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Abstract

Early detection of gastrointestinal (GI) cancers significantly improves survival outcomes;
however, current diagnostic pathways are limited by manual procedures that are time-
consuming, uncomfortable, and resource-intensive. In many health systems, especially
those constrained by staff shortages or infrastructure, routine endoscopic screening re-
mains inaccessible or inefficient. Colonoscopy, the gold standard for detecting colorectal
cancer, is associated with discomfort, sedation requirements, and steep operator learning
curves. The global push toward automation and patient-centric technologies has fueled
interest in robotic solutions that can enhance the reach, dexterity, and diagnostic capa-

bility of endoscopic tools.

This thesis is motivated by the clinical imperative to make GI cancer detection faster,
safer, and more scalable using intelligent magnetically actuated robotic platforms. Chap-
ter 2 introduces an oloid-shaped, magnetically actuated endoscope that restores rotational
dexterity and achieves stable contact with the GI wall during 74% of rolling motion in
vivo. Building on this, Chapter 3 integrates closed-loop magnetic control and high-
resolution micro-ultrasound imaging, enabling autonomous three-dimensional subsurface
lesion detection and mapping, validated in benchtop and porcine in vivo models. Chapter
4 presents a tip-growing, magnetically steered "vine robot" endoscope with a minimum
bending radius of 3.85 cm and stable, shear-free navigation, along with promising initial

results for magnetic retraction to support deeper GI tract navigation.

My work is situated at the intersection of magnetic actuation, soft robotics, and minimally

invasive diagnostic techniques.
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Chapter 1

Introduction

Diseases of the Gastrointestinal (GI) tract are a growing global challenge in healthcare,
with GI cancers, most notably Colorectal Cancer (CRC), being among the leading causes
of cancer-related mortality worldwide [1]. Early detection of CRC is particularly impor-
tant because the disease progresses slowly from identifiable precancerous lesions, offering
a critical window for intervention [2]. In high-income countries, where the incidence of
CRC is highest, this understanding has led to the widespread adoption of national screen-
ing programs. The development of these programs over the past few decades has been
strongly associated with significant reductions in CRC incidence and mortality [1], [3].
At their core is the flexible endoscope, the clinical gold standard that allows direct visu-
alization of the entire colon, the ability to take tissue biopsies and the removal of lesions

with high efficacy [2]-[4].

1.1 Standard Flexible Endoscopy

Despite its significant clinical benefits, standard flexible endoscopy has inherent limita-
tions that hinder both its performance and global adoption [2]. These limitations are
especially problematic in regions where CRC screening programs have not been imple-
mented. Although such regions often report lower CRC incidence, their mortality rates

remain comparable to those in high-incidence countries, reflecting late-stage detection
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and limited access to early diagnostic tools. As socioeconomic development drives a shift
toward more Westernized lifestyles, incidence rates in these areas are rising [1], highlight-
ing the growing need for scalable screening. Moreover, even in well-resourced settings, the
clinical effectiveness of flexible endoscopy is compromised by incomplete procedures and
high adenoma miss rates, particularly in anatomically challenging patients such as women
and individuals with tortuous colons [5], [6]. These limitations underscore the need for
alternative or improved screening technologies that are both effective and broadly de-

ployable.

Originally developed in the 1960s, the flexible endoscope is a manually operated device
with cable-driven steering, a camera, and illumination for real-time visualization, and a
working channel capable of performing diagnostic and therapeutic interventions within
a single procedure [7]. Advancement of the scope is achieved by pushing it from the
proximal end, which stretches the colon wall to navigate the tortuous bends of the colon
[8]. This can lead to the formation of loops, where the scope coils within the colon
and stretches the mesentery, resulting in significant patient discomfort, a small risk of

perforation, and necessitating sedation in many cases |9].

Manipulating the scope involves simultaneously pushing and twisting the shaft while
adjusting multiple dials on the scope’s handle to deflect the tip, requiring repetitive,
forceful, and sustained hand movements while maintaining awkward wrist postures [10].
This combination of physical demands leads to significant ergonomic strain and a notable
prevalence of musculoskeletal injuries among endoscopists [11]. Female endoscopists are
disproportionately affected by suboptimal instrument designs that do not accommodate
smaller hand sizes and grip strengths [12|. In addition, manipulating standard flexible
endoscopes requires significant technical skill, with a steep learning curve and prolonged
training periods [13], [14]—contributing to reduced global capacity at a time when de-

mand for colonoscopy screening continues to rise [15].

Beyond the challenges of manipulation, the mechanical complexity and reusability of flex-

ible endoscopes demand extensive cleaning and reprocessing workflows [16], [17]. These
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processes significantly increase costs and pose a persistent risk of cross-contamination,
even in high-resource settings [17], [18]. In lower-resource regions, where the initial in-
vestment in endoscopy suites and sterile reprocessing infrastructure is often prohibitive,

these requirements present a major barrier to adoption [1], [16].

1.2 Capsule Endoscopy

Capsule endoscopy emerged in the early 2000s as a gentler, patient-friendly alternative
to traditional endoscopic procedures [19]. Initially developed for the small bowel, an
area notoriously difficult to access with conventional scopes, these swallowable devices
enabled passive visualization of the GI tract. However, their diagnostic yield is limited
by the inability to steer and control their movement [20]|. In response, actively controlled
capsules, including those guided by external magnetic fields |21], have recently been
introduced to the market (NaviCam). These systems offer directional control, improving
image acquisition and lesion detection, but still lack the capacity to perform therapeutic

interventions, such as biopsies or polyp removal.

1.3 Robotic Endoscopy

To address the challenges in navigation and reduce training bottlenecks, various tethered
robotic endoscope systems have been developed [22]. These include inchworm-inspired
soft pneumatic robots 23], [24], pressure-driven propulsion devices [25], and magnetically
actuated endoscopes [26]-[29]. These platforms aim to reduce the operator’s cognitive
and physical load by replacing complex manual maneuvers with intuitive joystick controls
or autonomous navigation [30], [31]. With the integration of Al-based diagnostic aids,
such as Medtronic’s “GI Genius” lesion detection system and the development of colon
reconstruction [32], robotic endoscopes are poised to enable parallelized workflows, allow-
ing a single clinician to supervise multiple procedures [8]. Nevertheless, the only robotic
platform currently adopted in clinical practice, the Endotics system, still falls short of

matching the speed and effectiveness of standard colonoscopy.
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1.4 Magnetic Flexible Endoscopy

Magnetically manipulated, soft-tethered endoscopes combine the therapeutic capabilities
of standard flexible endoscopes scopes with the advantages of "pull" locomotion and pro-
gressively more advanced autonomy, further bridging the gap between traditional and
robotic endoscopy [30], [31]. Magnetically manipulated platforms have demonstrated
comparable traversal times, reduced discomfort and pain, and improved ease of use [30],
[33], but have yet to demonstrate diagnostic abilities beyond those of traditional endo-

scopes.

1.5 Contributions

One frontier in GI diagnostics is the concept of virtual biopsy, which is a real-time,
non-invasive tissue characterization using advanced imaging technologies such as micro-
ultrasound (microUS) or Optical Coherence Tomography (OCT). These modalities offer
the possibility of in situ histological assessment, eliminating the need for biopsies and
subsequent laboratory processing time and costs [34]. However, its clinical integration has
been limited. Current implementations rely on rigid or single-element probes [35] that are
difficult to control and require highly skilled manipulation. Previous work on embedding
microUS into magnetic endoscopes [26] demonstrated the promise of such integration but
also exposed a core limitation of magnetic control: the inability to apply torque around
a magnet’s magnetization axis. This restriction hinders rotational scanning, making full

3D imaging, which is crucial for virtual biopsies, difficult to achieve.

Another critical challenge with magnetically manipulated endoscopes is that the propul-
sion performance declines in highly tortuous anatomies owing to increased tether drag,
which combats the magnetic advancement force. One workaround has been to increase
the size of the embedded magnets; however, this introduces trade-offs in terms of safety,
cost, and spatial constraints. Addressing this issue would not only improve completion

rates but could also extend the reach of these systems into the small bowel, an area still
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underserved by current technologies.

This thesis seeks to expand the dexterity, diagnostic ability, and depth of navigation
of magnetically actuated endoscopes (see Figure 1.1. It explores the integration of mi-
croUS arrays capable of performing 3D scans and introduces a novel solution, bioinspired
vine-like tip-growing technology, to mitigate the effects of tether drag. Together, these
advances aim to build a more robust, steerable, and diagnostically capable platform,
pushing us closer to a future in which robotic endoscopy is not only more accessible but

also more precise, scalable, and intelligent.

IMPROVING ROBOTIC ENDOSCOPY FOR

EARLY GASTROINTESTINAL CANCER DETECTION

WHY EARLY DETECTION IS CRUCIAL ROBOTIC (MAGNETIC) VS STANDARD FLEXIBLE ENDOSCOPY

e 2ND DEADLIEST « MORE COMFORTABLE:
CANCER PULL VS PUSH-BASED
o CASES INCREASING MOTION
WORLDWIDE

« MORE ERGONOMIC:
JOYSTICK CONTROL VS

e SLOW DISEASE MANUAL TORQUING
PROGRESSION
o SURVIVABLE IF o EASIER TO USE:
DETECTED EARLY MULTIPLE LEVELS OF
AUTONOMY VS
COMPLEX MOTION
How This Thesis Expands the Frontier
71 ROLL RECOVERY 2 AUTONOMOUS 3D ULTRASOUND 3 TIP-GROWING NAVIGATION
s N\ [ \ )
Introduces stable, passive rolling using the Enables real-time, in situ subsurface Eliminates tether drag via soft, everting
oloid shape in magnetically actuated imaging for early cancer detection growth, allowing safe access to deep
devices, improving maneuverability and through autonomous scanning and regions of the Gl tract.
contact with tissue surfaces. lesion visualization.

Figure 1.1: Graphical Abstract: This thesis addresses critical limitations in colorec-
tal cancer screening by advancing the design of magnetically actuated endoscopes. It
introduces: (1) oloid-inspired geometry for enhanced rolling and maneuverability, (2)
integrated micro-ultrasound with closed-loop control for real-time, in situ tissue char-
acterization, and (3) tip-growing soft robotic mechanisms to overcome tether drag and
improve navigation in tortuous anatomies. Created in https://BioRender.com
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1.6 Clinical Impact and Translational Outlook

The work presented in this thesis addresses critical bottlenecks in CRC screening and
gastrointestinal diagnostics, with implications for cost reduction, improved access, and

increased patient adherence to screening protocols.

The integration of oloid-based rotational control and autonomous subsurface scanning
introduces the possibility of virtual biopsy, which could drastically reduce reliance on
physical tissue extraction and histopathology. This can cut per-procedure diagnostic
costs by eliminating consumables (e.g., biopsy forceps, pathology lab processing) and
shortening diagnostic timeframes. Additionally, automated image acquisition and lesion
detection support task-shifting to less experienced operators, reducing the dependence
on highly trained specialists and thus lowering operational costs in resource-constrained

environments.

The tip-growing magnetic endoscope tackles one of the most pressing limitations of con-
ventional and magnetic endoscopy—tether drag in tortuous anatomies—by introducing a
shear-free propulsion mechanism that allows deeper navigation with minimal force. This
could increase completion rates in anatomically challenging patients, reducing the need

for repeated procedures and associated costs.

From an accessibility and equity standpoint, these innovations are especially impact-
ful. The simplified joystick-based or semi-autonomous control interfaces dramatically
reduce the training burden compared to conventional colonoscopy, which typically re-
quires 200-300 supervised procedures to achieve competence. Robotic and magnetically
actuated systems could enable competency with much fewer procedures, thereby expand-
ing the pool of eligible operators, especially in regions facing gastroenterologist shortages.
In terms of adherence, minimizing pain, sedation, and procedural complexity can lead to

significantly higher screening uptake.
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1.7 Thesis Structure

This thesis presents a series of design innovations detailed in Chapters 2 to 4, which
contain material from peer-reviewed journal and conference publications where the author
is either the first or joint-first (*) author. These chapters represent the core contributions
of this thesis, which aims to advance the design of magnetic endoscopes for the early
detection of GI cancers. Chapter 5 concludes the thesis with a discussion of the key
findings and future work directions. Chapters 2 to 4 each address one or more of the

challenges outlined in Chapter 1, as follows:

e Chapter 2: This chapter addresses the limited dexterity of magnetically actuated
endoscopic systems by introducing a method to recover rotational control around
the longitudinal axis. Developable roller geometry is explored, specifically the oloid
shape. A soft-tethered magnetic endoscope incorporating an oloid shape was pro-
posed. The oloid enables passive rolling and consistent contact with the surface.
The device, built with clinically relevant dimensions and integrated with contact
sensors, was evaluated in a porcine non-survival model. The results show that sta-
ble contact with the GI wall during over 100° of rolling was maintained for 74% of
the motion. This design enhances magnetic maneuverability and lays the founda-
tion for the future integration of contact-based subsurface sensing within minimally

invasive gastrointestinal procedures.

N.J. Greenidge, C. Marzi, B. Calmé, J. W. Martin, B. Scaglioni, F. Mathis-
Ullrich, Pietro Valdastri, "Designing a Magnetic Endoscope for In Vivo Contact-
Based Tissue Scanning Using Developable Roller", 2025 IEEE/RSJ International

Conference on Intelligent Robots and Systems (IROS), Hangzhou, China, 2025.

e Chapter 3: This chapter extends the work presented in Chapter 2 by developing
a closed-loop control strategy for the magnetic manipulation of an oloid-shaped
endoscope. A control model was proposed and evaluated on various benchtop sur-

faces. A 28 MHz microUS array was integrated into the device to enable real-time

7
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subsurface imaging. A contact detection and autonomous scanning algorithm was
introduced and validated through in vitro and in vivo experiments using a porcine
non survival model. The system was used to perform sweeping motions, detect

artificially injected lesions, and generate 3D subsurface images of the GI tissue.

N. J. Greenidge, B. Calmé, A. C. Moldovan, B. Abaravicius, J. W. Martin, N.
Marahrens, J. Woolfrey, B. Scaglioni, D. S. Chathuranga, S. Mitra, S. Cochran, P.
Valdastri, "Harnessing the oloid shape in magnetically driven robots to enable high-

resolution ultrasound imaging", Science Robotics, vol. 10, no. 100, p. eadq4198,

Mar. 2025, doi: 10.1126/scirobotics.adq4198. [36]

e Chapter 4: This chapter investigates the use of the everting nature of tip-growing
robots, or "vine robots," to minimize tether drag and provide stronger axial force in
magnetic flexible endoscopes to improve access to high-curvature and deep regions
of the GI tract. A 25 mm diameter tip-growing magnetic endoscope is presented,
which is capable of achieving a minimum bending radius of 3.85 cm at 30 kPa
internal pressure. The system demonstrated stable shear-free navigation. Initial
results on magnetically enabled retraction are also presented, a feature that is an

open challenge in the world of vine robots but is necessary for clinical applications.

N. G. Kim*, N. J. Greenidge*, J. Davy, S. Park, J. H. Chandler, J. Ryu, P. Val-
dastri, ‘External Steering of Vine Robots via Magnetic Actuation’, Soft Robotics,
Sep. 2024, doi: 10.1089/s0r0.2023.0182. [37]

* N. G. Kim and N. J. Greenidge are to be considered co-first authors on this
work. However, N. J. Greenidge is to be considered as the lead author due to
the contributions listed in the "Intellectual Property and Publication Statements"

section of this dissertation.

e Chapter 5: Conclusions and Future Directions.
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Chapter 2

Developable Roller Shaped Endoscopes

for Roll Recovery

Chapter source: (C) 2025 IEEE. Reprinted, with permission, from N.J. Greenidge,
C. Marzi, B. Calmé, J. W. Martin, B. Scaglioni, F. Mathis-Ullrich, Pietro Valdastri,
"Designing a Magnetic Endoscope for In Vivo Contact-Based Tissue Scanning Using
Developable Roller", 2025 IEEE/RSJ International Conference on Intelligent Robots and

Systems (IROS), Hangzhou, China, 2025.

2.1 Abstract

Magnetic manipulation has been adopted as a method of actuation in both wireless cap-
sule endoscopy and soft-tethered endoscopy, with the goal of improving gastrointestinal
procedures. However, by nature of magnetic manipulation, these endoscopes are typically
limited to a maximum of five Degrees of Freedom (DoF). With the need to introduce ad-
ditional contact-based sensing modalities for subsurface investigation into these systems
as well as to improve overall dexterity, it is both practically and clinically beneficial to
recover the lost DoF, i.e., the roll around the main axis. This paper presents a method
of achieving the magnetic manipulation of an underactuated device by leveraging devel-

opable surfaces, specifically, the oloid shape. The design of a clinically relevant magnetic
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endoscope with all its ancillary elements, as well as contact sensors, is proposed and
demonstrated in vivo. The contact sensor data from the in vivo experiments show that
for sweeping motions over 100° of roll, contact between the endoscope’s sensor region and

the colon wall can be maintained for 74% of the motion.

2.2 Introduction

GI cancers, particularly in the colon, stomach, and esophagus, account for 18.7% of new
cancer cases and 22.6% of cancer-related deaths globally [1]. These slow-progressing dis-
eases have a prolonged asymptomatic phase 2], making early detection through screening
essential. Conventional flexible endoscopy (FE) is the gold standard for visualization, but
its push-driven mechanism often causes pain, requires sedation, and risks perforation. Key
clinical challenges include improving patient comfort, enhancing adenoma detection, and

expanding diagnostic and therapeutic capabilities [3].

Capsule endoscopy, first introduced as an ingestible pill-sized camera [4], has since evolved
into actively manipulated tethered and untethered systems. Magnetic actuation has
demonstrated 5-DoFs control in both categories [5]-|7], enabling front-driven propulsion
with reduced patient discomfort and lower procedural risks. Additionally, real-time lo-

calization and automation [8] can ease operator workload and reduce training time.

Magnetic manipulation relies on external fields to generate forces and torques on an em-
bedded magnetic element. The commonly used magnetic dipole model describes this
interaction, where the device aligns with the field to minimize potential energy. A funda-
mental limitation of this approach is the inability to induce torque around the magneti-
zation axis (see "Lost DoF" in Figure 2.1), restricting full dexterity. This affects precise
tool positioning for biopsy and therapy, as well as the integration of advanced sensing

modalities.

