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Abstract

Magnetic continuum robots offer a promising route to safer and more dexterous endolumi-

nal interventions. By exploiting external magnetic fields for actuation, these devices can

remain miniaturized, compliant, and capable of navigating tortuous anatomy. This disser-

tation investigates how actuation principles, magnetic materials, and imaging modalities

can be combined to design surgical instruments that are miniaturized, precisely control-

lable, and compatible with clinical workflows.

The first contribution of this work introduced breathing-compensated magnetic shape

forming of a continuum robot for robotic bronchoscopy. A rigid-link model was used to

optimize torque-based actuation between peak inhalation and exhalation. Validation in

a dynamic lung phantom demonstrated consistent targeting of peripheral branches with

root-mean-square errors below 2.5 mm. While optical tracking was used for validation,

the approach is extendable to fluoroscopy-based segmentation in clinical practice. This

established the principle of physiology-aware magnetic actuation in pulmonary interven-

tions.

The second contribution investigated magnetic resonance imaging (MRI) as both an

imaging and actuation platform. A tethered guidewire with a low-carbon steel bead at

its tip was actuated using the gradient coils of a 7 T pre-clinical MRI scanner, capable of

up to 660 mT/m gradient strength. The bead was pulled through phantoms with radii

of curvature as small as 15 mm, after which a silicone sleeve was deployed to establish a

stable guidewire. Systematic evaluation of bead size and material revealed the trade-off

between actuation force and MRI visibility: larger beads produced stronger forces but

also larger susceptibility-induced voids in the MR images, in some cases exceeding 8 mm.
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Abstract

This represented the first demonstration of gradient-pulled tethered devices within MRI

and quantified the balance between navigation performance and imaging compatibility.

The final contribution presented the Coaxial Sleeve Magnetic Actuator (CoSMA), an

MRI-actuated concentric tube catheter that uses soft-magnetic ferrous rings to exploit

the easy-axis phenomenon of the static MRI background field. A 3 mm prototype achieved

retroflexion, sigmoidal bending, and traversal of all five branches of an aortic arch phan-

tom. Optical tracking confirmed bending angles over 120°, while MRI reconstructions

visualized the characteristic plume-shaped voids produced by the rings. Rigid-link mod-

eling predicted device shapes with less than 5% error. This was the first demonstration

of torque-based shape forming in MRI and established a pathway to MRI-compatible

magnetic catheters.

Collectively, these studies demonstrate a systematic progression: beginning with physiology-

aware torque actuation, advancing to MRI-based gradient pulling, and culminating in

torque-based shape forming in MRI. The results highlight three overarching design prin-

ciples: miniaturization through external actuation, precise controllability enabled by ac-

curate modeling, and integration with MRI to unify imaging and actuation. These con-

tributions advance the field of magnetic surgical robotics and provide a foundation for

future instruments that are slender, dexterous, and fully integrated into image-guided

surgery.
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mercial SQUID-VSM (superconducting quantum interference device � vi-
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at each data point. The plot shows the relationship between the magnetic

�eld (in units of Oe and A/m) and magnetization (in units of emu). In-

duced magnetic �ux density (B, in Tesla) is provided on the right y-axis
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ing rig, and labeled components, including the silicone sleeve and medical

suture. (B) Time-averaged friction force, obtained after applying simple

moving averages at 320 Hz, 200 Hz, 150 Hz, and 125 Hz sequentially, across
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detailing the sequential steps involved in assembling the components. (A)

