors will eventually affect the estimation of the position. A solution
is to initialize and reset the orientation estimate every few minutes by applying a static

localization method [22].

Future work will see the inclusion of the SCR model to predict its actuation given the
EPMs poses. This, alongside the gyroscope and accelerometer measurements, is expected
to produce a drift-free orientation estimate. Additionally, EPM path-planning to avoid
singularity conditions while maintaining accurate SCR actuation will be implemented

which will further improve the localisation results.
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Given this highly intricate panorama, a literature review on this topic was of high ne-
cessity in order to analyse and compare the recent developments in the area, but also
to highlight these active areas of research that are fundamental for the full realisation
of these devices. Chapter 2 does just that. Published in 2020, this chapter provides a
thorough literature review on the topic of medical continuum robots, by offering a critical
analysis of different actuation modes (magnetic, pneumatic and mechanical) against the
development of fabrication, modelling, control, and sensing strategies. By identifying the
current gaps in the literature, this chapter paves the way for the research work done and

presented in the subsequent chapters.

With the ultimate goal in mind of a fully autonomous magnetic soft continuum robot,
the first fundamental lack of knowledge I found pertained to the robot’s behaviour itself,
i.e. the properties of the materials used in these devices were not known. This is crucial
for reliable and accurate actuation as it will dictate how strong of a magnetic field should
be generated in order to deflect and move the robot. With this goal in mind, Chapter 3,
published in 2021, sets out a characterisation methodology for these materials, both from
a mechanical and magnetic perspective, providing a modelling and simulation solution for
magnetically actuated soft robots. This allowed me to understand what concentrations of

magnetic particles are feasible and useful for different soft elastomers, while at the same
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time, understanding what strength of magnetic fields are necessary to achieve meaningful

deflection and actuation.

Now that the behaviour of the continuum robot under an external magnetic field is well
defined, the focus can be shifted towards actuation and pose tracking. To this end, a
significant amount of work on the development of a magnetic actuation platform for soft
continuum robots was first carried out [1; 2; 3]. While these works are not extensively
described in the body of this thesis, they provide the foundation of the development of
the dual External Permanent Magnet platform (dEPM) upon which the pose tracking
work was built. To track the tip pose of a SCR, multiple solutions could be considered,
such as imaging techniques or electromagnetic tracking. However, these tend to either
be harmful for the patient, or not work reliably enough with magnetically actuated soft
continuum robots. The use of the magnetic actuation systems for simultaneous actuation
and localisation has, therefore, grown as it provides a cheap and safe way to track in
real-time the pose of a device within the actuation workspace. In fact, the embodiment
of magnetic field sensors together with an inertial measurement unit (IMU) has been
in place for capsule robots for a few years, while it is now starting to make its way to

continuum robots.

One of the main hurdles of estimating the full position and orientation by means of a
magnetic field sensor together with an IMU is the absence of the Earth’s magnetic field
measurement. In other applications, the Earth’s magnetic field is used as an inertial mea-
surement. However, in magnetic actuation platforms, the magnetic field measurements
are not constant and they overpower the Earth’s magnetic field, effectively eliminating
that inertial measurement for orientation reference. A possible work-around to this is
the integration of gyroscope measurements over time. However, this is prone to drift as
it compounds the measurement noise, quickly leading to wrong estimates. In Chapter 4
I address this issue by making use of multiple measurements of the magnetic field for
different poses of the external permanent magnets. While this allowed the full 6-DOF
estimation of the pose of the SCR it can only be used in static or slow-moving SCR as

it assumes that the SCR has remained static across the multiple magnetic field measure-
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ments. Additionally, in this work I also explored the relationship between multiple EPMs
and the effectiveness of magnetic localisation, and I concluded that any additional EPMs
beyond two has little to no effect in the accuracy of the localisation estimation. This
chapter, then, answers the questions "How can I estimate the full 6-DOF pose?" and

"How many EPMs are needed to do so effectively?".

With these questions answered, and with the SCR and its materials properties and be-
haviour described in Chapter 3 I was, then, in a position where I could develop a pose
estimation algorithm for SCRs actuated under multiple EPMs, which is presented in
Chapter 5, however in order to get a few additional details are needed in terms of singu-

larity regions, localisation algorithm, and limitations in miniaturisation.

One of the main differences when it comes to magnetic localisation with 1 vs multiple
EPMs is the fact that the singularity regions of the magnetic field are not constant.
Whereas a single EPM has well defined singularity regions, the relative pose between
multiple EPMs affects the resulting magnetic field leading to relative singularity regions
where localisation is not possible. In Chapter 5 I started by exploring this concept and
defining singularity regions which should be avoided during actuation in order to maintain

observability and accurate pose estimations.