Previous work using the Magnetic Flexible Endoscope (MFE) [9] demonstrated microUS
imaging within the GI tract but remained constrained by 5-DoF control, limiting image

acquisition quality. Solutions such as mechanically rotating transducers [10], [11] add me-
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Figure 2.1: Overview of the MFE system: Illustration of the "lost DoF" in magnetic
manipulation and key elements.

chanical complexity without addressing overall dexterity. Meanwhile, standard FE has
reported adenoma miss rates up to 30% [12], particularly for flat or right-sided lesions.
While enhanced optical techniques such as Narrowband Imaging (NBI) and chromoen-
doscopy [13] improve mucosal visualization, subsurface imaging methods like microUS
[14], OCT|15], photoacoustics [16] and Terahertz imaging [17] are necessary for in situ

histological assessment.

Recovering roll control is critical before integrating additional sensing modalities. This
work explores a novel underactuated approach that exploits endoscope-tissue interactions
to restore roll motion using only external magnetic actuation. By leveraging differential
geometric principles, we introduce a developable roller design, where controlled pitching
and yawing induce continuous roll motion. This method maintains low power consump-
tion, lightweight design, and reduced mechanical complexity while improving diagnostic

and therapeutic precision.
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2.3 Methods

2.3.1 Choosing the Right Developable Roller

Most developable rollers are characterized by their ability to develop their entire surface
while rolling and possess the property of keeping their center of mass at a constant
height. The oloid has some unique characteristics which set it apart from the rest of
its developable roller family, but, it is most closely related to the sphericon as both can
be generated by calculating the convex hull of circular arcs (as shown in Figure 2.2). A
side-by-side geometric comparison of the sphericon and the oloid is summarized in Table

2.1.

OLOID SPHERICON

Figure 2.2: Convex hull and bounding box of the Oloid (left) and the sphericon (right)
where r is the radius of the forming circles.

Table 2.1: Properties of the Oloid and the Sphericon

Property Oloid Sphericon
Angle of inclination  30° 45°

Length of generator +/3r V2r
Number of vertices 0 4

Number of edges 2 2

Internal volume 3.05247r3 2.0943r3
Cross-section 2r? 272

Length 3r 2r

Overall volume 5.992173 3.992173
Volume ratio 0.509 0.525

For scopes used in the GI tract, the limiting dimensions are those of the cross-section

across the transverse plane as this determines ease and therefore comfort of insertion and
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manipulation. Due to the long tubular form factor of the majority of the tract, endoscopes
can acceptably have rigid lengths of up to 30 mm for upper GI and 60 mm for lower GI [18|
to be considered a clinically relavant size. This means that for the same cross-sectional
dimensions (r), the oloid shape provides more space for internal components, especially
those with cylindrical form factor. One other unique feature of the oloid is that it has
zero vertices compared to the 4 of the sphericon which means that in applications where
sharp edges are to be avoided in order to reduce damage to tissue, the oloid is favorable.
For these reasons the oloid was chosen as the developable roller for this demonstration of

roll recovery in magnetic endoscopes.

2.3.2 Geometrical Description of the Oloid

The meandering motion of the oloid, shown in Figure 2.3 demonstrates the coupling of
pitch and yaw movement with its movement in the roll direction. This way, in a system
where roll is not controllable independently, the roll can be controlled by adjusting the

magnetic moment along the pitch and yaw directions.

Figure 2.3: The oloid: (A) Geometric representation with generator line in red and (B)
Rolling motion with generator lines shown in black. Adapted from [19].

The oloid is a 3D shape defined by generator lines that connect two identical, perpen-
dicular circles [19] as shown in Figure 2.3. These generator lines serve as fundamental
structural elements, creating the oloid’s surface. The shape is discretized along an arc
length parameter, ¢, where each value of ¢ corresponds to a unique point on circle 1 (P),
and a corresponding point on circle 2 (P,). The generator line is formed by connecting
corresponding points P; and P,. To fully define the oloid, the arc length parameter ¢ is

constrained to the range 2% <t< %’r for both circles. As the oloid rolls on a horizontal
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surface, each generator line sequentially makes contact with the surface, ensuring smooth
motion. The line in contact at any given moment dictates the pose of the oloid, meaning

that the existence of a generator line directly impacts the achievable range of motion.

To quantify how closely a shape adheres to the geometrical properties of a full oloid,
we defined a term "oloidicity". This was determined by the range of ¢ values and the

completeness of the generator lines.

We define the completeness of generator lines by a function g(t), where:

Length of generator line at t

3

g(t) = (2.1)

For a full oloid, g(t) = 1 for all ¢, whereas for partial oloids, 0 < g(¢) < 1. The oloidicity

metric is therefore given by:

2m/3 2m/3
f 27r/3f Qﬂ/gg tbtz dtldtQ

(47/3)

Oloidicity =

(2.2)

This integral normalizes generator line completeness over the surface area, providing
a quantitative measure of oloidicity across different hybridized shapes. A full oloid is
achieved when ¢ spans the full range for both circles, while a partial oloid has a reduced

range, limiting its contact points with the rolling surface.

2.3.3 Magnetic Manipulation System

While this approach can be applied to a wide range of devices that are manipulated by
magnetic fields (including wireless capsule endoscopes), we adopt the MFE platform from

previous work by [9] and [8| to prove the principle of operation.

The MFE platform (Figure 2.1) is a robotically controlled magnetic endoscope system
comprised of a KUKA LBR, 7- DoF robotic manipulator which has a large cylindrical
External Permanent Magnet (EPM) mounted as the end effector, a tethered magnetic en-

doscope with an embedded Internal Permanent Magnet (IPM) and a real-time endoscope
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localization system.

The magnetic manipulation of the MFE is achieved by adjusting the pose of the EPM in
6 DoF which imparts magnetic force and torques onto the IPM allowing for the MFE to
be pulled and steered through the GI tract in 5- DoF. On-board sensors and a complex
localization algorithm [20] are used to obtain 6- DoF real-time pose feedback of the MFE
in order to attain effective control. This enables the user to successfully navigate the GI

tract with the endoscope using just a joystick as an input.

2.3.4 Magnetic Field Control

The magnetic field control method presented here utilizes the dipole-dipole model and is

based on 8], [9], [20] where full derivations can be found.

The dipole moments of the EPM and the IPM are denoted as mg € R and m; € R?
respectively, and their positions as pg € R? and pr € R3?. All points and vectors are

represented in the global frame.

The input to this portion of the control is a desired rotation matrix of the IPM which is
converted into a vector representing the desired IPM heading, my,. From the desired IPM
heading, the required torque can be calculated based on the heading error (my x my,)

where the magnitude is the angle between the two vectors.

Given a magnetic field Bg generated by the EPM, Maxwell’s force and torque equations

can be rewritten to represent the magnetic force f and torque 7 on the IPM.

f= (m;-V)Bg (2.3)

T =Imy X BE (24)

The robot arm is controlled in joint space and has generalized coordinates denoted by

q € R7. The relationship between the twist of the EPM which is mounted as the robot’s
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end effector and the robot’s joint velocities can be linearized using the robot’s geometric

Jacobian Jg(q) € R as follows:

PP @ d (2.5)

Due to the magnetic symmetry explained, we know that any rotation in wg along the
EPM’s magnetization axis will not affect the EPM’s dipole moment mg and therefore we

can define the EPM’s Jacobian, Jg(q) as:

PE I; Os ‘ ‘
. = . | r@a=Je(@)q (2.6)
g 0 S (thg)

where I3 is a 3x3 Identity matrix, Q3 is a 3x3 zero matrix and S() is the skew-symmetric

form of the cross-product compensating for the symmetries in the magnetic field.

The linearized form of the dipole-dipole model is therefore:

f OFm OFm OFm p
— 6}) BmE 8m1 ]_’/f]_E (27)
+ Otm  Otm O
op Omg  Omg BY
my
p
= J; (p,mg, my) | mg (2.8)
my

where p = pr — pPE
Assuming the pose of the IPM remains constant, Equation 2.7 can be reduced to:
i pi

= ‘]f (pva’mI) . (29)

A~

’7" meg
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The Jacobian J; is computed at every time step to ensure that the local linearization of

the dipole-dipole model and the constant IPM pose remain locally valid assumptions.

The overall control function can be defined as follows:

p f
" | = Jipid (2.10)
fiig 7

The computation of the pseudoinverse of the Jacobian, J} is then carried out by means of
weighted /damped least squares algorithm shown in [8]. The angular and linear motions
of the EPM are then transformed into desired changes in robot joint angles ¢ € R using
the following:
, PE
q=JW.| (2.11)
mg
Where JT € R7™*6 is the pseudoinverse of the robot’s Jacobian, W, € R6%6 is a suitable

weighting matrix.

The desired changes in joint angles are fed to the robot controller for the robot to calculate

the required inverse kinematics and to perform the necessary motion.

2.3.5 Integration into a Robotic Colonoscopy Platform and Pre-

clinical Evaluation

To accommodate the ancillary components of a magnetic endoscope, a full oloid would
need to be scaled beyond a clinically relevant size. In contrast, a cylinder is optimal for
component integration but lacks controllable roll. Consequently, the functional areas of

the oloid were evaluated to facilitate the development of a hybrid design.

The endoscope had to be comparable in size to other magnetically manipulated endo-
scopes, such as the cylindrical MFE endoscope, which measures 20 x 20 x 40 mm [21].
It had to also incorporate magnetic manipulation and localization capabilities, requiring

a magnet core and a localization system. Additionally, the design had to support White
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Light Imaging (WLI) and essential endoscopic functions, including insufflation, irrigation,
and camera cleaning (see Figure 2.1. Safety considerations included smooth edges to pre-
vent damage to the colon wall and waterproofing to protect internal components. The
endoscope also had to be sensor-agnostic, to allow compatibility with various submucosal
visualization sensors. Finally, the design had to achieve a minimum range of motion of

+25° in roll, yaw, and pitch.

2.3.6 Endoscope Shape Optimization

To compare component integration across designs, we scaled each design to fit within a
20 x 20 x 40 mm bounding box and used a dimensionless volume ratio, which represents

the shape’s volume relative to the volume of the bounding box (green box in Figure 2.4).

Figure 2.4 illustrates a sample of the designs considered and the trade-offs made to achieve

a hybrid design that meets the design requirements.

The full oloid design provided the largest roll range but had the lowest volume ratio of
0.50. In contrast, the cylindrical design achieved the highest volume ratio of 0.79, indicat-
ing that the full oloid endoscope would need to be approximately 1.6 times larger than the
cylinder to achieve the same internal volume. By limiting the controllable roll range to
180°, the half oloid design improved the volume ratio to 0.53. This was further increased
to 0.63 by the hybrid (oloid and cylinder) design while maintaining the controllable roll
range of the half oloid design. Since the internal components to be integrated into the
endoscope are primarily cylindrical, the size of the largest internal cylinder that could fit
within each design was an important consideration. To accommodate a given cylindrical
component, the full oloid, half oloid, and hybrid designs would need to be approximately

10, 5, and 3 times larger, respectively, than the cylinder.

When comparing the half oloid design to the hybrid design, although the number of
generator lines remained the same, some were reduced in length to produce a smaller
overall cross-section. This modification is reflected in the oloidicity values. The hybrid

design was selected overall because it was the closest to the cylinder in terms of cross-
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Figure 2.4: Summary table for hybrid oloid-cylinder endoscope designs: oloid
generator lines are shown in white in iso view. Volume ratio, roll range and oloidicity are
defined in the text.

section and volume ratio while maintaining a sufficient roll range to achieve the desired
sweeping motions. In this case, the design constraints significantly limited the parameter
space, making formal optimization unnecessary; however, as a fully defined mathematical

concept, the shape could readily be optimized.

2.3.7 Contact Sensors

Our vision is to use this device for submucosal visualization, such sensors usually rely
on constant contact with the tissue. Therefore, here we integrated a multi-point contact
sensor to evaluate and characterize our approach. On its upper centerline, the endoscope
provides the largest and flattest area (shown in Figure 2.5(A)). This area provides the
best conditions for the integration of this sensing modality. To provide in situ information
on contact of this surface, contact sensors were integrated into a 4 x 10 mm? area in

this location. The sensor is based on capacitive measurement using eight electrodes
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distributed in a 2 x 4 pattern over this area. Capacitive sensing allows for very thin
electrodes with low volume profile. The electrodes are manufactured as flexible printed
circuit board of 10 mm width, 0.1 mm thickness and 26 mm length, including solder pads
inside the endoscope (Figure 2.5(B)). The sensor’s transducers and processing unit were
implemented at the distal part of the system at the robot’s base. The electrode array
was placed in a notch prepared for the sensor and aligned using a mounting hole on the
Printed Circuit Board (PCB). The sensor system is based on the method presented in
[22]. Sensor values were published to the robot’s robot operating system (ROS) network.
The sensor array was split into four quarters; the combined readings from the electrode

provide binary information of contact for each quarter section at a rate of 50 Hz.

2.3.8 Endoscope Manufacture

The 3D endoscope shell was printed in resin on the Form3 3D printer (FormLabs) in
three parts, the top half, the bottom right and the bottom left shown in Figure 2.5(C).
The magnet core, camera, Irrigation, and Camera Cleaning (ICC), and insufflation tubes

were carefully inserted into their positions before sealing the two bottom halves together.

The endoscope was designed to be sensor-agnostic, with an interchangeable or “hot swap-
pable" feature so that a singular base could form the test bed for multiple sensor types
and designs. This was done to reduce waste, but may have utility in the clinical setting,
where the user can have the option to swap between sensor types in the middle of a

procedure.

For this reason, the bottom half had to be fully encapsulated for waterproofing. This
was done by creating small ventilation holes in the endoscope’s shell before filling all the
gaps with high viscosity cyanoacrylate (Permabond 4c¢40). By doing this, the mechanical
connection between the two halves does not have to be watertight, significantly reducing
the complexity of this portion of the design. The mechanical connection between the two
halves leverages the 3D printed structure with an integrated clip mechanism on the side

of the endoscope (shown in Figure 2.5(C)) which is easy to clip on and off, but secure
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Figure 2.5: Oloid Magnetic Endoscope (OME): (A) Front view of OME showing
the camera, LED, ICC and insufflation, (B) Top and bottom view of the contact sensor
PCB and (C) Side view of OME showing the clip mechanism and magnet core with top
half unclipped.

enough to stay on during use. The sensor wire for the contact sensors was fed through a

channel in the tether using a biopsy tool as shown in Figure 2.5(C).

The resulting Oloid-shaped Magnetic Endoscope (OME) design shown in Figure 2.5 meets
all the design requirements set out in at the beginning of this section and has overall

dimensions of 20 x 20 x 35 mm.

2.4 Results and Discussion

2.4.1 In Vivo Demonstration of Sweeping and Rolling Motions

With an endoscope that fulfilled all the necessary design criteria, in vivo experiments
were carried out to showcase the system’s potential for clinical use. A porcine model was
selected for these tests due to the significant similarity between a pig’s gastrointestinal

anatomy and that of a human.
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The experiments were carried out on a 39 kg large white female pig under general anes-
thesia, following this procedure. These trials were authorized by the home office (UK)
under license (procedure project license: PF5151DAF) and complied with the animal

(scientific procedures) act 1986.

After thoroughly cleansing the colon with several enemas, the OME was inserted through
the rectum and advanced approximately 20 cm into the colon. This length offered a
long, straight section of the bowel suitable for experimentation. The OME’s auxiliary

components were employed for colon distension and irrigation as needed.

The primary goals of these trials were to prove that the OME could successfully roll in
vivo and execute clinically relevant motions for contact-based sensing (Supplementary
Video). To validate this, two experiments were devised. The first involved a sweeping
motion over the upper half of the colon surface (Figure 2.6(A)), while the second focused
on a pure rolling motion within a £50° range (Figure 2.6(B)). Each experiment was
conducted five times. These motions were performed using open-loop joy-stick control.
To provide proof of contact, the visual evidence was backed up with the contact-sensing

data, which monitored contact with the colon wall throughout the experiments.

Figure 2.6 shows the sweeping and rolling motions along with the contact data processed
as binary measurements of contact /no-contact and the OME’s orientation data. A range
of 100° roll was achieved during the sweeping motion. Contact data was analyzed over
2 repetitions, showing that contact was maintained on all pads 74% of the time, with
mean contact on individual pads being 92%. To analyze what subsections of the potential
sensor head area remain in contact during roll motion, combined contact of two pads was
analyzed. Figure 2.7 shows the matrix of contact data over the sweeping motion for all
contact pads. The strongest correlation was seen on the pads 0 and 1 (left side) and
the weakest on pads 0 and 3. Thus, maintaining the top-left to bottom right diagonal
in contact seems to be most difficult. However, we believe that these results can be
improved if the contact data is used in the feedback control loop for the OME and a

properly integrated sensor head will cover less than the tested surface.
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Figure 2.6: In vivo OME results: Contact sensor data plotted over time with ori-
entation data from the endoscope’s localization and selected scenes from the standard
endoscopes video stream and OME orientation data during a (A) sweeping and (B)
rolling motion in vivo.
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2.5 Conclusion

In this work we were able to present a design using the oloid shape that met all the
design requirements of an endoscope and perform sweeping motions whilst maintaining

a contact area of 4mm x 10mm area throughout 74% of the motion.

With this, we can say that the use of the oloid shape as a roll recovery method was
successful. This method of roll recovery presents a novel way to improve position control,
scope stabilization, and surface scanning to magnetically manipulated endoscopes without
requiring additional power and is therefore applicable to both tethered and untethered
applications. The oloid shape can be scaled up or down to allow this method to be applied

to a range of applications.

Future work will look at integrating submucosal visualization sensors such as ultrasound
and Terahertz sensors in the pursuit of ‘virtual biopsy” and to include this data in the
feedback control in order to achieve higher contact percentages. Another avenue to ex-
plore would be developing more advanced control algorithms for roll control to enable

complex procedures such as endoscopic submucosal dissection (ESD).
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2.6 Evaluation and Summary of Findings

This chapter presented the design and experimental validation of a magnetic flexible en-

doscope that passively achieves rolling capability using a developable roller geometry.

Rolling an endoscope around its longitudinal axis is a fundamental challenge for both

standard and magnetic endoscopes, as torque applied at the shaft rarely translates effi-
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ciently to the tip, especially in complex anatomy. Even in tethered magnetic systems,
the inherent flexibility or lack of torsional rigidity in the soft tether impedes torque
transmission. By employing the oloid, this work demonstrates a geometric solution that
does not require additional actuation or onboard power and is miniaturizable for wireless

applications, including capsule endoscopy.