Ball secured on a microscope glass slide. (B) Attachment of the ferro-

magnetic ball bearing. (C) Threading of the medical silk through the

silicone sleeve. (D) Cutting of the thin nitinol guidewire once the silk

is threaded. (E) Integration with the nitinol rod. (F) Threading of

the nitinol rod through the PTFE tube to allow human operation from

outside the MRI system. Created in BioRender. Bacchetti, A. (2025)
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3.7 Overview of the segmentation process used to analyze deformations of

the robotic catheter. (A) Real-world image of the experiment conducted

for deformation characterization, displaying the raw video stream, with a

checkerboard pattern at the top of the screen serving as a reference for

plane reconstruction. (B) Processed output frame after applying camera

calibration and homography transformation, with purple lines indicating

the transformation of the underlying plane. (C) Visual representation of

the robotic guidewire (top), intermediate results from the image process-

ing steps (Gaussian blur, dilation, erosion, and binary thresholding; mid-

dle), and the �nal curve-�tting output for the digital reconstruction of the
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(F) 10 mm sleeve, 10 mm unconstrained tether, (G) 5 mm sleeve, 15 mm
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stages of maze phantom navigation. (B) Corresponding MR images of the
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signal noise, the MR image also shows the follower sleeve, which may serve

as a useful guide for future work on shape reconstruction. . . . . . . . . . 87
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4.1 The operating principle of our Coaxial Sleeve Magnetic Actuator (CoSMA).

All MRI systems provide a very strong, static homogeneous background

�eld - B 0 (A,B). Softly ferromagnetic rings align their path of lowest de-

magnetization (nr ) with B 0 (H). These rings are connected to a series of

coaxial sleeves (C,D,E,F), translation and orientation of which is controlled

by the operator (G) - these base con�gurations map to deformations of the

CoSMA (See Supplementary Video S1). The entire system can be moni-

tored in high de�nition 3D via MR Imaging. . . . . . . . . . . . . . . . . 104

4.2 The CoSMA deforming in the bore of the MRI scanner (A-J) (See Supple-

mentary Video S2) and the results of the simulation described in Section

4.5.5. Sleeve C is shown in red, sleeve B in blue and sleeve A in pink

with the magnetically active components shown in green. Sleeve C, with

a referential ring angle �C0 = 85� converges upon, but cannot exceed 85�

of deformation as shown in (G). Sleeve B, with a referential ring angle

� B0 = 45� can be easily rotated to alternate between the sigmoidal de-

formation mode in (A,B) and the forward facing, lowest elastic energy,

con�guration in (C). Sleeve A will always align with B0 which, up to this

point, is forward. If the 180� rotation of sleeve B is performed below the

threshold length of sleeve B as in (E) (see Section 4.5.5 for details on this

transformation) the primary backward-facing con�guration is achieved as

in (F). At this point sleeve A will align with B 0 in the backward-facing

orientation. For required deformations of sleeve C below 85� a nitinol sti�-

ening rod can be inserted shown in (D). (H-J) show three examples of

the three-dimensional shapes available by simply rotating sleeves B and

C relative to each other and to the global frame. (K) Shows the three-

dimensional point cloud of possible sleeve B and C tip positions generated

from the simulation in Section 4.5.5 with four sample catheter shapes. . . 108

xxiv



LIST OF FIGURES LIST OF FIGURES
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umn shows the 3D aortic arch prior to CoSMA insertion. The full shape
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ferrous components. Basis frame shown where B0 always exists in the Z

direction. Also shown as insert (green surround) is an MRI of the three-

sleeve CoSMA with all metallic components removed. (C) Reconstruction

of anatomy and CoSMA shape based on 3D MRI data (3D Slicer 5.8.1

https://www.slicer.org/), and (D) 3D rendering of phantom with recon-

structed shape of the CoSMA, signal void positions (shown as grey spheres)

and camera positions. All navigations are shown in full in Supplementary

Video S3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
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local basis frames along the continuum length. The homogeneous back-

ground �eld is in positive Z (vertically upwards here). (A) Sleeve B is 20

mm longer than sleeve C (initially sleeve A length = 0). (i) Rotation of
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Chapter 1

Introduction

1.1 Emergence of Soft and Medical Robotics

The past forty years have seen a revolution in surgical practice with the advent of robotic

technology. The PUMA 560 industrial robot was modi�ed for stereotactic brain biopsy in

1988, demonstrating the potential of robotics for high-precision treatments [1]. This was

one of the early milestones. Subsequently, teleoperated robotic platforms were developed,

including the da Vinci Surgical System [2], which was approved by the FDA in 2000 and

has since gained the most acceptance in clinical practice [3; 4; 5; 6]. Reduced blood

loss, shorter hospital stays, and better patient outcomes resulted from the use of these

platforms, which allowed surgeons to perform minimally invasive surgeries (MIS) with

improved dexterity, tremor �ltration, and immersive three-dimensional visualization [6;

7; 8; 9; 10; 11]. These days, millions of operations are performed using robotic platforms;

the da Vinci system alone is responsible for over 2.6 million cases globally annually

[6; 10; 12].