Another key element in magnetic localisation is the algorithm used. Several methods
have been shown as previously discussed, from offline maps to particle filters. In this
work, I explored the use of Extended Kalman Filters (EKF) as these are widely used in
other state estimatino problems and have the advantage of being less computationally
expensive when compared to particle filters leading to higher refresh rates. However,
unlike particle filter, they require an initial estimate which could impact the performance
of the observer. Additionally, it also requires the definition of several parameters such as
state and measurement covariance matrices which also impact the the observer perfor-
mance. In Chapter 5, [ showed how an EKF can indeed be used in magnetic localisation
algorithms, being comparable in localisation accuracy to results previously obtained with

a particle filter [4] for a single EPM, with the advantage of higher refresh rates (280 Hz
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vs 100 Hz).

Lastly, two final consideration need to be made regarding fabrication and scalability.
With the goal of reaching deeper inside the human body in a minimally invasive way,
these SCR should be able to be scaled down as small as possible. However, the inclusion
of magnetic field and inertial sensors limits the minimum possible size. Current chips
allow a minimum diameter of 6 mm which is compatible with several minimally invasive
procedures, such as gastroscopy for example. However, advances in sensor chip design and
manufacture will futher reduce footprints size while maintaining the required sensitivity
and accuracy for this application. Additionally, research in soft stretchable sensors will
possibly allow the direct fabrication of SCR utilising sensorised materials, bypassing the
need of hard chips. Another aspect to consider is the fact that the SCR is magnetic itself,
thus generating an internal magnetic field. This means that the embedded magnetic field
sensor will measure this internal field in addition to the external fields for actuation. In
Chapter 6 I evaluated this effect for the current design and saw that this internal field was
constant across deflections. However, for more intricate SCR design, or for more sensitive
sensors, a more robust model on how the current SCR deflection affects the readings of

this internal magnetic field will be needed to further reduce localisation errors.

To summarise the discussion, I started by looking into the literature and identifying the
gaps and active areas of research in magnetically actuated soft continuum robots. In
doing so, I realised that there was a lack of knowledge on the magnetic materials - which
was hindering their simulation and actuation accuracy - and that magnetic localisation
methods had stalled and were not keeping up with newer magnetic actuation platforms.
Given this, I started by carrying out a material characterisation which provided me with
information on how to fabrication such devices and what kind of magnetic fields/concen-
trations are needed in order to generate meaningful deflections and actuation. Knowing
this, I started looking into localisation methods based on multiple EPMs. I looked into
how multiple EPMs affect the localisation accuracy, and developed a localisation algo-
rithm based on EKF which achieved compare localisation accuracy to single EPM systems

but with 2.8 times higher refresh rates.
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Conclusions

In the present thesis, the main goal was to develop a magnetically actuated SCR com-
patible with closed-loop control for minimally invasive surgery. To this end, material
design, fabrication, and pose estimation algorithms were developed and implemented. As
surgical robots move towards soft, flexible, and continuum designs, several challenges in
their development and adoption still need to be address to make them a fully realised

reality.

Difficulties in modelling and simulating such soft magnetically actuated structures are well
documented. In an attempt to ease their implementation and validation, and to further
reduce errors between simulation and reality, a material characterisation of commonly
employed magnetic elastomers was introduced and described in Chapter 3. This was done
at a time when information on these materials was lacking, leading to the use of theoretical
material parameters - or even those of their non-magnetic counterparts - in modelling
and simulation. The characterisation consisted first on tensile testing and evaluating the
materials’ stress-strain curves. These were fitted to a series of hyperelastic models, and
it was observed that higher-order models, such as Ogden with 3 terms and Polynomial
with 5 terms, exhibited the best results with the lowest fitting errors. Additionally,
with increasing magnetic content, there was a reduction in the hyperelastic behaviour

of the materials. The materials were also characterised in magnetic terms. For this, a
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platform based on a load cell for the estimation of the material’s magnetic remanence was
developed. Lastly, to evaluate the effect the material parameters have on the simulation
and modelling of magnetically actuated SCR, two different types of SCR were fabricated
and actuated under uniform magnetic fields. The use of the material parameters led to a
reduction of 37% when compared to using theoretical parameters. This vastly highlights
the need for better material characterisation, especially when dealing with new and novel

types of soft elastomers, in order to ensure accurate modelling and simulations.

With material and fabrication of magnetically actuated SCR completed, localisation of
such devices was the next big challenge to tackle. This is a fundamental aspect as it
allows for closed-loop control, autonomous navigation, and delivery of functionality. As
such, significant progress has been made on the topic. However, new actuation platforms
to address the actuation challenge of SCR have been emerging based on multiple mag-
netic field sources, such as multiple external permanent magnets (EPMs) [1| or multiple
electromagnets [2|. This has made a lot of the previous localisation work not applicable to
SCR as these works have largely been based on a single EPM. Therefore, new localisation
strategies which take into account the additional magnetic field sources in the workspace

are needed to fully localise a SCR under actuation.