Motivated by the need for a simple, scalable, and passive means of roll recovery to sup-
port high-quality tissue scanning, the design drew inspiration from coupled mechanical
systems like the corkscrew and leveraged a shape that inherently couples pitch and yaw
motions to generate rolling. A prototype OME was developed collaboratively, featur-
ing an integrated capacitive contact sensor with four pads to provide direct, real-time
tissue contact feedback developed by Karlsruhe Institute of Technology (KIT). Open-
loop in vivo experimental trials directly assessed the shape’s ability to maintain sweeping
contact; results showed consistent tissue contact for 74% of the rolling trajectory over
arcs exceeding 100°, validating the hypothesis that developable rollers can restore roll

dexterity in magnetic endoscopy.

While promising, these results highlight opportunities for further advancement. The cur-
rent sensor offers only coarse, binary feedback from four pads, limiting resolution and
nuance in contact assessment. Future work will focus on integrating higher-resolution
sensing and closed-loop sensor-based control, allowing the endoscope to adapt to anatom-

ical variability and optimize contact performance dynamically.

Importantly, this work lays the foundation for the integration of advanced subsurface
imaging and intelligent navigation. The next chapter builds directly upon these findings,
introducing a closed-loop control strategy for the OME with integrated high-frequency
microUS, enabling real-time virtual biopsy and detailed 3D tissue mapping. These forth-
coming advancements move the field closer to fully autonomous, sensor-driven, mag-
netically actuated endoscopes with precision navigation and diagnostic capabilities, ad-
dressing limitations identified in this chapter and advancing the prospects for minimally

invasive GI screening.
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All supplementary videos and supporting data can be found in https://www.science.
org/doi/10.1126/scirobotics.adq4198, https://www.youtube.com/playlist?list=
PLWtIpCjb5v7Nez_fUVWN239PC-4kG1inhsh and https://datadryad.org/dataset/doi:10.

5061/dryad.tigljwtbx.

3.1 Abstract

Magnetic fields enable remote manipulation of objects and are ideal for medical appli-
cations, as they pass through human tissue harmlessly. This capability is promising for
surgical robots, allowing navigation deeper into the human anatomy and accessing organs

beyond the reach of current technologies. However, magnetic manipulation is typically


https://www.science.org/doi/10.1126/scirobotics.adq4198
https://www.science.org/doi/10.1126/scirobotics.adq4198
https://www.youtube.com/playlist?list=PLWtIpCj5v7Nez_fUVWN239PC-4kG1nhsh
https://www.youtube.com/playlist?list=PLWtIpCj5v7Nez_fUVWN239PC-4kG1nhsh
https://datadryad.org/dataset/doi:10.5061/dryad.t1g1jwtbx
https://datadryad.org/dataset/doi:10.5061/dryad.t1g1jwtbx

3.2. Introduction Chapter 3. Autonomous 3D
Micro-ultrasound Virtual Biopsies

limited to a maximum of two DoF orientation, restricting complex motions, especially
those including rolling around the main axis of the magnetic robot. To address this
challenge, we introduce a robot design inspired by embodied intelligence and the unique
geometry of developable rollers, leveraging the oloid shape. The oloid, with its axial
asymmetry and sinusoidal motion, facilitates rolling when precisely controlled by an ex-
ternal magnetic field. We present a versatile closed-loop control model to ensure precise
magnetic manipulation of an oloid-shaped robot. This capability was validated in en-
doluminal applications through the integration of a 28 MHz microUS array to perform
virtual biopsies — non-invasive real-time histological imaging. Extensive in vitro and in
vivo tests using a porcine model showed the robot's ability to execute sweeping motions,
identify lesions, and generate detailed 3D scans of gastrointestinal subsurface tissue. This
research not only restores a critical movement capability to magnetic medical robots but

also enables additional clinical applications deep within the human body.

3.2 Introduction

The application of magnetic manipulation to medical robots, such as robotic catheters [1],
[2], flexible endoscopes [3]-[5], and capsule endoscopes (NaviCam@®) [6]), has streamlined
device design by eliminating the need for complex internal actuation mechanisms [7].
This approach enables miniaturization and enhances adaptability for navigating intricate

anatomical pathways within the body.

Magnetic manipulation involves the use of a controlling magnetic field source to induce
a force, F € R3*(newton), and torque, 7 € R3(newton - meter), on a magnetic object,
allowing control over its position and orientation. In medical applications, where the
robot is typically considerably smaller than its distance from the controlling field source,
the robot behaves as a simple north-south magnetic dipole with a symmetric field around
its magnetization axis (denoted by X in Figure 3.1). As such, magnetic manipulation of
objects is typically limited to a maximum of two degrees-of-freedom ( DoF's) in orientation

and three DoF's in position.
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Related works [8]-[11] have explored the use of magnetic force to produce off-axis rigid
body torques to control roll around the object’s magnetization axis through various meth-
ods detailed in the Results section. However, these techniques, including newer soft
magnet methods [12], [13], remain unsuitable in clinical applications. They have only
been demonstrated in fluid environments with low force and torque demands, and on
micro-scale robots controlled by electromagnetic coil systems. Furthermore, they rely on
complex field-generating setups with at least eight magnetic control inputs [1], [14]-[16].
A detailed comparison of these approaches, including power consumption and workspace

size, is available in Table A.1 and the Supplementary Discussion.

In terms of generating the controlling magnetic field, electromagnetic coil systems provide
high control precision and adaptability, which are crucial in some applications. However,
these systems typically have large physical footprints, limited workspaces, consume sub-

stantial power, require cooling, and are expensive to implement [15-[17].

Robotically manipulated single EPM systems offer several advantages for slower, larger-
scale applications such as flexible endoscopy. These systems require no energy to sustain a
static magnetic field, making them energy-efficient and suitable for prolonged use. They
can generate strong fields over larger workspaces while being more compact, portable,
and cost-effective compared to electromagnetic coil systems [3], [18]. The MFE system
enables painless [19], automated, and remote colonoscopy procedures [20] while retaining
the same functionalities as standard flexible endoscopes. Although its feasibility has been
validated during clinical trials [19], it has yet to demonstrate diagnostic capabilities that

surpass those of standard flexible endoscopes.

At the cutting edge of GI endoscopic technology is the concept of virtual biopsies where
high-fidelity diagnostic sensors are used to perform in situ histopathology. In the context
of GI cancer screening, where early and accurate detection is critical [21], the ability to
perform virtual biopsies could eliminate the delays, costs, and complications associated
with traditional histological analysis, allowing screening, diagnosis, and therapy to occur

in a single procedure [22]. A modality used alongside standard flexible endoscope is
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Figure 3.1: OME for recovering a lost DoF in magnetic medical robots, enabling
virtual biopsies during endoscopy. (A) The magnetic manipulation system relies on
the use of cylindrical permanent magnets where the field generated by the EPM pulls and
orients the IPM during the procedure. The lost DoF (“roll”) in magnetic manipulation
around a magnet’s magnetization axis (Xj) is shown by the arrow on the IPM. (B) A
joystick is used to control the robotic system where the operator only has to consider the
desired direction based on the camera frame. (C) The operator console is used to visualize
the camera feed for navigation and to inspect the 3D reconstructed virtual biopsies. (D)
The robotic system, which includes a robotic manipulator, is used to manipulate the
EPM and therefore the magnetic field to control the OME. (E) The sweeping motion is
used to demonstrate the clinical viability of recovering the rolling motion for diagnostic
sweeps. (F) The OME with the subsurface microUS visualization sensor. See Movie S1
for a visual representation of the concept overview.

OCT or high-frequency ultrasound (US), typically delivered via mini-probe endoscopic
ultrasound systems like the 20 MHz UM-3R (Olympus America Inc.), that are passed
through the flexible endoscope’s working channel. While effective for in situ cancer staging
[23], positioning these probes precisely is essential to produce artifact-free imaging [24]
which can be difficult in manual manipulation. Additionally, using a microUS probe
occupies the working channel, limiting its use for tasks such as margin assessment during
therapeutic procedures where access to the working channel is required for other purposes.
Another example of GI microUS is transrectal microUS, such as the Exact Vu™ probe [25]
which can perform 29 MHz of the prostate and has been externally controlled robotically

to create 3D microUS images [26]. However, these probes are specifically designed for
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rectal imaging and cannot reach deep within the GI tract, resulting in an unmet need.

Previous research on MFEs integrated a single microUS transducer capable of capturing
histologically relevant images of the colon wall [3]. However, the absence of roll control
limited its ability to target specific areas, restore contact if misaligned, or perform radial
sweeping motions. Designing 360° curved arrays presents substantial manufacturing chal-
lenges, as bending delicate thin transducer elements often leads to high failure rates [27].
Some approaches introduce motors to rotate sensors [28|; however, these compromise the
simplicity and safety of magnetic manipulation, increase power consumption, and fail to
address the overall dexterity of magnetic medical robots. These challenges underscore
the need for enhanced dexterity in a clinically applicable manner, without additional

actuation modes.

Inspired by embodied intelligence and the geometry of developable rollers, this work in-
troduces a clinically applicable approach for generating torque around the magnetization
axis in magnetic medical robots. This is achieved by geometrically coupling the existing
two DoFs magnetic torque using just five magnetic control inputs for roll control, while
still maintaining independent control over the original two DoF's. Developable rollers,
observed in applications such as classical and quantum optics [29], sphericon-shaped mag-
netic milli-robots [30], and fluid mixing are known for their unique meandering rolling
motions (Figure 3.2B). This innovation specifically leverages the oloid shape to achieve
axial rotation, utilizing its axial asymmetry and interaction with the environment (see
Movie S1). This method, demonstrated on the MFE platform, is agnostic to how the
controlling magnetic field is generated, extending roll recovery to any magnetic manip-
ulation system with at least five magnetic control inputs, including electromagnetic coil

systems.

To validate this approach, we developed and evaluated a differential geometry-based
control model for source-agnostic magnetic manipulation of an Oloid-shaped Magnetic
Device (OMD) on various clinically relevant surfaces. In line with its motivation in GI

endoscopy, OME was designed and its ability to perform rolling and sweeping motions
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Figure 3.2: Experimental setup and design overview of the Oloid-shaped Mag-
netic Devices. (A) Benchtop experimental setup for the roll control experiments. (B)
[lustration of the oloid shape rolling on a horizontal plane, T (based on Dirnbock et
al. [31] (C(i)) Oloid-shaped magnetic device, (C(ii)) Oloid-shaped magnetic endoscope
and, (C(iii)) Oloid shaped magnetic endoscope with integrated microUS array.

alongside existing DoFs demonstrated. To enable virtual biopsies, a 32-element, 28 MHz
microUS linear array (Figure 3.2C(iii)) was integrated to capture high-resolution sub-
surface images. Autonomous microUS sweeping and 3D subsurface image reconstruction
were achieved using a custom coupling detection algorithm, validated through both in
vitro and in vivo testing in a porcine model. Finally, the system’s ability to provide
clinicians with in-situ lesion margin and staging information was evaluated in vivo by

performing virtual biopsies of an artificially introduced polyp.

3.3 Results

3.3.1 The DoF Limitation in Magnetic Manipulation

Magnetic manipulation in medical robotics is simplified through the dipole model where
magnets are represented as magnetic dipoles (see Figure 3.3). This simplification remains
accurate as the distance between the controlling source and the robot generally exceeds

two times the size of the internal magnet [32].

As shown in Figure 3.3B, a magnetic object (internal dipole) with magnetic moment,

m; € R3(ampere - square meter) placed in an external magnetic field B € R3(tesla)
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experiences both an alignment torque 7,, and gradient-induced force F,,,. These are gen-
erated by the external dipole to minimize the system’s potential energy. Conventionally,
the magnetization axis of a magnetic object aligns with its local coordinate frame such
that Xy is parallel to m;. However, since magnetic alignment torque is defined by the
cross product 7, = m; X Bg , when my; is parallel to Bg, 7,, = 0. As a result, magnetic
alignment torque can only be generated around axes perpendicular to m;, meaning it is
not possible to generate magnetic alignment torque around an object’s magnetization axis
to control the roll angle (¢). A visual representation and practical demonstration of this
phenomenon are provided in Movie S1 along with a detailed mathematical explanation

in the Supplementary Discussion.
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Figure 3.3: Block diagram control schematic for closed-loop control of the
Oloid. (A) Roll control (purple): The differential geometry model of the oloid is il-
lustrated according to [31] with (X,Y,Z) representing the local oloid coordinate frame
{0} and (LILIII) the fixed frame {F}. The developed surface corresponding to the
projection of the oloid’s generators is shown in grey. The centers of the oloid’s defining
circles are marked by c¢; and ¢y with contact points on the plane denoted by P; and Ps.
(B) Magnetic field control: Shows the dipole-dipole model approximation where pr and
p; are point dipoles and mg and m; represent the magnetic moments. Magnetic forces
Fy, Fy and F, and aligning torques 7, and 7, act on the internal dipole. Magnetic field
lines represent the magnetic field Bg generated by the external dipole, which becomes
uniform near the internal dipole. No torque 7, is shown, as torque cannot be generated
around the internal dipole’s magnetization axis X; (C) Robot control (blue): Single EPM
system enabling precise magnetic field manipulation to control the Oloid’s motion.

Related work has explored the use of magnetic force to produce off-axis rigid body torques
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to control roll around the object’s magnetization axis. This is achieved by coupling force
and torque control through the inclusion of multiple discrete magnets [8], [9], [33] or by

using a single magnet with a non-uniform magnetization or anisotropic shape [10]-[13].
The Oloid

Coupling existing DoF's to regain roll control in magnetic manipulation required a geom-
etry with axial asymmetry. For bi-directional rolling, the geometry also needed at least

one plane of symmetry, allowing roll actions in two distinct, opposing directions.

The oloid, distinguished from others in the developable roller family, is formed by joining
two perpendicular, equal intersecting circles with a distance between their centers (c;
and c3) equal to their radii (shown in Figure 3.3). This unique shape lacks vertices and
maintains continuous surface contact during rolling due to its developable, flattenable
(developed) surface (Figure 3.3). As a ruled surface, it is generated by straight lines
(generators) connecting its circles at points P; € R3 and P, € R3, along a directrix. This

leads to its parametric equation:

r(u,v) = Py(u) + v (Po(u) — Py(u)) (3.1)

where _TQ’T <u< %’T, 0 < v < 1.The script to generate the 3D surface of the oloid using

Equation 3.1 has been made available in our accompanying Data repository.

When an oloid rolls on a flat plane, one generator line contacts the plane becoming the
instantaneous axis of rotation, with angular velocity, w € R3 (rad/s), parallel to this line

and tangent to the plane, expressed as:

W H P2 — P1:> w X (PQ — P1> =0 (32)
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To control rotation around a robot's magnetization axis using geometric misalignment
and two DoF's magnetic torque, the magnetization axis must not be parallel to the object’s

angular velocity.

This exists in the oloid over the controllable range, in direct contrast with a shape like
the cylinder where its angular velocity is always parallel to its central axis. See “Roll

Generation in the Oloid” in the Supplementary Discussion for further details.

OME versus MFE DoFs

To embody the unique rolling abilities of the oloid into the OME design (Figure 3.2C(ii)),
its pure form was adapted to meet clinical requirements and to incorporate essential
endoscope features. This required evaluating the oloid’s functional areas and their relation
to the range of roll motion. By merging the key elements of the oloid with the cylindrical
MFE, a hybrid design was achieved that adhered to clinical size constraints, as detailed

in “Oloid Shape Integration” in Materials and Methods.

Dexterity was assessed through a direct comparison between the MFE which has a cylin-
drical shape and the OME, evaluating their ability to perform independent tilt and yaw
motions, as well as coupled rolling motion (see "Magnetic Actuation of the Endoscope"
in Materials and Methods for details). These experiments were conducted on lubricated

Perspex using the MFE’s robotic system as illustrated in Figure 3.2A.

As shown in Figure 3.4 and Movie S2, the OME not only enabled controlled rolling
motion—albeit coupled with tilt and yaw—but also allowed for more independent tilt and
yaw control compared to the MFE’s cylindrical design. The MFE experienced uncontrol-
lable roll during manipulation, minimized in past designs through offset IPM placement
for corrective torque and minimal-energy orientation. In GI endoscopy, due to its tubular
nature, tilt and yaw are the primary DoFs, with roll desired only for specific tasks like
tissue scanning or tool or camera manipulation. See Figure A.2 in Supplementary Figures
for z, y translational experiments and the orientation-time graphs used to generate the

radar plots in Figure 3.4.
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Figure 3.4: Comparison of 3-DoF orientation control between the Oloid Mag-
netic Endoscope (OME) and the Magnetic Flexible Endoscope (MFE). The
figure illustrates the coupling between positive and negative roll, tilt, and yaw for the
MFE (green) and OME (purple). Radar plots for each DoF display the average absolute
deviations in roll, tilt, and yaw (measured in degrees) across three repetitions (Figure
S2). The scale bars represent 10 mm. See Movie S2 for related multimedia.

3.3.2 Generating Rolling Motion with the Oloid in Open-Loop

To control the oloid's rolling motion, we used an analytical differential geometry model
detailed in "The Oloid Model" in Materials and Methods. This model defined the line
of contact during rolling and calculated the corresponding transformation matrix for the
oloid's local coordinate frame. We hypothesized that adjusting the applied magnetic

field according to this sequence would replicate the desired rolling motion in an OMD in

open-loop.