Notwithstanding these developments, rigid-link architectures are still essentially limited

in their ability to traverse extremely complex or restricted anatomical paths. The contin-

uous curves of structures like the gastrointestinal tract, cerebral vasculature, or bronchial

tree are di�cult for conventional robotic systems to adapt to because they depend on

rigid instruments and mechanical joints [13; 14; 15; 16]. The �eld of continuum robotics

1
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[13; 17] emerged as a result of these constraints being recognized. With their continu-

ously deformable structures that permit smooth bending along their length, continuum

robots�often referred to as "snake-like" manipulators�provide access to anatomical re-

gions that rigid devices cannot reach [13; 14; 17]. Clinical prototypes have already shown

promise: robotic bronchoscopes have been developed for peripheral lung navigation [18],

magnetically actuated continuum catheters have been investigated for endovascular pro-

cedures [19; 20], and concentric tube robots (CTR) have been used in neurosurgery [21]

and cardiac interventions [22].

For continuum robots, the follow-the-leader principle is a crucial control paradigm. With

this method, the robot's distal tip (the "leader") establishes a safe path through the

patient's body, and the remainder of the body (the "follower") follows it. This allows

the robot to follow the existing pathway, minimizing new contact that the robot may

move forward without creating new tissue contact once a collision-free path has been

constructed [23]. In extremely convoluted environments like the bronchial tree, vascula-

ture, or soft tissues, where traditional push-pull actuation frequently results in buckling

or misrouting, the follow-the-leader paradigm is especially bene�cial. Follow-the-leader

navigation lowers the risk of tissue damage, increases targeting precision, and enables

autonomous or semi-autonomous navigation by keeping the instrument body on the pre-

determined path [14; 20; 23; 24; 25; 26].

Concurrently, the �eld of soft robotics has become a paradigm shift, utilizing materials

that are �exible and pliable to allow for safe contact with sensitive tissues and �exibility

in unstructured biological settings [27; 28; 29]. While commercial catheters and bron-

choscopes have sti�nesses on the order of GPa, soft continuum robots are usually several

orders of magnitude less sti� than traditional surgical instruments, with elastic moduli in

the kPa�MPa range [19; 30]. As shown in pulmonary, vascular, and gastrointestinal treat-

ments, this high compliance enables atraumatic navigation across convoluted anatomy

[20; 31; 26]. Thus, soft continuum robots combine the safety provided by soft materials

with the �exibility of continuum designs [14; 15].

The convergence of medical robotics, continuum robotics, and soft robotics is therefore
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a natural progression. While early surgical robots demonstrated the value of precision

and control, continuum robots extended these bene�ts into tortuous anatomical pathways

[13; 14], and soft robots introduced a level of compliance that further reduced the risk

of tissue injury [27; 28]. Together, these paradigms are expanding the scope of endolu-

minal interventions and enabling procedures in anatomical regions that were previously

inaccessible [32].

Recent advances underscore this trajectory. Robotic bronchoscopes and soft continuum

catheters have demonstrated improved access to peripheral lung nodules with higher

diagnostic yield [15; 20], magnetically steered catheters have shown feasibility in the

pancreatic duct and neurovasculature [26; 31], and soft robotic endoscopes have been

proposed for gastrointestinal and airway procedures [33; 34]. These examples highlight

how the integration of continuum kinematics and soft materials enables interventions that

would be unattainable with rigid devices.