In Chapter 4, the concept of localisation with respect to multiple EPMs is first intro-
duced. This localisation takes inspiration from previous works in using the output from
an accelerometer and magnetic field sensor as measurements. The main goal was to be
able to estimate the full 6-DOF pose of a SCR without any prior pose information. In a
realistic clinical scenario, prior pose information is not readily available, especially when
the SCR is inside the patient’s body. This is a challenging task. Traditional methods
rely on the Earth’s magnetic field for attitude estimation, however, such measurement is
not available in magnetic actuation systems. This problem was solved by taking multi-
ple measurements of the magnetic field for different configurations of the EPMs. It was
showed that with at least two magnetic field measurements plus gravity, the estimation
of the full 6-DOF pose is possible. Additionally, the effect that multiple EPMs have on

the stability of the localisation method was analysed. It was shown that when multi-
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ple EPMs are present in the workspace, the localisation method converges faster when
compared to a single EPM. However, beyond two EPMs no difference was seen. This
indicates that two EPMs are enough, from a localisation perspective, to generate highly
non-linear magnetic fields and field gradients to ensure accurate localisation. When only
one EPM is present, the magnetic field generated is symmetric about the EPMs axis,
taking longer to converge. Due to the need of multiple magnetic field measurements for
different EPM configurations for each iteration of the localisation observer, the estimation
update rate is slower than desirable, being incompatible with fast moving SCR. However,
this localisation method is able to fully localise quasi-static devices without any prior pose

information. The estimated state can then be passed on a faster localisation method.

Chapter 5 sees the development of a second localisation technique which is capable of
running in real-time, being compatible with fast moving robots and closed loop control.
A SCR was fabricated following the techniques and findings described in Chapter 3 and
by incorporating an accelerometer, gyroscope, and magnetic field sensor. In order to be
compatible with real-time and fast actuation, this method only takes a single measure-
ment of the magnetic field and therefore requires the accurate initialisation of the rotation
around gravity. This can be easily achieved with the localisation method introduced in
Chapter 4. Additionally, this Chapter sees the definition of the singularity regions for
when two EPMs are present in the workspace. Single EPM platforms have constant and
well-defined singularity regions. However, when multiple EPMs are present, these regions
change depending on the EPMs relative pose. It was shown that localisation within those
singularity regions is challenging, but that alternative EPM configurations which produce
the same SCR deflection are possible to localise in. This shows that EPM paths should be
optimised for actuation and localisation together in order to ensure accurate localisation

throughout the surgical procedure.

Future Work

The work presented in this thesis mainly aims at providing a technical innovation to chal-

lenges in the development of soft continuum magnetic robots. By developing material
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characterision methodologies, and localisation techniques intended for SCR under multi-
ple EPM control, this thesis allows the further development of these devices to provide

better and safer surgical procedures in a minimally invasive way.

Future work will see the development of closed-loop control strategies based on the local-
isation developed. This together with EPM path planning and optimisation for avoiding
the singularity conditions defined will allow for autonomous navigation and deployment

of the next generation of SCR.

Given the continuous nature of continuum robots, full shape sensing and localisation is
the final goal. The use of fibre Bragg grating sensors for shape sensing is a solution. How-
ever, this technology does not provide localisation information, and can be prohibitively
expensive. The sensing strategy developed can be deployed along the full length of the
SCR to allow full shape sensing and localisation. This can be integrated with a SCR
model based on the material parameters defined to further increase actuation and control
accuracy. Additionally, as MEMS technology evolves and new and smaller ICs become
available, the sensing strategy developed can be further reduced and miniaturised. In-
deed, sensors with different footprint, sensitivity, and sensing range can be used when
clear application and requirements are known - such as maximum magnetic field applied
and SCR diameter. As research in the development of soft sensors gains momentum, the
direct use of sensorised materials in the fabrication of SCR will allow seamless localisation

and shape sensing.

Lastly, localisation of such devices will enable delivery of functionality. SCR can the be a
vessel for virtually any kind of functionality as long as there is a clinical need. Reaching
deeper inside the anatomy in a minimally invasive way for better diagnostic or treatment
procedures has long been a motivation of SCR. The embedding of an ultrasound probe at
the SCR tip would allow the autonomous navigation of such probe. This could be used
for ultrasound diagnostics, and or photo-accoustic imaging with a second SCR containing

a laser ablation fibre.
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