We developed an OMD (Figure 3.2C(i)) with a 3D-printed oloid-shaped shell (20 mm
radius, 60 mm length) that accommodated an IPM with integrated localization. This
localization data tracked the roll and compared it to the model's predictions. Assuming
perfect magnetic coupling, the EPM was programmed to follow the transformation matrix
sequence. Initial tests on a high-friction silicone substrate (Figure 3.5A and Movie S3)
emulated the model’s non-slip condition. Tests were repeated on bumpy foam, flat foam,
and Perspex (Figures 3.5B-D and Movie S3) to evaluate performance across different sur-

faces over a 180° range (see Figure A.3 for extended results). The silicone surface closely
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matched the model's non-slip condition, showing the highest correlation with predicted
motion, while Perspex, which was unable to maintain the non-slip condition, showed the
least correlation. A scaled-down demonstration was performed in an electromagnetic coil
with a mini-OMD (Figure A.4) to assess the model’s versatility and scalability. These
results indicate that although this open-loop setup can achieve rolling motions in a range
of conditions, a closed-loop control system was crucial for precise control, particularly

when environmental conditions differed from model assumptions.
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Figure 3.5: Open-loop control of the OMD on various surfaces. The oloid’s rolling
behavior on (A) silicone, (B) bumpy foam, (C) flat foam and (D) Perspex, compared
to the predicted roll from the oloid model. Each snapshot shows the EPM position and
orientation for reference. The scale bars represent 30 mm. See Movie S3 for related
multimedia
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Closed-Loop Control of the Oloid

In real-world medical settings, magnetic coupling cannot be reliably assumed, necessi-
tating device localization. Additionally, manufacturing imperfections and environmental
factors lead to deviations from the model, prompting the development of a differential
geometry-based closed-loop control system for the oloid (detailed in Materials and Meth-
ods). Here the oloid's closed-loop controllability and therefore its potential for innovation
in medical devices was evaluated. The OMD was tested on surfaces simulating the in-
ternal GI tract structures, such as mucus-lubricated curved (colon, esophagus) and flat

(stomach) surfaces.

Initial tests on a non-lubricated flat surface established a performance baseline (Figure
3.6A). Subsequently, more complex conditions were introduced, including lubricated (Fig-
ure 3.6C & D) and curved surfaces (Figure 3.6B & D). On the initial flat surface, a 0° to
180° step function input demonstrated a full range of motion. For lubricated and curved
surfaces, a 0° to 90° step function input was applied. The results, exhibited in Figure 3.6
(see Figure A.5 for extended results) and Movie S4, highlight the system's adaptability
and precise control across all test conditions. The lubricated surfaces enabled the oloid’s

ability to decouple roll from translation and generate pseudo-on-axis roll effectively.
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Figure 3.6: Closed-loop control of the OMD with step input on various sur-
faces. Rolling performance is shown on (A) a flat, non-lubricated surface, (B) a curved,
non-lubricated surface, (C) a flat, lubricated surface, (D) a curved, lubricated surface.
Snapshots at times t;, to and t; progress from left to right. The scale bars represent 30
mm. See Movie 54 for related multimedia.
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3.3.3 In vivo Rolling and Sweeping Motions

For a practical in vivo demonstration of the system's clinical relevance, we selected a
porcine model due to the similarity of porcine and human GI anatomy. The primary goal
of the in vivo trials was to validate the OME’s ability to perform controlled rolling and

sweeping motions in realistic conditions of friction and tissue interaction.

Two distinct experiments were designed to support these capabilities: one to observe the
OME’s sweeping motion across the top half of the lumen of the colon and the other to
assess its pure rolling motion within a £50° range. The results, displayed in Figure 3.7
and Movie S5, include snapshots from a separate standard endoscope camera (see Figure
A.8) capturing the sweeping and rolling motions of the OME. Notably, the sweeping
motion, which combined horizontal translation and roll motion to produce an arch-like
effect, achieved a range of +60°. This combined motion enabled radial scanning by
the sensor, with rolling adjusting the probe's orientation and translation moving the

endoscope across the surface.

A. SWEEPING B. ROLLING

SIMULATED ENDOSCOPIC
VIEW

FRONT VIEW

Figure 3.7: In vivo sweeping and rolling of the Oloid Magnetic Endoscope
(OME). Selected views from the standard endoscope camera and mirrored simulated
front views show the motion of the OME’s sensor area and camera during (A) sweeping
and (B) rolling motions. The black circle with blue and green arrows represents the
OME’s onboard camera and its frame, while the purple arrow indicates the planned
motion of the sensor area. The scale bars represent 20 mm. See Movie S5 for related
multimedia.
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3.3.4 Pre-clinical Validation — Virtual Biopsy 3D Reconstruction

The primary motivation of this work was to enable virtual biopsies in MFEs, to enhance
diagnostic capabilities beyond those of standard flexible endoscopes. Virtual biopsies al-
low for detailed tissue analysis, such as assessing lesion malignancy and margins, without

the need for physical biopsies.

The OME is sensor-agnostic, however, for demonstration purposes, we integrated a 32-
element 28 MHz microUS array called the Oloid-shaped Magnetic Endoscope - Ultrasound
(OME-U) (see the “Ultrasound Integration” section). By combining our autonomous
sweeping algorithm (see the “Autonomous Sweeping” section) with precise six DoF' local-
ization, the system generated comprehensive microUS imaging datasets. These datasets
integrated high-quality Two- Dimensional (2D) ultrasound images with positional data,
allowing for the creation of high-fidelity 3D reconstructions of target areas. This process

is outlined in the “3D Reconstruction” section.

Preliminary validation was conducted on a benchtop setup with a silicone phantom and
the OME-U (Figure 3.2C(iii)). The phantom included copper bands as echogenic sub-
surface targets. Signals were accurately captured and reconstructed, confirming system
precision (see Figures S6, S7 and Supplementary Methods).Further validation was con-
ducted in vivo by performing an autonomous sweep over healthy tissue followed by a
simulated flat polyp in the same region of the porcine colon, created by injecting submu-

cosal lifting agent (see Figure 3.8A and Movie S6).

The 3D reconstructed volumes were visualized dynamically using MATLAB (Figure 3.8C
and Movie S6), allowing operators to rotate, translate, and zoom. An isosurface rep-
resentation feature enabled detailed inspection of tissue features (Figure 3.8D) through

customizable visibility thresholds (see “3D Reconstruction”).

This was particularly effective in visualizing the flat polyp structure within the 3D volume
(Figure 3.8D(ii)), showcasing the diagnostic potential of the approach. While elements

at depth can be observed even in the no polyp case, these features are less intense and
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Figure 3.8: In vivo subsurface 3D reconstruction of microUS images for achiev-
ing virtual biopsies with the OME. (A) Endoscopic view showing stages 1-3 of polyp
creation. (B) 2D Ultrasound images: (B(i)) without polyp and (B(ii)) with polyp, (C)
3D Reconstruction of the ultrasound scans: (C(i)) without polyp and (C(ii)) with polyp,
with the red square indicating the position of the 2D images (B(i)) and (B(ii)) within
the 3D scan. (D) 3D Isosurface rendering highlights extracted features of interest: (D(i))
without polyp and (D(ii)) with polyp. See Movie S6 for related multimedia.

inconsistent, whereas the polyp case shows a discontinuity in two layers that meet at

both ends.

The accuracy of the 3D reconstruction was assessed by comparing the reconstructed
volume of the polyp against the injected volume, showing a 9.6% overestimation (injected

volume: 1 ml, reconstructed volume: 1.106 ml).

3.4 Discussion

This work introduces an approach to closed-loop roll control in magnetic medical devices,
particularly MFEs, using an oloid-shaped design. This shape provides additional dexter-

ity, enabling controlled rolling without additional power consumption or actuation modes,
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ideal for endoscopes including untethered capsule endoscopes. A precise closed-loop con-
trol scheme that integrates MFE localization was developed, addressing scenarios where
perfect magnetic coupling cannot be assumed. Roll control was effectively demonstrated

in benchtop trials and subsequently in in vivo trials.

This study has demonstrated the approach across different scales (OMD, OME, and mini
OMD) and control sources (single EPM and electromagnetic coil system), in both tethered
and untethered configurations. Although our differential geometry-based model provides
a framework for broad clinical applications using any magnetic field source with at least
five magnetic control inputs, comprehensive parametric studies are needed to validate
utility in other applications. For example, extending this approach to more dynamic

surfaces than the colon will require real-time model parameter estimation.

The design and in vivo testing of the OME within the colon demonstrated the capac-
ity of the oloid to be integrated into a device that met the specific design requirements
for colonoscopy achieving safe rolling motion and an application-specific sweeping mo-
tion. Our results also demonstrated that the OME could roll, tilt, and yaw with greater

independence and stability than cylindrical MFEs, which do not have active roll control.

Previous work [3] was confined to 2D scans using single-element transducers, as linear
arrays were impractical due to the absence of roll control. By leveraging roll control,
our approach enabled robotically controlled, autonomous sweeping to create 3D microUS
images with deeper anatomical reach than transrectal microUS. These virtual biopsies

offer potential real-time diagnostic insights without requiring physical samples.

The OME’s sensor-agnostic design supports the integration of various diagnostic or ther-
apeutic modalities, such as Optical Coherence Tomography [34| or therapeutic lasers
[35], making it adaptable for future applications. In addition, roll control could facilitate
precise interventions like submucosal dissection, and targeted ultrasound-triggered drug

delivery [36], [37].

The oloid-based roll control system and autonomous virtual biopsies contribute to the

expanding autonomy of MFEs, which includes autonomous navigation [38], polyp de-
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tection, and shared control physical biopsy tasks [20]. These advancements could allow
endoscopists to focus on critical diagnostic and therapeutic decisions while autonomous
systems handle routine navigation and tasks [39]. This could also reduce the training
times for endoscopists and potentially allow multiple procedures to be supervised simul-

taneously.

The single EPM system of the MFE has been validated in human trials with patients of
normal Body Mass Index (BMI) [19], however, patients with higher BMI pose challenges
due to increased EPM- IPM distances, reducing magnetic force and torque. Increasing the
EPM size to generate stronger magnetic fields, can potentially address these limitations.
Additionally, the current single EPM system limits vertical (z-axis) control, causing the
endoscope to remain in constant contact with the top half of the lumen of the colon. To
extend the sweeping range to include the lower half, patient repositioning is required. This
design approach is consistent with standard clinical practice, where patient repositioning
is a method for ensuring comprehensive colon examination [40]. However, implementing
more complex field generation systems [1], [14]-[16] would enable full 360° scanning in
scenarios where patient repositioning is not possible. Rolling demonstrations with the
electromagnetic coil system revealed this potential, showing successful oloid movement

across lower surfaces.

Furthermore, the OME’s enhanced dexterity and diagnostic capabilities have the potential
to address gender disparities in colonoscopies, as standard flexible endoscope procedures
tend to be more challenging in women, leading to higher rates of incomplete procedures
and lower adenoma detection rates [41]. In conclusion, the oloid shape facilitates clin-
ically applicable torque generation around the magnetization axis in magnetic medical
robots, enhancing the dexterity, diagnostic capabilities, and autonomy of MFEs and
magnetic medical robots overall. This approach sets the stage for more autonomous and
efficient medical procedures deep within the anatomy. With ongoing clinical validation,
such advancements have the potential to transform minimally invasive diagnostics and

treatments, making them more accessible and effective for a broader range of patients.
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3.5 Methods
The Oloid Model

For the successful control of magnetically manipulated oloid-shaped devices, a deep un-
derstanding of the oloid’s motion was crucial. Although previous studies have modeled
the behavior of the oloid—or “two-circle roller”—on flat surfaces [34], [42], [43], our work
is based on an adaptation of the differential geometry framework by Dirnbock et al. [31]
where full derivations can be found. In this work, the application of the previous model

was extended to curved and lubricated surfaces for any defining oloid radius, r.

We assign a fixed coordinate frame {F} with orthonormal vectors I, IT,III€ R? on the
plane for the initial position and orientation of the oloid. As the oloid moves along the
plane, its motion can be parametrized by the arc length u (radian) of the contact point,

P, on the edge of one of its circles over the region:

we (—%”,o) U (o, 2?”) (3.3)

If {O} denotes the coordinate frame with orthonormal vectors x, y,z€ R? at the geomet-

ric center of the oloid, then the homogeneous transformation matrix of {O} with respect

to {F} is:

RY tp

=
=0
Il

€ SE(3) (3.4)
0 1

where, using s = sin(u) and ¢ = cos(u) for brevity:
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o3 |

__csVI42e .
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o _ ’T‘_ 154+13¢c—c? 9 5
tp = 9 % +In (m) cR (3.5)

3v3(2+¢)

24/2(1+¢)

is the translation vector and:

(5+c)v1+2¢ (2+c)sv/1+2¢ (5+4c)s
V2(1+e)  (14e)y/2(14c)  (1+e)y/2(1+c)

3
R = \/?_ % % _% VCHQC € SO(3) (3.6)
_ 353 303 3y/3(14+2¢)
V2(1+0) V2(1+0) 2(14c)

is the rotation matrix.

The model assumes that the oloid undergoes pure, no-slip rolling on a perfectly horizontal
surface. Additionally, its center of mass aligns with its geometric center and its overall

rolling direction remains fixed in the initial reference frame.

These assumptions demonstrate that while the pure oloid model captures rolling on flat,
high-friction surfaces, modifications were required for curved and lubricated environ-

ments.

To adapt the model for non-planar surfaces and to select rolling direction, we introduced
a rolling surface element, Rg € SO(3), and a rolling direction element, Rp € SO with
respect to {F}. Rg rotates the model in IT to account for changes in the angle of the
surface normal as the oloid rolls on non-planar surfaces and Rp adjusts for the desired

rolling direction in ITI.

For curved cylindrical surfaces, adjustments were calculated based on the surface’s ap-
proximate radius, r.(meters). The translation in I (Figure 3.2B) of the oloid’s center of

mass, s(u) € R3, was used in the arc length equation to derive the angle of the surface

93



3.5. Methods Chapter 3. Autonomous 3D
Micro-ultrasound Virtual Biopsies

normal, 6(u), relative to the horizontal, as a function of w.

6(u) = s(u)/re (3.7)

0(u) was then used to define Ry for every w.

This adjustment was only necessary on non-lubricated surfaces since lubricated surfaces
characterized by stick-slip motion [44], remove the pure no-slip constraint, decoupling
translation from rotation. For lubricated surfaces, the control system used the unaltered
rotation matrix for orientation and original control for x and y translation. In open-loop,
the full unaltered transformation matrix assumed the no-slip condition. For closed-loop,
this condition was assumed only in non-lubricated cases, with adjustments applied for
curved surfaces using pre-measured parameters (r.). In both lubricated cases, the system
utilized the unaltered rotation matrix exclusively, omitting translation to maintain a
central position and demonstrate pseudo on-axis roll. The MATLAB scripts for this

model have been made available in our accompanying Data repository.
Roll Closed-Loop Control

To control the rolling motion of the OMD in a closed-loop system, we leveraged the
closure and inverse property of the SO group to denote the rotation matrix error as

follows:

E = R,R” = &% € SO(3) (3.8)

where S(e)€ s0(3) is the Lie algebra of E (a skew-symmetric matrix). Here, € = e € R3
is the axis of rotation error, and || € || is the magnitude of the rotation error in radians.

Taking the time derivative of the error, we obtained:

o4



3.5. Methods Chapter 3. Autonomous 3D
Micro-ultrasound Virtual Biopsies

E=SEE, é¢ =w;—w (3.9)

From this, we denote the input angular velocity as:

wEw;+Kie (3.10)

where K; € R3*3 is a positive-definite gain matrix. This formulation ensured that errors

decay exponentially over time:

é =-Kie = et) =e K¢ (3.11)

with ¢ is the initial error at ¢ = 0. The setup guaranteed that the error decays exponen-

tially:

lim e(t) = 0 (3.12)

t—o00

At € = 0, we have 59 = I, meaning that R = Ry, which aligns the desired and actual
orientations. Finally, the torque variation is set proportional to velocity. For wy = 0, the

equation simplifies to:

oT = ng = K2 K1 g (313)
K

This desired torque variation served as the control input for the magnetic field system, en-

abling precise roll control as detailed in “Magnetic Actuation of the Endoscope”. Through
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magnetic interactions and the mechanics of the oloid, the device’s pose was adjusted, with
continuous pose measurement via the IPM’s localization system, completing the feedback
loop. As illustrated in Figure 3.3, the roll control stage calculated the necessary torque
adjustments. This information was fed into the magnetic field control, where a simple
proportional controller managed orientation control. To enhance operational efficiency,
a predefined lookup table of the oloid's differential geometry model was employed to

eliminate the need to recompute transformation matrices at each step.
Robotic System Design

The system (Figure 3.2A) consisted of an EPM (cylindrical, axially magnetized, 101.6
mm in diameter and length, NdFeB, N52 grade, KJ Magnetics) positioned at the end
effector of a medical-grade, 7- DoF serial robotic manipulator (LBR Med R820, KUKA)
which was used to steer a tethered magnetic device with an embedded IPM. Actuation
was achieved by applying magnetic forces and torques to the IPM to modify its position
and orientation by adjusting the pose of the EPM. Surrounding the IPM was a flexible
circuit containing Hall Effect sensors and an Inertial Measurement Unit (IMU) for IPM
localization. The data from the Hall effect and IMU sensors of the IPM, influenced by its
current pose within the EPM's magnetic field, along with an additional non-actuating field
generated by an electromagnetic coil surrounding the EPM, enabled real-time estimation
of the magnetic device’s pose at a frequency of 100 Hz [44]. This feedback was crucial

for implementing closed-loop control and automated tasks.

The user interface included a joystick to navigate the GI tract with the OME based
on visual feedback from the embedded camera (Figure 3.1B). Diagnostic images were
captured with the microUS array using a research array controller (Vantage HF 128,
Versaonics) and post-processed using MATLAB (MathWorks, Inc.). The components
were interfaced with the Robot Operating System (ROS) owing to the modularity and

straightforward multi-threading capabilities of ROS.

Three magnetic devices were developed for this paper. The first was an OMD (Figure

3.2C(i)), used to validate a differential geometry-based closed loop control model for the
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oloid shape. The second was an OME (Figure 3.2C(ii)), utilized to demonstrate the clin-
ical applicability of this approach. The third was an adapted version of the OME, which
included a microUS array (OME-U) (Figure 3.2C(iii)). A design-specific localization cal-
ibration process (see Supplementary Methods) was implemented to mitigate the effect of

any manufacturing imperfections in each of these designs.
Magnetic Actuation of the Endoscope

The control of the endoscope pose was split into two separate subsystems, one dedicated
to the orientation control, and another one dedicated to the position control. Due to
the inherent nonlinearities of the field Bg, the global relation between EPM motions and
torques/forces is nonlinear. Given the local nature of the movements and the low velocity
of the robot and the endoscope, the control approach adopted was linearized. The validity
of the models and control action were therefore only local, commanded movements must

be small and the boundary conditions needed to be computed at every time step.