At the same time, the high compliance and e�ectively in�nite degrees of freedom of

soft continuum robots make them extremely di�cult to model and control using con-

ventional approaches [17; 35]. Simpli�ed models such as piecewise-constant curvature

provide tractable approximations, but they often fail under external loading, while more

accurate Cosserat rod formulations are computationally expensive for real-time use [36].

This trade-o� between compliance and controllability necessitates new actuation modal-

ities and modeling frameworks that can deliver dexterity at clinically relevant scales.

See Fig. 1.1 for the overview of the emergence of soft robotics in medical applications.

Magnetic actuation has emerged as a particularly promising solution, o�ering wireless,

miniaturized, and dexterous control while leaving the robot body free of embedded actu-

ation hardware [37; 38; 39].

In the following section, we examine how magnetic actuation has been applied in medical

robotics and why it provides a uniquely powerful platform for the next generation of

endoluminal instruments.
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Figure 1.1: Emergence of soft robotics illustrated across three categories: rigid-link sys-
tems (purple), continuum robots (blue), and soft robotics (green). Rigid-link systems: the
Puma 200 applied to CT-guided brain biopsies (top, used with permission from Veneziano
et al., 2020) and the Senhance® robotic platform (bottom, used with permission from
Picozzi et al., 2024). Continuum robots: a concentric tube robot shown next to a stan-
dard da Vinci laparoscopic tool (top, used with permission from Gilbert et al., 2016) and
an in-silico assessment of cautery wire navigation in unchallenging (A, superior lateral
ventricle) and challenging (B, distal temporal horn) positions (bottom, used with per-
mission from Gilbert et al., 2013). Soft robotics: a soft continuum robot traversing sharp
corners of a 3D cerebrovascular phantom network (top, used with permission from Kim
et al., 2019), illustration of active steerability in a submillimeter-scale continuum robot
(middle, used with permission from Kim et al., 2019), and a soft catheter navigating a
phantom bronchial tree (bottom, used with permission from Pittiglio et al., 2022).
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1.2 Magnetic Continuum Robotics

For endoluminal interventions in delicate environments such as the brain, vasculature, or

pulmonary system, robotic instruments must be su�ciently soft and slender to navigate

without damaging surrounding tissues. These clinical requirements impose strict con-

straints on actuation methods. Tendon-driven [35; 13] and �uidic systems [40; 41] have

been widely explored, yet the need to route tendons or pneumatic channels through the

robot body inevitably increases device diameter and limits miniaturization and capabil-

ities for functional integration by taking up a large portion of the robot's diameter. To

achieve true miniaturization, actuation should instead be applied externally, allowing the

instrument to remain free of embedded mechanisms while maximizing compliance and

intra-operative safety [19; 20]. In this context, magnetic �elds are particularly attrac-

tive, as they can deliver distributed forces and torques remotely, requiring only compact

magnetic materials rather than extensive internal routing [19; 20].

Magnetic actuation provides precisely this capability. Several approaches have been de-

veloped, each with distinct trade-o�s in terms of force generation, controllability, and

scalability. Continuum robots with embedded permanent magnets can generate large

torques in uniform �elds [42; 19; 43], whereas solid ferrous elements exploit �eld gra-

dients to achieve translational pulling [38]. Miniature electromagnetic coils integrated

within the catheter body have also been explored, particularly for MRI-guided interven-

tions, where controlled currents generate localized magnetic �elds for precise steering

inside the scanner environment [44; 45; 46]. In contrast, soft magnetic matter�created

by dispersing ferromagnetic particles within elastomeric matrices�o�ers a fully compli-

ant alternative, enabling continuous and shape-programmable responses to applied �elds

[39; 47]. These strategies have already demonstrated feasibility in navigating challenging

anatomy, including the bronchial tree [20; 48], pancreatic ducts [26], and neurovascula-

ture [31]. The following section examines these magnetic actuation methods in greater

detail, focusing on three core principles: force generation through magnetic �eld gradi-

ents, torque-based alignment in uniform �elds, and the distinction between soft and hard
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magnetic materials, each of which has direct implications for the design of endoluminal

continuum robots. Together, these principles provide the foundation for understanding

how magnetic �elds interact with continuum robots and how they can be harnessed for

precise and safe actuation in clinical applications.