Orientation control was achieved locally by converting the desired torque variation (§7)
into the desired motion of the EPM. In the case of roll control, d7 was an output of
the roll control stage. For tilt and yaw, 07 was simply the desired change in 7, and 7,
respectively. Using the magnetic dipole model and Maxwell’s force/torque equations (see
Supplementary Discussion), we defined a magnetic Jacobian that relates the positions
and orientations of the IPM and EPM to the forces and torques applied to the IPM,

assuming a constant pose of the IPM:

5flin o 5pE
:JF (pE7pI7mEamI) (314)
67—lin 5m/\E

where pg , pr € R? are the positions of the EPM and IPM (Figure 3.3), mg and my;
€ R? are their orientations, and 0Fy;,, 67, € R® represent the variation of F,, and

T € R3 with respect to a local configuration change.
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By inverting the Jacobian (using a damped least-squares approach), we compute dpg and
dmp, favoring rotation for torque control to maintain the EPM’s position directly above
the IPM. Further details on force/torque control, including how the dipole-dipole model
was used to determine the motion of the EPM and the robot joints necessary to control
the IPM, as well as the real-time 6 DoF's localization system, were presented in previous

work (3).

Oloid Shape Integration

While the pure oloid provides a theoretical maximum range of 360° rotation and roll sta-
bility, incorporating essential magnetic endoscopic components such as a camera, Light
Emitting Diode (LED), IPM with localization, tubes for insufflation, irrigation, and Cam-
era Cleaning requires enlarging the device beyond a clinically practical size. Conversely,
cylindrical designs accommodate these components but offer no controlled rolling mo-
tion. Embedding the oloid within a cylindrical form retains essential rolling capabilities
while maintaining a practical device size, achieving a balanced hybrid design suitable for

clinical applications.

These generator lines that develop the oloid’s surface determine its interaction with sur-
faces, allowing for a smooth rolling motion as each line sequentially contacts the surface.
The extent of these lines on a device determines its range of motion. In a single EPM
system like the MFE, the endoscope is primarily attracted to the upper surface of the
environment, specifically the top half of the lumen of the colon. Thus, only the upper
surface of the endoscope required functionalization, incorporating two of the four quad-
rants of the oloid shape. To maintain pure tilt control from a neutral position, a flat

chamfer was added to the top edge of the oloid shape.

The OME was manufactured using a 3D printed resin shell (Form 3+, Formlabs). The
resulting OME, shown in Figure 3.2C(ii), has compact dimensions of 20 mm x 20 mm x

35 mm in line with the previous MFE design.

Ultrasound Integration
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The microUS probe incorporated into the OME was a commercially supplied 28 MHz,
128-element linear array (L28SXTech, VERMON S.A) that was adapted for the applica-
tion. Microcoaxial cables (42 AWG - Alpha Wire) were directly soldered to the flexible
PCB pads corresponding to the array elements, with an additional cable for the PCB's
ground connection. The microcoaxial cables from the array were terminated with LEMO
connectors and connected to the Verasonics controller for US transmission and data ac-

quisition.

Modifications were made to the OME design to accommodate the microUS probe result-
ing in the OME-U (Figure 3.2C(iii)), comprising a detachable section incorporating the
sensor. This design choice was driven by sustainability considerations to facilitate the
testing and reuse of various sensors, while the main endoscope can be discarded as its
lumens are difficult to clean. This also ensures that the endoscope remains adaptable

and versatile for different medical applications.

The array was driven using a synthetic aperture protocol [45] modified to use five trans-
mitting elements (Tx) in parallel and all receive elements (Rx) for each acquisition to
maintain electrical power levels within reasonable bounds, while improving the Signal
to Noise Ratio (SNR) compared to the conventional US B-mode imaging protocol that
uses only one Tx element per acquisition [46]. The magnitude of the Tx signal was set
to 20 Vpeax and the frame rate of the imaging system was ~9 Hz, compatible with the
speed of motion of the OME-U. The real-time generated B-scans or 2D microUS images
were transmitted over ROS and post-processed using logarithmic time gain compensation

(TGC) for improved contrast.
In vivo Trials for Roll and Sweep

The trials were conducted on a 39 kg pig under general anesthesia at the Large Animal
Experimental Facility, University of Leeds. These trials were carried out under Project
Licence PC71ADES5, approved by the University of Leeds (establishment license number
XDE639D76) in compliance with the Home Office (UK) legislation, the Animal (Scien-
tific Procedures) Act 1986, and NC3Rs guidelines. This report adheres to the ARRIVE

29



3.5. Methods Chapter 3. Autonomous 3D
Micro-ultrasound Virtual Biopsies

guidelines.

After cleaning the colon through multiple rounds of enema, the OME was inserted through
the rectum into the colon and advanced to about 20 cm beyond the rectum. This distance
provided a long, straight region of the bowel for experimentation. The OME was followed
with a standard endoscope (Olympus PCF-160AL) to render rear visualization of the
OME and surrounding tissue. The ancillary elements of the OME were used for distension

of the colon and irrigation when necessary.

The main objectives of these trials were to demonstrate that the OME can be successfully
manipulated in the roll direction in vivo and that it can perform clinically applicable
motions for contact-based sensing. Two experiments were designed to provide proof. The
first consisted in a sweeping motion across the upper half of the colon surface, and the
second involved a pure rolling motion within a £50° roll. Each experiment was repeated
five times. After the experiments were completed, the OME was removed by pulling it
from its soft tether. Then, the standard endoscope was used to scan the colon surface to

assess damage, with no evidence observed.

Contact Detection

To enable autonomous sweeping, a contact detection algorithm (see Supplementary Meth-
ods) was developed to assess the quality of contact between the microUS array and the
tissue. This evaluation was crucial for the control loop that ensured continuous imaging

by compensating for any loss of contact during sweeping.

For precise contact detection, microUS images underwent initial cropping to isolate a
specific “zone of interest”. This zone typically encompassed the region from 0% to 7%
of the image depth, where differences indicative of contact versus no contact were most
discernible. These differences were particularly noticeable due to an increase in high-
intensity reverberations near the array's surface when the device was not in contact with
the tissue, a phenomenon caused by the large difference in acoustic impedance between

the array material and air.
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By extracting the maximum value from each column in the microUS image, corresponding
to one of the 32 microUS array elements, and applying binary thresholding, the system
computed an average contact value ranging from 0 (“decoupled”) to 1 (“coupled”). The
algorithm represented the detected coupling quality through a color-coded bar overlaid on
the microUS image (Figure A.7). This bar offered immediate feedback by transitioning
from green, indicating good coupling, to red, indicating poor coupling, thus visually

conveying the level of contact to the operator.

Given the variation in contact quality across different testing surfaces, such as silicone
phantoms and in vivo mucosal tissue, calibration was necessary to determine the exact
“zone of interest” and the appropriate threshold levels for the contact value. This cal-
ibration process involved performing a sequence of five coupling-decoupling repetitions
to establish these critical parameters. Adjustments were based both on the observed

differences in the microUS images and the contact value output.
Autonomous Sweeping

The autonomous sweeping algorithm consisted of three stages: initialization, contact
recovery and execution of a pre-planned sweeping motion. Initialization set the correct
frame of reference (Rp) for the sweep motion, accommodating the variable orientation of
the colon in vivo, which cannot be predetermined without supplementary imaging such as
CT scans. Using the localization system and WLI, the operator positioned the OME-U
centrally within the lumen before beginning the sweep, thereby establishing an initial

reference frame relative to the global frame.

Once initialized, the algorithm checked the contact quality between the array and the
tissue. If the contact was insufficient, the algorithm entered a contact recovery mode,
applying magnetic torque about the tilt axis to improve proximity to the GI wall. Once
adequate contact was achieved, the OME-U proceeded with the pre-planned sweeping
motion, which involved a combination of horizontal translation and roll. This motion
continued as long as contact remained adequate; if not, the algorithm reverted to contact

recovery mode. This autonomous strategy, leveraging the oloid shape, WLI, robotic

61



3.5. Methods Chapter 3. Autonomous 3D
Micro-ultrasound Virtual Biopsies

adjustments, and the microUS array feedback, enabled consistent, high-quality imaging
of the colon wall. Benchtop validation of the autonomous sweeping is detailed in Figures

S6, S7, and Supplementary Methods.
3D Reconstruction

Using the 2D microUS images acquired from the autonomous sweep of the porcine colon
with the OME-U, a 3D visualization of the scanned colon section was created. A custom
MATLAB script was developed to extract robot positional information corresponding to
each image in the dataset, ensuring precise spatial alignment during reconstruction. This
process entailed iterating through all the images, reading each image in turn from the
specified directory, and adjusting its position based on the corresponding robot position.
An interpolation was then used to fill the gaps in the 3D projection of the image stack.

Detailed steps are provided in Figure A.9 and Supplementary Methods.

By adjusting thresholds, specific pixel intensities were targeted to generate an isosurface,
which is a 3D surface representation of points with equal values (isovalue) in a 3D intensity
volume. The isovalue could be easily adjusted by the user to suit different scenarios and
enhance visualization. For the results illustrated in Figure 3.8, using the same isovalue

in both the cases, greatly emphasized the depiction of the polyp in Figure 3.8D.

An analysis was conducted to assess the accuracy and reliability of the reconstructed
tissue volume (see Figure A.10 and Supplementary Methods). Metrics such as spatial
fidelity and volumetric accuracy were evaluated to quantify the performance of the re-
constructed polyp. Spatial fidelity was established during the benchtop phantom trial,
where all measurements were controlled. The OME-U was fixed to a motor and rotated at
a constant speed while maintaining constant contact with the silicon phantom. Ensuring
a constant speed allowed for a reconstruction where the voxels have the same size, validat-
ing the algorithm's ability to reconstruct volumes and assess its precision by comparing
the obtained dimensions of known high-echogenicity elements included in the phantom.
These experiments determined the accuracy of the spatial reconstruction across different

trials.
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The spatial resolution of the 3D scan reconstruction depended on the image resolution
along the x and y axes, and the accuracy of localization along the z-axis, as shown
in Figure 3.8, which was influenced by the differences between successive OME-U pose
values. Volumetric accuracy was assessed by reconstructing the inner volume of the polyp
after characteristic feature extraction and comparing it with the volume of the solution
injected to create the polyp. Once the features were extracted from the reconstructed
volume, it became possible to save them and process this information in the form of a
3D object. From this, the contents could be extracted by subtraction to determine the

volume contained in the polyp, which was then compared to the actual volume.
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3.6 Evaluation and Summary of Findings

This chapter presents the development and evaluation of an OME designed for au-
tonomous, high-resolution ultrasound imaging in the GI tract. Building on the previous
chapter, a closed-loop control scheme was established for the magnetic control of the roll
of the oloid shape and validated across a range of surfaces. This enabled the integration of
a 28 MHz microUS array into the OME, supporting autonomous closed-loop sweeping and
3D imaging, as demonstrated in both in vitro and in vivo settings. The OME achieved
real-time, non-invasive 3D virtual biopsies and subsurface lesion detection, showcasing
its ability to consistently maintain optimal tissue contact using the contact detection
algorithm. In addition, the OME outperformed the cylindrical MFE in independent roll,
tilt, and yaw maneuvers, demonstrating an improvement in overall dexterity for magnetic

endoscopes achieved with only five magnetic control inputs.

The sensor-agnostic nature of the system lays a robust foundation for incorporating ad-
vanced imaging modalities such as OCT or terahertz in future work, which will drive the
development of optimized contact and force-sensing strategies to match emerging tech-
nologies. Additionally, although the current device size is determined by commercially
available microUS arrays, this presents a promising avenue for miniaturization through
the creation of custom, flexible arrays, enabling even broader diagnostic and therapeutic

applicability throughout the GI tract.

While future directions may include the application of this concept to wireless capsule
platforms for diagnostic applications, the development and refinement of tethered mag-

netic endoscopes remain highly relevant, as they allow for the delivery of therapeutic
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interventions as well as diagnostic procedures. However, as discussed in the introduc-
tion, all tethered systems suffer from the friction and drag imposed by the tether, which

restricts the depth and reach of navigation, especially in complex anatomy.

The next chapter addresses these depth and friction challenges by introducing magnet-
ically controlled vine robots, which is a novel approach to endoluminal navigation. In-
spired by the tip-growing motion of climbing plants, this approach eliminates the buildup
of friction and tether drag observed in conventional designs. This chapter details a 25
mm diameter vine robot integrated with the MFE, achieving controlled steering while

maintaining shear-free navigation.
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*N. G. Kim and N. J. Greenidge are to be considered co-first authors on this work. How-
ever, N. J. Greenidge is to be considered as the lead author due to the contributions listed

in the "Intellectual Property and Publication Statements" section of this dissertation.

4.1 Abstract

This paper explores the concept of external magnetic control for vine robots to enable
their high curvature steering and navigation for use in endoluminal applications. Vine
robots, inspired by natural growth and locomotion strategies, present unique shape adap-
tation capabilities that allow passive deformation around obstacles. However, without
additional steering mechanisms, they lack the ability to actively select the desired di-

rection of growth. The principles of magnetically steered growing robots are discussed,
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and experimental results showcase the effectiveness of the proposed magnetic actuation
approach. We present a 25 mm diameter vine robot with integrated magnetic tip capsule,
including 6 DoF localization and camera and demonstrate a minimum bending radius of
3.85 cm with an internal pressure of 30 kPa. Furthermore, we evaluate the robot’s ability
to form tight curvature through complex navigation tasks, with magnetic actuation allow-
ing for extended free-space navigation without buckling. The suspension of the magnetic
tip was also validated using the 6 DoF localization system to ensure that the shear-free
nature of vine robots was preserved. Additionally, by exploiting the magnetic wrench at
the tip, we showcase preliminary results of vine retraction. The findings contribute to
the development of controllable vine robots for endoluminal applications, providing high

tip force and shear-free navigation.

4.2 Introduction

Inspired by the growth and locomotion strategies of climbing plants observed in nature [1],
[2], vine robots possess a unique ability to adapt their shape, to passively deform around
obstacles and navigate complex environments, making them highly versatile for various
applications. Their utility has been considered for application to medical procedures [3]|-

[5], exploration [6], and environmental monitoring [7].

Vine robot growth is typically driven by pneumatic actuation, where pressurization of
an inverted inflatable cylinder causes internal material to be continuously transported
and inflated at the tip, resulting in lengthening of the robot’s body. This growth mech-
anism (extension from the tip), as opposed to translational motion, mitigates friction
with the surrounding environment, therefore allowing the robot to move without drag.
Furthermore, this mechanism for growth enables the robot to adapt to existing channels,
facilitating gentle navigation within the environment [7]. However, vine robots operating
in open space and without any additional steering mechanism lack the ability to control
tip position and orientation, and thus growth direction. Therefore, the development of

steering mechanisms to facilitate this capability while preserving the unique properties
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of the vine robot represents a significant research challenge.

To address this issue, conventional approaches to steering vine robots have relied on
embedding actuation systems throughout their bodies, such as Series Pneumatic Artificial
Muscles (sPAMs) [8], |9], Fabric Pneumatic Artificial Muscles (fPAMs) [10], and tendon-
driven actuation [11]. Fluidic approaches typically offer moderate distributed actuation
along the length of the robot’s body, realizing integrated designs with limited curvatures.
Conversely, tendon-driven approaches can typically achieve higher curvatures, however,
suffer from buckling and challenges due to tendon friction when the robot encounters

consecutive bends.

As an alternative to whole-body actuation methods, tip-focused steering has been ex-
plored using rigid mechanisms that steer only the tip of the robot. This approach enables
the robot to achieve higher curvature than the conventional whole-body steering, which
is particularly useful for operating within small spaces. For example, a vine with an
additional internal pneumatic bending mechanism was used to navigate a vine robot in a
confined space [12], a hybrid vine robot was developed to induce buckling via an internal
rigid steering mechanism to achieve high bending angles at discrete points along its length
[13], and a rolling contact-based tip steering mechanism was proposed for improved target

reachability [14].

Until now, the forces that trigger the steering of vine robots have been grounded within
the robot itself, requiring the integration of additional mechanisms. Moreover, mounting
and maintaining components at the robot’s tip represents a unique challenge for vine
robots due to their everting nature, typically necessitating either a rigid cap-like mount
[15], internal pneumatic mechanisms [16] or a complicated control process [17]|. Achieving
tip-steering or stable tip mounts in vine robots has therefore come at the cost of having
to include mechanisms that occupy significant space within the vine, interfere with their
compliant nature, limit miniaturization potential and increasing the overall mechanical
complexity of the system. In this paper, we investigate for the first time the concept of

external actuation of the tip of a vine robot through magnetically induced torques and

4
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forces.

By integrating a magnetic element into the structure of the robot and manipulating the
external field, forces and torques can be induced on the robot's body. This principle has
been proposed for use in medical applications such as tethered endoscopic navigation of
the GI tract [18], and in soft magnetic catheters for navigation through the cardiovascular
system [19] or the bronchial tree [20]. Conventional flexible endoscopes and catheters are
all introduced into the human body by pushing them from the distal side. In order for
them to advance inside a convoluted anatomy, they all have to apply pressure on the
lumen wall whenever they approach a bend. This often leads to complications for the
patient such as pain or perforations. Magnetic actuation facilitates designs that can
conform better to the anatomy and can be deployed under open and closed loop control
strategies using various localization methods. However, these methods suffer limitations

due to their low actuation force and the build-up of friction during insertion [21].

The generation of actuating magnetic fields is possible via systems of electromagnetic
coils [22] or the use of manipulated External Permanent Magnets (EPMs) [23], [24].
The use of manipulated EPMs comes with the advantage of larger workspace, lower
power requirements, but increased control complexity [23]. Relatively, systems based on
electromagnets produce weaker fields for the same size system and require large external
power supplies and cooling systems. However, control is simplified due to the linear

relationship between produced field and applied current.

In this study, we explore the application of an EPM mounted to a 7 DoF robot manipula-
tor to generate the magnetic fields required for tip steering a Magnet Vine Robot (MVR)
(See Figure 4.1), building on our previous work on magnetically manipulated flexible
endoscopes with 6 DoF real-time tip localization[18]. By introducing a novel mounting
system, we allow for the secure placement of a magnetic element at the robot’s tip dur-
ing eversion, enabling the robotically controlled EPM to induce the desired forces and
torques required for precise tip navigation. This MVR approach aims to overcome the

limitations of current vine robot steering techniques and allow the compliant, shear-free

5
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growing nature of vine robots to be harnessed for improved navigation in delicate envi-
ronments like endoluminal anatomies (e.g. the gastrointestinal tract, the bronchial tree

or the cardiovascular system).
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Figure 4.1: Overview of the proposed system. The robot consists of a growing section
with a tip containing an IPM. By manipulation of the magnetic field via a large EPM
mounted to a robotic manipulator, the growing robot can be steered without complex
internal mechanisms. (created with Biorender.com)

\

We investigate the capability of magnetic actuation to facilitate high-curvature, tip-
focused steering and independent tip orientation of vine robots without relying on com-
plex internal mechanisms. Further experimentation evaluates how the MVR’s growing
nature can effectively expand the workspace of magnetic endoluminal navigation with
its enhanced axial pushing force and eliminate tether drag. Furthermore, we validate
the reproducibility and repeatability of the control of the MVR, by studying deviation
across multiple fixed trajectories. We also present magnetic tip suspension tests that
demonstrate the MVR’s maintained shear free motion despite the integration of a rigid

component at the tip and a preliminary examination of retraction.
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While in this work the magnetic field is generated by a robotic EPM, the proposed
approach can be generalized to any method of magnetic actuation, provided sufficient

magnetic field can be generated and controlled.

4.3 Materials and Methods

4.3.1 Principles of Magnetic Vine Robots

In this section, we explain the principles of MVRs. In particular, we discuss the math-
ematical fundamentals of magnetic manipulation in order to justify the design choices
in the MVR hardware as-well as experimental setup. We also discuss the considerations
of the vine portion and how this pressurized body affects the overall deformation of the
robot. For simplicity, internal forces and gravity are omitted. We assume that the bend-
ing stiffness of the tether is negligible compared to that of the inflated vine, and we

consider magnetic forces to act directly on the robot’s tip.

The use of both magnetic and growing actuation compounds the large tip forward force
provided by the growing system with the magnetic forces and torques (wrench) on a
magnet within an external field [7], [24]. This combination of actuation methodologies

enables the remote steering of MVRs though external magnetic field manipulation.

To realize this combined actuation method, we propose the introduction of an IPM at the
tip of a pneumatically actuated vine robot. When operated within an external magnetic
field, the IPM and thus the tip of the vine robot experiences magnetic forces and torques
which can be used to steer the vine robot. To provide suitable external magnetic fields
for positioning and steering, we manipulate the pose of an EPM around the vine robot’s

workspace. (See Figure 4.2).

The magnetic field B at a point r produced by an EPM with magnetic moment m, is

given as

7
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Figure 4.2: Diagram of contributing forces and torques to the movement of the robot. The
total force is the sum of the pressurized growing section of the robot and the attractive
force between EPM and IPM. The bending moment is a balance between the magnetic
wrench of the IPM within the EPM’s field and the restoration moment of the growing
section. @ is the deflection of the vine body. (created with Biorender.com)

B (e, ) = ( 515 (3771 ) e, (4.1

where we consider r = p, — p;, the relative displacement between the EPM position p,

and IPM position p;. T is the direction vector of r, T = n7- Lis the identity matrix and

Lo is the vacuum permeability equal to 47 x 1077 Hm™!.

The magnetic torque 7, on the IPM is

Tm=m; X B. (4.2)

m,; is the magnetic moment of the IPM equal to

m; = : (4.3)
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where B, is the residual magnetic flux density vector, v is the volume of magnetic material

123].

The spatial gradient of the EPM field is given as

By (m, ,r) = AJ:SHLsz;(me/F +rtm.” +1"m, (I-5177)), (4.4)

which relates to the magnetic force on the IPM F,, as

F,, = By ' m,. (4.5)

The growing portion of the robot exerts a force on the tip due to the pressurized section

of the robot. The pushing force under quasi-static conditions can be simplified:

1
where P is the internal pressure of the vine robot, A is the cross-sectional area of the vine

robot, and C' is a drag term related to material deformation, tip velocity etc. Details can

be found in the work of Blumenschein et al. [25].

The inflated vine body, creates a restoration moment 7, which is a non-linear function of
the diameter of the vine D , deflection angle 8 and P the internal pressure 7,=f(0, P, D).
Other smaller factors that affect this restoration moment include vine material elasticity

and tether tension.

The wrench of the MVR will therefore depend on the pose of the robot, the diameter of
the vine, the applied pressure and the relative EPM- IPM pose. From Equations 4.1 to
4.5, it can be noted how magnetic torques and magnetic forces drop off with distance (i.e.
%3 and ri4, respectively). The overall tip force is the summation of the force contributions

of the pressurized vine body and the magnetic force on the IPM (Equations 4.5 and 4.6).
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In order to steer the vine body, the overall magnetic wrench applied must overcome the
restoration moment introduced by the pressurized vine body. An IPM must therefore be
selected with sufficient volume to generate the required wrench for the specific external
magnetic actuation system used while fitting within the constraints of the overall MVR

diameter.

4.3.2 Hardware of Magnetic Vine Robots

To achieve magnetic steering of vine robots, three main components are required. A
magnetic tip, a system to generate and control an external magnetic field and a vine

robot that allows for tip locking and tether feeding.

4.3.2.1 Magnetic Tip

The magnetic tip was constructed from a 20 mm x 35 mm 3D printed cylindrical clear
resin shell (Formlabs) containing an 11 mm x 22 mm axially magnetized cylindrical NdFeB
N52 permanent magnet (K&J Magnetics) wrapped in a flexible magnetic sensor array
circuit for 6 DoF real-time localization (£2 mm position and £3° orientation accuracy)
[18]. An endoscopic camera and LED were included to provide visual feedback from the

tip, as well as a tool channel for passing tools down the tether (See Figure 4.3).

4.3.2.2 Magnetic Field Generation

For external magnetic field manipulation, a 101 mm x 101 mm NdFeB N52 EPM (Mag-
networld AG) with a localization coil was mounted as the end effector of a 7- DoF serial
robotic manipulator (14-kg payload, LBR, KUKA). Joint angles of the arm were con-

trolled via a Cartesian joystick controller using ROS [21].

4.3.2.3 Vine Robot

The vine, and vine base were designed to allow the magnetic tip’s sensor cable tether to
be transported by utilizing a scrunched material stacking method, similar to the origami-

inspired base developed by Kim et al. [17]. The notable improvements in our design
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Figure 4.3: Hardware of the MVR. (A) Overview of the MVR system. (B) Vine robot with
magnetic tip. (C) Electrical components. (D) CAD model of the MVR. (E) Schematic
of the growing tip. (F) Schematic of the material stacking mechanism. (G) Schematic of
the pressure separator.

include the integration of movable rollers, a pressure separator that facilitates the free
transport of high gauge sensor wire into the pressurized base, and a sealing ring that

continuously synchronizes internal pressure while locking the robot tip and facilitating
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tether feeding.

As shown in Figure 4.3, the movable rollers are placed on a linear guide and pulled tight
by a secondary tensioning motor. With sufficient tension pulling the linear guide, the
material can be kept in a fully scrunched state. The fully stacked material just behind
the roller then generates a pushing force, which automatically pushes the rollers forward
during the stacking of the material. This configuration facilitates even vine material
stacking across the stacking pipe allowing more material to be stacked in the same length

of pipe without getting stuck just behind the roller.

The entire stacking system is placed in an acrylic cylinder with openings on both sides
to pressurize the system. Placing an elastic sealing ring at the tip prevents air leakage
and therefore continuously synchronizes the inner pressure with outer pressure for inner
channel security. The vine base isolates the pressure inside the cylinder from the atmo-
spheric pressure, while the high gauge cable can still freely move through via the pressure
separator. The pressure separator is made of ripstop nylon to minimize friction between

the separator and the tether, tightening the tether by elastic rubber built in the fabric.

By placing the sealing ring at the front tip and maintaining equal pressure levels between
the inner channel and the main body, compression and, therefore, friction can be relieved
to allow the wires to move freely inside the inner channel of the vine. The elastic sealing
ring behind the magnetic tip allows the position of the magnetic tip to be maintained,
preventing the spitting of the tip during growing. A cable gland prevents this elastic

sealing ring from sliding down the tether during growing (See Figure 4.3E).

Figure 4.4 describes the fabrication of the inflatable vine robot body. The cylindrical
shape was made by sewing Ripstop nylon fabric (Seattle Fabrics) and sealing it with sili-
cone adhesive. A resulting diameter of 25 mm was achieved. The vine body’s diameter is
deliberately larger than that of the magnetic tip to ensure that the frictionless navigation

aspect of vine locomotion can be retained.

To reduce the restoring moment that opposes magnetic actuation while the MVR tip

is bending, we placed the fabric at a 45-degree angle when sewing it into a cylindrical
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C

g

Figure 4.4: Fabrication of the growing body from Ripstop nylon fabric. (A) Fabric weave
oriented at 45°. (B) Seam sewn. (C) Seam sealed with silicone adhesive.

shape. This orientation leverages the anisotropic stretchability of ripstop nylon, aligning
it with the vine robot’s principal axis and minimizing volume changes during curvature,
thereby reducing the restoring moment [10]. Finally, to control the growth of the vine
robot, the pressure was regulated using an electronic pressure regulator (SMC ITV-1010)
and the rollers and tensioner were controlled using motors (Robotis Dynamixel XL330-
M288-T). Both the motors and the electronic pressure regulator were controlled using a

microcontroller (Robotis OpenRB-150).

4.4 Experimental Results

4.4.1 Tip Force Measurements

The resultant force at the tip of the MVR is a combination of the magnetic force between
IPM and EPM and the growing force of the pressurized section. The magnetic force F,,
is a function of the relative distance and orientation between IPM and EPM (Equation
4.4 and Equation 4.5), while the growing force F is a function of the applied pressure
(Equation 4.6). To evaluate the relative contribution of each force, we varied the IPM-
EPM separation distance at a range of static growing pressures. Figure 4.5A shows the
experimental setup with the MVR constrained within a tube with an inner diameter
matching the diameter of the MVR. The tip was placed against a force sensor (Nano

17, ATT Industrial Automation), and the EPM positioned above. Prior to each test,
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the EPM was positioned at a starting height of 100 mm and a lateral distance of 85
mm relative to the MVR’s tip magnet. The height of 100 mm was chosen as the lower
limit of the clinically applicable range, informed by previous work showing an effective
actuation range of 100 mm to 150 mm for applications such as colonoscopy [21]. The
lateral distance of 85 mm was experimentally found through stepwise measurements to
maximize tip force at the chosen height. The pressure was set to a fixed value for each

test ranging from 0-30 kPa in steps of 5 kPa.
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Figure 4.5: Tip force measurements. (A) Arrangement of MVR in the perspex tube with
the load cell. (B) Graph of pushing force of MVR with varying pressure P and EPM
height d.

At each pressure, the EPM height d was increased in steps of 50 mm up to a maximum
height of 300 mm. At each height, the force on the load cell was observed over a period

of 20 seconds and the mean value was recorded as the pushing force.

Figure 4.5B shows the average pushing force results as a function of EPM height at each
pressure. It can be observed that pushing force converges with greater height of the EPM.
The plateau reached at each pressure represents the respective contribution of growing
force to the total pushing force. At higher pressures, the pushing force is dominated by
the contribution of the growing portion. For example at 30 kPa, the growing force is 79 %
of the overall force with an EPM height of 100 mm. As expected, at lower pressures the
magnetic forces form a larger contribution, however, when EPM height is greater than

200 mm, the contribution is negligible.
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4.4.2 Steering of MVR

In order to steer the MVR using magnetic actuation, the bending moment from the mag-
netic wrench must overcome the restoration moment of the growing section. To demon-
strate this capability, we consider the maximal bending of the MVR that is achievable in

free space using magnetic actuation.

The MVR was positioned in free space under a constraining plate to prevent contact
between the EPM and the tip (See Figure 4.3B) and grown through an acrylic tube
of similar diameter to constrain the proximal portion and allow control over its uncon-
strained grown length. The MVR was pressurized to 30 kPa and the separation between
EPM and IPM height was set at 160 mm. As observed in the results of the tip force
measurements, at this distance and pressure, the magnetic force contribution in the di-
rection of travel is minimal. The MVR was subsequently grown until its unconstrained
length, the length from the end of acrylic tube to the MVR tip, was 10 cm (Figure 4.6A)
and 20 cm (Figure 4.6B) respectively. The EPM was then manipulated to achieve the
minimum bending configuration of the MVR body without buckling. It can be observed
that the MVR achieves a minimal bending radius of 4.95 and 3.85 cm in the 10 cm and
20 cm cases, respectively. It can also be observed how the MVR tip can still be steered
independently of the bending of the growing section by rotation of the EPM, as indicated
by the red arrows in Figure 4.6A and B. To show the ability of the MVR to achieve high
(non-constant) curvature, the EPM was manipulated so that the MVR was bent beyond
the point of buckling as shown in Figure 4.6C (See Supplementary Video 1) where the

proximal constraint acts as a pivot point for the vine’s body.

To study the repeatability of the bending control of the MVR using the EPM, we consid-
ered fixed circular trajectories of the EPM. Here, the EPM was positioned at a height of
160 mm and moved in a fixed circular trajectory with a radius equivalent to the MVR’s
length from 0 to 130 degrees. These tests were conducted over a range of pressures (P =
10.0 kPa, 20.0 kPa, 30.0 kPa) and robot lengths (I = 100 mm, 150 mm, 200 mm) with five

repeats each. Starting from a straight pose, as the MVR is bent, it forms an approximate
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Figure 4.6: Magnetic steering of the MVR. (A) Minimum bending radius of 4.95 cm with
10 em of grown body. (B) Minimum bending radius of 3.85 cm with 20 cm of grown
body. (C) Demonstration of the ability to buckle the robot body even at a pressure of
30 kPa. (D) Repeatability of achieving bending radii under differing pressures and MVR
lengths.

constant curvature which was quantified as a mean bending radius via image analysis
(see Figure B.3, supplementary materials). Table 4.1 summarizes these results. It can be
observed that bending radii is approximately constant and independent of applied pres-
sure and robot length. This shows the dominance of the magnetic wrench over restoration
torque within the vine body and the repeatability of the actuation methodology to achieve
high curvature bending of the MVR (See Figure 4.6D).

4.4.3 Nayvigation with Suspended Tip

One of the characteristic behaviors of vine robots is the ability to locomote shear-free as
a result of their everting nature. The inclusion of a magnetic tip for steering reintroduces
a component which moves relative to the environment and therefore would be a source of

friction when contact is maintained. To demonstrate the ability to suspend the magnetic
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Table 4.1: Mean bending radii of the MVR’s final position across a range of robot lengths
and pressures under fixed circular EPM trajectories.

Robot Length (mm) Pressure (kPa) Mean Bending Bending Radius
Radius (mm) Standard Devi-
ation (mm)

100 10.0 65.5 0.3
100 20.0 66.3 0.2
100 30.0 67.0 0.1
150 10.0 67.3 0.5
150 20.0 69.7 1.1
150 30.0 69.0 0.4
200 10.0 63.4 1.5
200 20.0 72.2 0.4
200 30.0 66.5 0.9

tip during growing and steering, the MVR was navigated around a 90-degree bend within
a 60 mm diameter perspex tube, illustrated in Figure 4.7. Here, the EPM was positioned
at a height of 160 mm and moved in a fixed pre-planned path in the x-y plane to follow the
90 degree bend. Five repetitions were conducted at two different EPM speeds of 3 mms™
and 4 mms™ under the fixed EPM trajectory. These speeds correspond to just 10% and
20% of the robotic manipulator’s maximum speed and were chosen due to limitations in
the experimental setup, specifically the manual pressure regulation. Although the robotic
manipulator is capable of moving faster, these speeds allowed for the internal pressure to
be adjusted, ensuring reliable and controlled navigation. Automating pressure regulation

in future work will enable faster speeds to be achieved.

Figure 4.8A shows the 3D position data from the robot’s localization system for three
independent repetitions at each speed (see Figure B.2, supplementary materials for all
five repetitions), and the EPM’s pre-planned path demonstrating that the robot was
repeatedly navigated through the 90-degree path at both speeds. Figure 4.8B shows the
2D top view of the x-y plane and Figure 4.8C shows the 2D projected view of the mean
and standard deviation of the IPM’s center in z (height) versus the distance travelled
for each speed. Over five repetitions, an average gap of 11.2 £+ 4.3 mum for 3 mms™ and

12.8 £ 3.4 mm for 4 mms™ was maintained between the edge of the magnetic tip and the
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Figure 4.7: Setup of suspended tip experiment. The robot navigates through a 90-degree
turn while keeping the tip suspended, preventing any interaction with the tip and the
surrounding tubular environment. (A) Top view. (B) Side view in first half of the 90-
degree turn. (C) Side view in the second half of 90-degree turn. Scale Bar: 5 cm.

upper surface of the perspex tube (See Supplementary Video 2). EPM- IPM coupling

I were found

deviations in the x-y plane across all five repetitions for 3 mms™" and 4 mms™
to be 19.0 £ 2.8 mm and 19.6 + 1.8 mm in x, 24.3 £ 3.6 mm and 21.0 + 3.3 mm in y
and 19.1 £ 5.8° 22.3 + 10.3° in yaw respectively Deviations for each repetition can be
found in Table B.1 of the Supplementary Materials. When the EPM is directly above
and parallel to the tip magnet, no torque or force is generated in the lateral plane. These

EPM- IPM coupling deviations are therefore necessary in order to generate the magnetic

wrench required for steering the MVR.

4.4.4 Preliminary Results of Retraction using Magnetic Wrench

In the context of vine robots, retraction refers to the reversal of the growing process,
where material inverts at the tip and the vine's length reduces. Without additional con-
straints on the robot motion however, retraction can fail due to an induced moment from
the tensioned tether [26]. To compensate for this, several studies have considered how

applying a grounding force to the tip can stabilize the vine body, allowing for successful
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Figure 4.8: Suspended tip experiment data. (A) 3D position data of the center of the
EPM and IPM for EPM speeds of 3 mms™' and 4 mms™! for three repetitions within the
perspex tube. (B) 2D projected view of the IPM’s position on the x-y plane. (C) 2D
projected view of the mean and standard deviation of the IPM’s z position (height) versus
distance travelled along the perspex tube.

retraction. This force acts in opposition to the tether tension, stabilizing the vine body
and therefore allowing the material to be inverted and eventually retracted into the robot

base.