1.3 Principles of Magnetic Actuation

Magnetic �elds interact with materials primarily through two mechanisms: the generation

of forces and the generation of torques. These e�ects depend on both the spatial variation

of the magnetic �eld and the intrinsic magnetic properties of the material. Force-based

actuation arises when a magnetic object is placed in a non-uniform �eld, producing a

translational pull toward regions of higher �eld strength, whereas torque-based actua-

tion occurs in uniform �elds as magnetic dipoles align with the applied �eld direction

[38; 37; 49; 50]. In practice, both mechanisms have been exploited in medical robotics:

gradient forces enable the propulsion or pulling of tethered devices such as MRI-driven

guidewires [51; 52], while torques provide a highly e�ective means of reorienting or bend-

ing continuum robots [19; 42; 26]. The e�ciency of either approach is further in�uenced

by whether the material is soft magnetic, responding only in the presence of a �eld, or

hard magnetic, retaining a remanent magnetization [39; 47; 38]. Together, these prin-

ciples provide the foundation for the design of magnetic continuum robots and will be

discussed in the following subsections.

Magnetic actuation is powerful in part because it allows instruments to be manipulated

across scales, from endoscope-sized devices down to microrobots, without relying on actu-

ators embedded in the body of the robot itself [38; 37; 53; 49]. The interaction between a

magnetic source and a magnetic material can be described by combining the translational

and rotational e�ects into a single vector quantity known as a wrench. For a magnetic

dipole with moment � 2 R 3 exposed to a �eld B 2 R3, the wrench ! 2 R 6 is given by

[38; 49]
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Figure 1.2: Magnetic dipole �eld representation. A dipole with moment m at position
pm generates �eld lines that emerge from the north pole and converge at the south pole,
with radial symmetry about m. At any point p b, the magnetic �eld vector b is tangent
to the local streamline. All vectors and positions are de�ned relative to a coordinate
frame i.
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where the upper block f 2 R3 corresponds to the force and the lower block � 2 R3 to the

torque acting on the agent.

The combined e�ects of force and torque on a dipole are illustrated in Fig. 1.2. Here, a

dipole with moment m located at pm generates a magnetic �eld whose �eldlines emerge

from the north pole and converge at the south pole. At any point pb, the magnetic �eld

vector b is tangent to the local streamline. These vectors and positions are all expressed

with respect to a coordinate frame i, providing an intuitive visualization of the wrench

formulation in Eq. 1.1. The same dipole model underlies the analytical description of the

magnetic �eld in Eq. 1.2.

In most robotic applications, the source of the magnetic �eld is su�ciently distant that

it can be modeled as a simple dipole, with higher-order e�ects neglected. Under this
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assumption, the magnetic �ux at a point r 2 R3 is approximated as [54; 49]

B(r; �) =
� 0

4�jrj 3

�
3r̂ r̂ T � I

�
�; (1.2)

where � 0 is the permeability of free space, I is the identity matrix, j � j is the Euclidean

norm, r = P b � P m and r̂ = r=jrj denotes the unit direction vector. Because biological

tissue has a magnetic permeability very close to that of free space, this dipole approxi-

mation remains valid in vivo [49].

The gradient of (1.2) describes how the �eld changes with position and therefore governs

the translational forces that can be exerted on a magnetic body:

@B(r; �)
@r

=
3� 0

4�jrj 4

��
I � 5 r̂ r̂ T

�
(r̂ T �) + � r̂ T + r̂� T

�
: (1.3)

This expression shows that forces depend both on the magnitude of the dipole moment

and its orientation relative to the local �eld.

In free space, or in biological environments that can be approximated as magnetically

neutral and free of electric currents, Maxwell's equations impose the following constraints:

r � B = 0; r � B = 0; (1.4)

ensuring that magnetic �elds are divergence-free and curl-free under quasi-static condi-

tions [49].