If such a force is not applied, the outer material of the robot may collapse first, or
in the case of an inflated vine robot, buckling may occur. Buckling during retraction is
established as an open problem in vine robots, as it would be desirable for the robot to exit
the environment with the same non-shearing behavior as which it entered, particularly
in delicate enviroments [27]. Due to vine robots’ susceptibility to buckling during this

process [27], we propose harnessing magnetic interaction to address this problem. Our
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focus lies in utilizing magnetic wrench to counteract the buckling phenomenon caused by

the pulling of the internal tether from the end of the robot.

To assess the feasibility of this approach, retraction was attempted on a high friction
surface under four different conditions. The four scenarios are a deflated MVR with no
EPM (Figure 4.9A), inflated MVR (3 kPa) with no EPM, (Figure 4.9B), deflated MVR
with EPM (Figure 4.9C) and inflated MVR (3 kPa) with EPM (Figure 4.9D). In scenario
3 and 4 (Figure 4.9C&D), the EPM is positioned 60 mm above the magnetic tip and
tracked above the tip position. For each retraction attempt, the MVR was first grown in

its axial direction to a length of 320 mm and then retracted under manual control.

Figure 4.9: Experimental results of retraction under varying conditions. (A) Deflated
MVR with no EPM. (B) Inflated MVR with no EPM. (C) Deflated MVR with EPM. (D)
Inflated MVR with EPM. Case (C) highlighted green to indicate successful retraction.
Scale bar: 5 cm.

In both of the “no EPM” cases (Figure 4.9A&B), absence of the EPM providing magnetic
wrench led to rapid buckling of the body when the internal material was pulled for
retraction (See Supplementary Video 3). In contrast, Figure 4.9C shows that the magnetic
wrench generated by the EPM successfully prevented buckling, ensuring the retraction
process proceeded smoothly. Interestingly, Figure 4.9D shows that while buckling did not
occur, friction resistance occurred between the material and the tether at the tip, along
with the resistance of the sealing ring as a result of the increased pressure, causing the
tip to become engulfed occasionally. It is to be noted that, at EPM- IPM separations
greater than 60 mm, the magnetic wrench was not sufficient to assist retraction in either

case and therefore presentation of this experiment serves only as a preliminary result.
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4.4.5 Demonstration of Navigating a Complex Environment

To evaluate the maneuverability of the MVR, an experiment in which the MVR was
navigated using joystick control of the EPM through a complex path of length 0.5 m
with consecutive sharp curves (Figure 4.10A) was conducted. The MVR was navigated
through the maze, at which point tip steering was performed before proceeding along a

linear trajectory in free space towards a designated target object.

Figure 4.10: Demonstration of MVR navigating the maze environment reporting time and
navigation distance. (A) Maze overview. (B) Tiled images of MVR navigating the maze,
with the inset in (iii) showing isolated steering of MVR and the inset in (iv) showing the
camera view from the MVR tip. Scale Bar: 5 cm.

Figure 4.10B illustrates the ability of the MVR to continue to grow as it successfully nav-
igates through multiple sharp turns. Additionally, tip-concentrated steering of the MVR

after negotiating two consecutive sharp turns is shown in the inset of Figure 4.10B(iii).
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The inset of Figure 4.10B(iv) shows the camera’s view as the MVR maintains visibility of
the target object and direction whilst growing in a linear trajectory, ultimately reaching
the target and knocking it off its pedestal. Over five successful repetitions, the average

time to navigate the maze was 3 minutes and 15 seconds (See Supplementary Video 4).

4.5 Discussion and Conclusion:

In this work, we sought to advance vine robot technology by proposing an external mag-
netic tip steering mechanism, capable of inducing high curvatures in the MVR body
whilst maintaining its compliant, shear-free growing nature. Building on our previous
work in magnetic flexible endoscopy, this system forgoes complicated internal mecha-
nisms, instead utilizing a sensorized magnetic tip to facilitate steering, localization and
visual feedback. To enable this, we introduced a novel mounting system that not only
ensures the secure attachment of the sensorized magnetic element at the MVR’s tip dur-
ing eversion but also provides a reliable method for allowing translation within the inner

channel, facilitating seamless transition of sensor cables.

Our investigation of the pushing force of the MVR confirmed the independent influence
of both magnetic and pneumatic contributions, with pneumatic contributions being the
most significant. Critically, under magnetic manipulation, torque decays with a relation-
ship of 1/r3 with the EPM-IPM distance, while force has the relationship 1/r%. This
relationship highlights the ability of the MVR to be effectively controlled at larger EPM-
IPM separation distances (compared to magnetic manipulation alone [21]), relying on
magnetic torques for orientation control and pneumatic growing force for forward loco-
motion. This means that, although downward force is not directly controllable, in the
case of MVRs in endoluminal applications, downward force may be achieved through the
growing force of the vine while the magnetic torque assists with steering at higher EPM-
IPM separation distances. The larger workspace afforded to the system can also seek to
accommodate larger patients than would be possible with approaches relying on magnetic

manipulation alone [21].
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At the design scale evaluated, magnetic steering studies showed that magnetic actuation
was found to be dominant over the restoring moment of the pressured section, allowing
for high curvature bending of the vine as well as independent tip steering. This exem-
plifies our design's intent: to focus actuation at the tip while allowing the rest of the
vine body to adapt its shape compliantly to the environment; achieving both constant
curvature bending when unobstructed, which is dependent on the vine diameter and op-
erating pressure (Figure 6A&B), and non-constant curvatures when bending around an
obstruction or a constraint (Figure 6C). This feature is particularly useful in endoluminal

scenarios, where adaptability to varying and confined spaces is crucial.

Although the presented MVR requires the addition of a small rigid component at its
tip, we have shown that it is possible to suspend the tip during MVR navigation via
the balance of magnetic forces and elasticity of the inflated vine body. This approach
maintains the shear-free growing motion that is typical of vine robots. It also shows that
by virtue of magnetic manipulation, when compared to other mechanisms [15] the weight

of the tip is of less concern as it can be compensated for.

In previous work on magnetic robots for colonoscopy, magnetic levitation was used to pre-
vent tissue interaction [28], but it required complex EPM control for gravity compensation
and did not address tether drag. Our MVR design reduces harmful tissue interaction and
tether drag through friction-free navigation, achieved by the growing vine body and tip
suspension, with the tether remaining internal to the outer body. In addition, the soft
nature of the growing body could provide a source of stabilization for tooling and for

performing procedures such as tissue biopsies.

Addressing retraction challenges [7], our approach of using magnetic wrench was enough
to successfully retract the robot in a straight line without buckling the growing body
(Figure 9C). However, this method did rely on very close proximity of EPM and IPM
and a high friction contact surface. Short EPM-IPM distances limit feasibility for medical
applications although larger working distances may be realized by increasing the magnetic

volume of the EPM and/or IPM.
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The final demonstration of navigating a complex environment (Figure 10) showed that
the eversion process is instrumental in facilitating the vine robot’s navigation through
tortuous environments by eliminating tether drag and enhancing the tip force applied
to the magnetic tip. This is an improvement on traditional magnetic endoscopes which
struggle to navigate deeper within the anatomy due to friction between the tether and
the environment [21]. The maze navigation also highlights the MVR’s ability to perform
high curvature steering and to continue to grow at arbitrary vine lengths both around
obstacles and in free space. In addition, the unique ability to orient the tip independent to
the vine body is demonstrated and could be useful to adjust camera and tool orientations
in a clinical setting. Although our experiments were conducted in an open-loop manner,
our system's design presents a substantial opportunity for closed-loop vine robot control,
utilizing our 6 DoF tip localization (shown in Figure 8) and visual servoing. This is
supported by the low deviations observed across repetitions, highlighting the stability of
the MVR behavior.

Compared to other vine robot steering mechanisms, such as tendon-driven or pneumatic
muscles, our design enables high curvature, tip focused steering, and the unique ability to
steer the tip independently of the vine body. The associated design simplicity, devoid of
internal motorized components and rigid tip mounts, can enable smaller scales and inher-
ent safety, which is conducive to medical applications like endoluminal navigation (e.g.
gastrointestinal endoscopy, bronchoscopy or cardiovascular navigation), but is limited to
scenarios amenable to external magnetic field generation. MVRs also retain the benefits
of shear-free motion due to the combination of everting “growth” motion, which simply
adds material at the tip to move forward, with the magnetic suspension of a short, rigid

component at the tip that is smaller in diameter than the outer vine.

The collective features of MVRs can thus minimize the risk of complications for the
patient associated with friction-based movement, offering a gentle and safe option for
navigation within delicate biological structures. Additionally, the higher tip forces gen-
erated by the pneumatic component and elimination of tether drag may allow MVR’s to

navigate deeper into endoluminal anatomy than conventional magnetic endoscopes [21]
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or catheters [23].

Although we have successfully demonstrated the feasibility of magnetic manipulation
for vine robots, the general scalability of MVRs remains to be investigated. Magnetic
manipulation systems have been successfully demonstrated at smaller scales, however
with miniaturized MVRs with lower overall magnetic volume, it remains to be proven
if steering of the pressurized body can still be achieved. A systematic design study
would be required to evaluate the feasibility of the concept across multiple scales, as our
current design was motivated by endoluminal applications (specifically for gastrointestinal

endoscopy), where a camera, localization and tool channel are required.

Overall, our findings highlight the first successful integration of magnetic steering mecha-
nisms into vine robots, expanding their dexterity while maintaining shear-free navigation
for endoluminal applications. Future research will be directed towards enhancing the
MVR's performance by implementing closed-loop control for visual servoing, tip suspen-
sion and retraction in complex environments. We aim to further validate our technology's
practical utility in clinically relevant experiments, incorporating a larger magnetic volume
to extend the EPM-IPM separation distance and improve retraction efficiency. We also
aim to investigate the miniaturization potential for use in smaller lumens to extend our

technology to a wider range of endoluminal applications.
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4.6 Evaluation and Summary of Findings

This chapter demonstrates the first integration of external magnetic tip steering with
vine-robot technology for endoluminal applications. By eliminating the friction and tether
drag that have traditionally limited the depth and maneuverability of magnetic flexible
endoscopes, the proposed MVR system enables true shear-free navigation within the
tortuous lumen, paving the way for the OME to reach deeper regions of the GI tract for

advanced scanning and diagnosis.

High-curvature steering was validated, confirming that the MFE system retained effective
maneuverability even when combined with the vine robot. Experiments with S-shaped
paths revealed a substantial improvement in navigational capability compared to the prior
MFE tether, with the MVR efficiently executing complex bends that would otherwise
result in high friction and a loss of control. Importantly, the magnetic torque decays
less rapidly with distance than the magnetic force, allowing precise tip orientation and
steering to be maintained over a much greater EPM-IPM separation range. Meanwhile,
the compliant, everting body of the vine robot provides the necessary axial force for
propulsion. This primarily torque-based approach enables the use of a smaller IPM at
the tip, which is critical for miniaturization and accessing narrower lumens, such as the
small intestine, without compromising performance or safety. Additionally, it increases
the feasibility of treating patients with a higher Body Mass Index, a scenario that poses

a potential challenge for magnetic endoscopy due to the increased separation between the
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need for the external magnet to be further away from the patient’s GI.

This study establishes the basis for the future integration of OME technology at the tip
of a vine robot. By combining the shear-free travel of the MVR with the autonomous,
high-resolution imaging and sweeping capabilities of the OME, this approach has the po-
tential to transform endoluminal diagnostics, enabling clinician-controlled or autonomous
scanning in previously inaccessible areas. Moving forward, future studies should focus on
achieving this integration alongside the development of advanced retraction methods to

further expand the clinical impact of these technologies.
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Chapter 5

Conclusions

5.1 Summary of contributions

In this thesis, we have outlined the urgent need for endoscopic technologies capable of
enabling the early detection and screening of GI cancers worldwide. Beginning with the
current gold standard, the standard flexible endoscope, we identified six critical areas
for improvement: limited access, excessive push force causing patient pain and discom-
fort, operator ergonomics (physical burden), ease of use (mental burden), lack of in situ

histopathology, and frictional drag associated with tethered navigation.

The introduction discusses how robotic endoscopes, particularly magnetic flexible endo-
scopes, have opened new frontiers by transitioning from conventional “push” locomotion
to magnetic “pull” locomotion. This innovation significantly reduces the forces transmit-
ted to the patient, thereby minimizing discomfort and the risk of injury. Furthermore,
these systems enhance the ease of use and ergonomics of endoscopic procedures by in-
corporating multiple levels of autonomy into their magnetic platforms. By lessening the
cognitive and physical demands on the operator and implementing intelligent steering
and automation strategies, magnetic endoscopic systems empower both novice and ex-
pert users. This paves the way for broader global adoption and the development of

parallelized and remotely supervised workflows. Additionally, the potential for teleoper-
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ation offered by robotic systems can address disparities in access by reducing the reliance

on highly skilled professionals.

Through a series of technological advancements at the intersection of magnetic actuation
and soft robotics, this thesis builds upon the progress made in magnetic endoscopy to

address the remaining challenges.

First, Chapter 2 presents a novel strategy to enhance the dexterity of magnetic endo-
scopes without compromising the simplicity and pain-free navigation enabled by mag-
netic manipulation. Specifically, this chapter addresses a fundamental limitation shared
by both standard flexible endoscopes and magnetic systems: the inability to perform

precise rolling motions.

Second, Chapter 3 introduces a new method for in situ histopathology, detailing the design
and validation of a magnetic endoscopic system capable of performing autonomous virtual
biopsies via high-resolution, closed-loop microUS imaging. This technology allows real-
time lesion detection and characterization during the procedure, supporting immediate
therapeutic intervention. Integrating this capability streamlines the patient care pathway,
shortens waiting times, reduces costs, and addresses a significant bottleneck in the early

diagnosis of GI disease.

Third, Chapter 4 addresses the enduring problem of frictional drag and tether accu-
mulation, which is a major obstacle limiting the reach and maneuverability of previous
magnetic and tethered endoscope designs. By integrating vine-inspired robotics with
external magnetic steering, this thesis presents a solution for truly shear-free naviga-
tion, enabling endoscopes to penetrate deeper into the GI tract than previously possible.
This development expands the potential for minimally invasive procedures in anatomical

regions that have, until now, remained out of reach.

Finally, this research builds upon established progress in painless, autonomous endoscopy
by adding new algorithms to the system’s autonomous capabilities, while preserving the
gentle and pain-free methods of navigation. By incorporating virtual biopsies into the

workflow, the potential for telesurgery is further enhanced, making advanced care accessi-
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ble in settings lacking infrastructure for rapid or cost-effective tissue analyses. Automat-
ing the processes of lesion detection and characterization streamlines clinical pathways

and increases access to early diagnosis.

In summary, this work collectively propels endoscopy toward a future where procedures
are safer, more comfortable, highly automated, and diagnostically robust, with enhanced
capacity for deep navigation and same-session diagnosis and treatment. The integration
of magnetic actuation, autonomy, virtual biopsy, and vine-inspired navigation establishes

a comprehensive platform for ongoing innovation and clinical translation.

5.2 Future directions

Future directions will emphasize further miniaturization and comprehensive preclinical

and clinical studies.

Building upon the successful validation of the OME’s virtual biopsy capability using an
in vivo artificial polyp model, future efforts will extend this approach to real polyps and a
diverse range of pathological tissue types. This expansion will enable a robust evaluation
of the potential of the OME for lesion characterization and margin determination. By
advancing to studies that include human pathology, the goal is to demonstrate that this
technology can produce clinically actionable imaging, paving the way for virtual biopsies

to replace traditional tissue sampling in screening programs.

Subsequent research using on the vine robot will transition the findings from bench-top
experiments to in vivo animal models. This next step will further demonstrate the MVR’s
ability to access and operate within deeper, more complex anatomical regions compared
to traditional magnetic endoscopes and standard flexible endoscopes. In parallel, work
will continue to optimize retraction mechanisms, build on promising preliminary results,

and refine the approach for smooth, safe, and reliable clinical use.

Furthermore, there is significant potential to enhance patient monitoring by integrating

this magnetic flexible endoscope platform with advanced colon-reconstruction techniques.
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By mapping polyp locations onto three-dimensional reconstructions of the colon, clini-
cians will be able to longitudinally track lesions between screening procedures. This will
enable careful surveillance and more targeted, less invasive interventions for benign or

low-risk lesions, ultimately improving patient outcomes and resource efficiency.

Collectively, these efforts will accelerate the translation of these innovations into clini-
cal practice, paving the way for safer, more accessible, and more effective endoluminal

procedures.
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A.1 Supplementary Discussion

A.1.1 Addressing the DoF Limitation in Magnetic Manipulation

In an attempt to minimize the potential energy between an external magnetic field
Bg € R3(T) generated by the controlling source (external dipole) and a magnetic object
(internal dipole) with magnetic moment, m; € R? (A e m?) | an alignment torque 7, is

induced on the magnetic object and is given by:

Tm = IMjy X BE = S(m])BE (Al)

where S(-) : R — R3*3 is the skew-symmetric matrix operator. The gradient-induced

force exerted on the magnetic object is denoted by F,, :

F,, = V(Bg e my) (A.2)

In the magnetic object’s local coordinate frame with orthonormal vectors Xy, Y, and
Z; € R? Euler angles, ¢,0 and ¢ denote the rotation around these vectors (Figure
3.3). Conventionally, X; || m; (as shown in Figure 3.1 and 3.3), but when m; || Bg
then according to Equation A.1.1, 7,,, = 0. Consequently, it is not possible to generate

magnetic alignment torque around the magnetization axis to control the roll angle (¢).

As discussed in the manuscript, other methods have primarily been demonstrated in fluid
environments where force and torque requirements are low. These systems typically rely
on electromagnetic coil systems, requiring eight magnetically controllable inputs, leading

to high power consumption and limited workspaces compared to single EPM systems.
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Table A.1 highlights how the introduction of roll in the single EPM system represents a
significant improvement over previous approaches. In electromagnetic coil systems, the

workspace and applied field are proportional to power consumption.

A.1.2 Roll Generation in the Oloid

By concatenating orthonormal basis vectors of R? we can formulate a rotation matrix,

RE which can be expressed as:

R{ = [ﬁo yo Eo] : (A.3)

If:

The oloid is magnetized about the x-axis Xo || m, and

It rotates about the line ps — p1, then

Its orientation can be controlled so long as Xp ¥ ps — p1.

In other words, rotation can be induced so long as X¢ is not perpendicular to the surface

normal zp :

Where zp is equivalent to the z-axis of {F}.

From inspection of RY it must hold that:

o powe (<F0) o (0.F) (A.5)
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This is true only if:

u=0,oru=m

Plot of x = -sin(u) / sqrt(2(1 + cos{u)))

0.75 4

0.50 4

= 000

=025 1

=050 4

=0.75 4

Figure A.1: Function plot over the range u.

In a cylinder, this is true throughout the entire surface.
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Table A.1: Roll Approaches Comparison. All values were estimated based on the details provided in the respective papers. N/A —
information not provided. *This workspace is based on the static range of the EPM which can be moved within a larger workspace (1000
x 800 x 800 mm?) due to the mobility provided by the robot arm.

Paper Magnetic Environment Required Applied Field Maximum Roll
Workspace Magnetically Power
Controllable
Inputs
Wang et al. (13) 100 x 100 x 100 Water 8 N/A 1.4 kW Yes
mm?
Xu et al. (10) N/A Non-Newtonian 8 20 mT 6 kW Yes
fluid  (paraffin
oil, glycerol)
Diller et al. (8) 20 x 20 x 20 Silicone oil 8 8.3 mT N/A Yes
mm?
Giltinan et al. (11) 1000 mm? Silicone oil 8 22 mT 6 kW Yes
Taddese et al. (44) 300 x 300 x 150 In vivo —colon 5 25 mT 1-1.5 kW No
mm3 *
This work 300 x 300 x 150 In vivo — colon ) 25 mT 1-1.5 kW Yes
mm? *
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A.2 Supplementary Figures

A.2.1 3 DoF Orientation Comparison between OME and MFE

The magnitudes of the points in the radar plot shown in Figure 3.4 of the manuscript were
determined by calculating the average change in each DoF across the three repetitions
presented for each movement in Figure A.2. As evidenced by the raw data in Figure
A.2; the starting point for roll is consistently near zero in all the OME’s movements.
In contrast, the MFE exhibits arbitrary baseline values for roll initiation. Additionally,
there is increased variability during movements not intended to induce roll, such as tilt
and translation. Lastly, when subjected to the same input intended to trigger roll in the

OME, the MFE’s roll response was ineffective, especially for positive roll.
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Figure A.2: 3-DoF Orientation Comparison between OME and MFE. The figure illus-
trates the coupling between roll, tilt and yaw, positive and negative, for both the MFE
and OME. It also depicts the variation in orientation during x and y translation for both
devices. See Data S2 for the corresponding multimedia.
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A.2.2 Generating Rolling Motion with the Oloid in Open-Loop

A.2.2.1 Using MFE System

Figure A.3 is an extended representation of Figure 3.5 in the manuscript.

0 : A. SILIICONE : B. BUMPY FOAM
T T

-50

-100

-150

Roll (degrees)

-200

-250

D. PERSPEX
T T T

Roll (degrees)

I I I
20 30 40 0 20 30 40

Time (seconds) Time (seconds)

Figure A.3: Oloid Rolling on Various Surfaces. Rolling performance of the oloid on
(A) silicone, (B) bumpy foam, (C) flat foam, and (D) Perspex. Five repetitions shown
for each. See Data S5 for the corresponding multimedia. Scale bars, 10 mm.

A.2.2.2 Using Electromagnetic Coil System

The oloid control model is generic and not exclusively designed for use with a robotic
arm and an external permanent magnet. To support this claim, we demonstrate that, by
applying a similar model to the one described in the paper, the oloid shape can perform
a rolling motion on a flat surface, using electromagnetic coils. For this demonstration, a

MiniMag system (MagnebotiX, Switzerland) shown in Figure A.4 (A) was employed.
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In order to fit this setup and to demonstrate scalability, the OMD was scaled down to a
defining oloid radius of 5 mm called the Mini-OMD. Snapshots of the rolling motion are
illustrated in Figure A.4 (B). This result demonstrates scalability, a tetherless configura-
tion and that roll can be achieved with the oloid regardless of contact with the upper or

lower surfaces.

Figure A.4: Oloid Rolling in MiniMag. (A) Experimental Setup and (B) Snapshots
of a 5 mm Mini OMD rolling on a flat surface. See Data S1 for the corresponding
multimedia.

114



A.2. Supplementary Figures Chapter A. Appendix to Autonomous
3D Micro-ultrasound Virtual Biopsies

A.2.3 Closed-Loop Control of the Oloid-shaped Magnetic Device

(OMD)

Figure A.5 is an extended representation of Figure 3.6 in the manuscript.
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Figure A.5: Closed-loop control of the OMD, step input on a: (A) flat non-
lubricated surface (B) curved non-lubricated surface (C) flat lubricated surface (D)
curved lubricated surface. Five repetitions shown for each.

Small oscillations are observed especially on the lubricated surfaces from a combination
of localization errors and inherent dynamics of the KUKA robot’s control system. In
scenarios involving faster environments, such as the lubricated surfaces, these oscilla-
tions become more pronounced. To reduce oscillations, KUKA’s Fast Robot Interface
(FRI) could be implemented in place of the current smart servo control. The FRI offers
higher update rates and more precise control, which can significantly minimize oscillatory

behavior by enabling faster and more accurate responses to control inputs.
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A.3 Supplementary Methods

A.3.1 Benchtop Autonomous Ultrasound Sweeping Setup

The capsule was evaluated using the platform described in Figure A.6, which includes
the OME-U, the KUKA LBR robotic arm, and the microUS system. A silicone phantom

was used for benchtop trials and the initial characterization of the robotic system.

Two display monitors were employed: one for the robot control user interface and the

other for ultrasound visualization.

The capsule’s dexterity was recorded using a Basler Ace camera (acA2040-120uc, Basler

AG, Ahrensburg, Germany), as depicted in the red square in Figure A.6.

The 8 mm thick silicone phantom (Ecoflex 00-30, Smooth-on, PA, USA), utilized to vali-
date different algorithms, was enclosed within a 7 cm inner diameter acrylic tube. Copper
strips were integrated into the phantom to create components with high echogenicity, fa-
cilitating clear identification with the ultrasound probe. The white area in the second
image (enclosed by the purple frame) becomes apparent when the array is oriented to-
wards the copper strip, confirming both the proper functioning of the OME-U and the
probe’s ability to capture images simultaneously. The green and red bars at the top of
the snapshot, enclosed by the purple frames, highlight the quality of contact between the

OME and the silicone phantom.
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Figure A.6: Detailed illustration of the experimental setup. Overview of the
various components utilized during the benchtop experimentation with (red square) vali-
dation point of view for contact detection and roll/sweep performance and (purple square)
snapshot depicting feedback on contact quality (1-2: good, 3: none) and visualization of
the copper strip (2).

A.3.2 Contact Detection Algorithm

Contact detection was performed using real-time images provided by the ultrasound
probe. A series of tests was conducted on phantoms to demonstrate the effective in-
tegration of the microUS array and Verasonics acquisition of ultrasound images. The

setup and phantom were used as previously described.

Figure A.7 illustrates five different snapshots of the post-processed outputs using the
proposed algorithm. The ultrasound images were cropped to a sector outlined in the

frame where differences were most significant, approximately 7% - 30% of the image
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width. The maximum value for each column was then condensed to obtain the mean,
resulting in values between 0 (decoupled) and 1 (coupled). The algorithm’s detected
coupling quality is visualized by the colored bar at the top, transitioning from green

(good coupling) to red (poor coupling).

This coupling value was integrated into a control loop to enable sweeping while correct-
ing for any loss of contact to maintain continuous imaging. This control strategy was
experimentally validated by arbitrarily positioning the capsule within the tube without
contact with the phantom. Using the localization system, movements of the robotic arm
enabled repositioning of the capsule in contact with the tissue and initiation of the sweep-
ing motion. Observation of the two copper strips (Figure A.7.3 and A.7.5) present in the
silicone as the probe swept in continuous motion further validated the operation of the

closed-loop control strategy for automatic imaging tasks.

During the animal trials, contact threshold parameters were calibrated by performing 10

manual repetitions:
e 5 contact recoveries with a tilt manoeuvre
e 5 contact recoveries from an upside-down configuration

These parameters were saved in the ROSbag* and implemented in the control loop. A
series of 5 repetitions of autonomous sweeping were then performed, starting from no

contact with the mucosa, to validate proper functioning.

*A ROSbag is a file format in ROS used for storing ROS message data. It is essentially
a log file that can record and subsequently replay ROS message streams. It enables

postprocessing and analysis of the robotic systems and sensors data.
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Figure A.7: Illustration of the contact detection algorithm and benchtop au-
tonomous sweeping. The snapshots illustrate sweeping from a non-contact situation
highlighted in the magnified image (1.a) and by the red bar at the top of the US image
to successful autonomous sweeping while keeping contact and identification of the copper
strip in the phantom. See Data S3 for the corresponding data.

A.3.3 In Vivo Experimental Setup

The animal experiments were conducted in accordance with the Animal (Scientific Pro-

cedures) Act 1986, as well as the guidelines provided by NC3Rs and ARRIVE.

During the animal experimentation, the setup employed was quite similar to that de-
scribed for the benchtop experiments. All procedures were recorded from both the per-
spective of the OME-U and an external viewpoint, utilising a standard Olympus endo-

scope (shown in Figure A.8).

Dexterity validation experiments were initially conducted, followed by the recording of
healthy tissue and probe validation and, subsequently, the creation of false polyps and

scanning of them.

Real-time evaluation of all experiments was performed, and recordings were made using

ROSbags (Data S4).

119



A.3. Supplementary Methods Chapter A. Appendix to Autonomous
3D Micro-ultrasound Virtual Biopsies

Verasonic Robot Control
Contral PC User Interface

KUKA LBR med

manipulator

Robotic Capsule Lacalisation coil and

External Permanent

Demonstrator

Magnet (EPM)
Standard
Endoscope

1 Internal Permanent

Magnet (IPM)
Verasonic
system pUSs Probe

Figure A.8: Detailed illustration of the in vivo setup highlighting the different
devices used during the animal trial and color identification of the related

parts.

A.3.4 Three-dimensional Subsurface Reconstruction Algorithm

This script outlines the steps involved in reconstructing a 3D volume from a series of 2D
images, including reading images, adjusting positions, and visualizing the volume and its

surface as shown in Figure A.9.
1. Initialization:
e An empty matrix named 'volume’ is created to store the reconstructed volume.

e Another matrix 'robotPositions’ is initialized to store the positions of the robot

corresponding to each image.
2. Loading ROSbag File:
e The ROSbag file named XXX XXX.bag’ is loaded into the workspace.
3. Reading US Images:

e All image topics present in the ROSbag file are obtained using the ’select’ function,

filtering by message type ’sensor msgs/Image’.
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Figure A.9: Detailed image reconstruction using the algorithm. Snapshot of the
experimental setup on the left. Stack of images before and after extraction of the desired
information in the center. Volume visualization after voxel creation before and after
extraction of the desired information on the right.

e The images are stored in a dedicated folder.
4. Reading Robot Positions:

e There is a call of the topic 'mfe/pose’ to retrieve the robot positions from the ROS

bag file.
e The positions are stored in the 'robotPositions’ matrix.
5. Image Processing Loop:
e The script iterates through each image.
e The file path for the image is constructed.
e The image is read.

e If the image is not grayscale, it is converted to grayscale. Additionally, the top
23 rows of the image are set to black (logical mask to false). [23 rows of contact

detection|
e The position of the image is adjusted based on the robot’s position.

e The adjusted image is stored in the 'volume’ matrix.
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6. Volume Visualization:
e The reconstructed volume is visualised.

e Various settings for visualization such as size, view angle, etc., are adjusted.

7. Surface Visualization:

e An isosurface is generated based on the volume data. The isovalue is set as a

fraction of the maximum value in the volume.

e The surface is visualized using trimesh’ function.
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A.3.5 Benchtop 3D Reconstruction Validation

The reconstruction algorithm’s spatial fidelity and accuracy were validated through two
distinct approaches: utilising the robotic arm, mirroring conditions observed during ani-
mal trials, and within a controlled environment employing the setup depicted in Figure
A.10. For the controlled experiment, the capsule was connected to a servomotor (MX-28,

ROBOTIS DYNAMIXEL) to simulate seamless motion and continuous contact.

To ensure a comparable scenario, the silicon phantom with a copper strip was employed

for both experiments.

Across both setups, the positional consistency along the x and y axes remained constant,
while the precision of the US images remained unaffected by the robotic setup. Con-
versely, the accuracy along the z-axis was found to be directly influenced by the robotic

platform and the coupling algorithm.

In quantifiable terms, the error of the strip width estimation using the Figure A.10 setup
was measured at 2%, contrasting with an 8% error when integrated into the robotic

platform.

This discrepancy must be contextualised with the robot’s localization capabilities, which
dictate the reconstructed voxel sizes. Indeed, the 8% error falls within the expected

uncertainty range of the localization system.

It should be noted that this error remained within the same order of magnitude during

the in-vivo tests assessing its reliability.
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Figure A.10: Calibration and evaluation setup for the reconstruction algorithm.
(1) Experimental setup using a servomotor and constant speed for accuracy evaluation
and threshold calibration. (2) Different views of the reconstructed volume, highlighting
the reconstruction accuracy of copper strips. See Data S3 for the corresponding data.

A.3.6 ROS Interface

Robot Operating System (ROS) was utilized to manage all aspects of our robotic endo-
scope’s functionality. The KUKA LBR Med R820 robot is managed in joint space through
the ‘iiwa_ stack’ software package (version 1.3.0) (https://github.com/IFL-CAMP/iiwa_

stack/wiki), which seamlessly integrates with ROS Melodic (Ubuntu 18.04).

MATLAB was utilized for ultrasound data processing, and the processed data were trans-
mitted via the Olympus Decklink Mini Monitor 4K frame-grabber which interfaces with

ROS for real-time processing.
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Figure A.11: ROS Interface

A.3.7 Localization Calibration

The localization system in the endoscope is calibrated using a calibration cube precisely
tailored to the endoscope’s overall shape. The cube, machined from a solid block of Delrin,
ensures sub-degree accuracy by providing dedicated features that secure the endoscope in
a reference orientation relative to gravity. This process computes the orientation of the
IMU with respect to the endoscope reference frame and the relative orientation of each

sensor with respect to the IMU.
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The calibration only involves orientations, and so, the position of the endoscope during
calibration is not critical. The main variable affecting accuracy is the orientation of the
surface upon which the cube rests during data acquisition, which should be flat with
respect to gravity. The calibration process is robust, with errors up to 5% of the sensors’

range having negligible effects on localization.

To address potential drift over repeated uses, the system incorporates a secondary ’on-
the-fly’ gyro bias removal calibration. This feature ensures consistent calibration over
more than 10 procedures (typically no more than 30 minutes), with any constant bias
easily detected by placing the endoscope in a known pose and verifying static accuracy.
These measures ensure the robustness and reliability of the localization system, even

under conditions that may introduce minor disturbances.
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A.3.8 Other Supplementary Material
Movies:
e Movie S1: Concept Overview of the Oloid-Shaped Magnetic Medical Device.

e Movie S2: Oloid Magnetic Endoscope (OME) versus Magnetic Flexible Endoscope
(MFE) Degrees of Freedom ( DoF's)

e Movie S3: Open-Loop Control of the Oloid-Shaped Magnetic Device (OMD).
e Movie S4: Closed-Loop Control of the Oloid-Shaped Magnetic Device (OMD).

e Movie S5: In Vivo Rolling and Sweeping Motion of the Oloid Magnetic Endoscope
(OME).

e Movie S6: In Vivo Autonomous Sweeping of the Oloid Magnetic Endoscope with

Integrated microUS (OME-U) and 3D Virtual Biopsy Reconstruction.
https://www.youtube.com/playlist?1ist=PLWtIpCj5v7Nez_fUVWN239PC-4kGinhsh
Data:

e Data S1: MiniMag-miniOMD.mp4: Video showing mini-OMD oloid rolling in

the MiniMag electromagnetic coil system.

e Data S2: DoF comparison.zip: This folder contains video footage with live
Euler angle graphs comparing the degrees of freedom ( DoF) of the system under

different conditions.

e Data S3: 3D Reconstruction.zip: This folder contains data related to the 3D

reconstruction experiments.

e Data S4: In_vivo - roll sweep.zip: This folder contains in vivo roll sweep

experiments, including .bag files, endoscopic videos and synced demonstration videos.

e Data S5: Open_loop roll.zip: This folder contains videos from the open-loop

roll experiments on different surfaces.

127


https://www.youtube.com/playlist?list=PLWtIpCj5v7Nez_fUVWN239PC-4kG1nhsh

A.3. Supplementary Methods Chapter A. Appendix to Autonomous
3D Micro-ultrasound Virtual Biopsies

e Data S6: Oloid development.m: MATLAB script to apply a transformation
to a single point using Theorem 4 to handle the full transformation for the oloid

geometry.

e Data S7: Parametric Oloid Surface.m: MATLAB Script to plot the oloid

shape based on parametric equations.

e Data S8: Theorem4 sym.m: MATLAB Script with function for Theorem 4
from the paper by Dirnbock and Stachel (1997), "The Development of the Oloid"

to generate the transformation matrices for the oloid’s motion.

Dryad Database: https://doi.org/10.5061/dryad.tlgljwtbx
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B.1 Navigation with Suspended Tip

Table B.1: Coupling deviation between the EPM and IPM along the x-y plane.

Speed (mm/s) Run X deviation Y deviation Yaw deviation

(mm) (mm) ()

3 1 19.7 18.9 17.5

3 2 16.8 22.7 25.0

3 3 19.4 27.3 10.1

3 4 15.8 27.7 20.0

3 ) 23.1 25.0 22.8

3 Overall 19.0 £+ 2.8 24.3 4+ 3.6 19.1 £+ 5.8

4 1 16.7 17.1 39.4

4 2 19.1 19.7 23.9

4 3 20.6 22.7 18.3

4 4 21.6 25.7 17.1

4 ) 19.9 19.9 13.0

4 Overall 19.6 + 1.8 21.0 £+ 3.3 22.3 + 10.3
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Figure B.1: 3D position data of the center of the EPM and IPM at 3mm/s for five

repetitions.
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Figure B.2: 3D position data of the center of the EPM and IPM for 4mm/s for five

repetitions.
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B.2 Calculating of Bending Radii

The process for calculating bending radii relied on image analysis. Images were obtained
of the final rest state of the MVR at the end of the EPM trajectory. From here, two
concentric circles were fit to the robot’s body (see Figure B.3) and their centre line

(average radius) was taken as the robot’s bending radius

Figure B.3: Calculating the bending radius.
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