It is worth noting the di�erence in scaling laws between forces and torques. The torque

magnitude scales as j� j / j�jjBj, while the force magnitude scales as jf j / j�jjrBj

[38; 49]. For a uniformly magnetized body, the magnetic moment scales with volume

(j�j / L 3), such that torque scales with the third power of the characteristic length

(j� j / L 3), whereas force scales approximately with the fourth power when �eld gradients

vary spatially (jf j / L 4). In high-�eld environments such as MRI scanners, the static �eld

jBj is on the order of several Tesla, whereas the gradient strength jrBj is typically a few

tens of millitesla per meter. Consequently, torque-based actuation generally dominates in
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magnitude. For instance, a small cylindrical N52 magnet (3 mm diameter, 4 mm length)

with magnetization 1.4T experiences a torque of approximately 3 � 10�2 Nm in a 1 T

but a force of only 1:6 � 10�3 N in a 50 mT/m gradient. While gradient-based forces are

weaker, they remain valuable for tasks requiring translation, such as magnetic pulling of

tethered guidewires.

Taken together, these equations highlight the two principal modes of actuation: forces

generated by spatial gradients of the �eld, and torques arising from alignment in uniform

�elds. The type of magnetic material�soft or hard�determines how a given device

responds to these inputs. These three ingredients form the basis of magnetic actuation

and are developed further in the following subsections.

1.3.1 Force (Gradient) Based Actuation

Magnetic force arises when a magnetic moment is placed in a spatially varying �eld; the

resulting force toward stronger �eld regions is foundational to gradient-based actuation

[38; 49]. MRI gradient coils, originally intended for imaging, can be repurposed to apply

precisely timed gradients for pulling magnetic elements�this concept was demonstrated

in a tethered guidewire system where a ferromagnetic bead was translated under gradient

control within a 7 T MRI scanner [51]. A polymer sleeve trailing the bead then establishes

a solid catheter path.

Gradient actuation is not limited to macroscopic guidewires. In untethered milliscale

systems, Onder et al. used MRI gradient coils to steer spherical microrobots transla-

tionally and rotationally, achieving orientation control in three dimensions within �uidic

environments [55; 56]. Tiryaki et al. investigated ultrahigh-�eld MRI gradient steering

of guidewires, exploring safety and feasibility at clinical �eld strengths [57]. Martel et

al. have also pioneered MRI-driven nanorobots for targeted drug delivery in vascular

networks [58]. More broadly, gradient �elds have been applied to microrobot locomotion

and targeted delivery [59].

Beyond MRI environments, gradient forces can be generated by dedicated coil systems.

Petruska and Abbott developed optimized coil arrays capable of producing strong dipole-
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like gradient �elds for the actuation of permanent magnets and microrobots in laboratory

settings [54]. Similarly, Zhang et al. demonstrated propulsion of magnetic helical swim-

mers in viscous �uids by applying controlled gradient �elds with electromagnetic coils

[60]. These examples illustrate that gradient-based actuation is not limited to imaging

systems but can be engineered for diverse robotic platforms.

The bene�ts of gradient-based actuation are signi�cant. Because forces act remotely,

they permit wireless translation without mechanical contact�ideal for navigating con-

�ned anatomical channels. The governing scaling law, jf j / j�jjrBj, suggests that even

small magnetic moments can achieve meaningful forces if the gradient is strong. Since

MRI systems already provide programmable gradients with high temporal �delity, gra-

dient actuation �ts naturally into image-guided work�ows [61]. These characteristics

make gradient pulling particularly suited for applications like guided catheter insertion

or microagent delivery. However, gradient forces attenuate rapidly with distance, and

in practice they are often much weaker than the torques generated by uniform magnetic

�elds. As a result, when higher actuation magnitudes are required, torque-based methods

provide a more e�ective solution.

1.3.2 Torque (Field) Based Actuation

When a magnetic dipole is exposed to a uniform magnetic �eld, it experiences no net

translational force but does experience a torque that tends to align its magnetic mo-

ment with the �eld direction. This mechanism forms the foundation of torque-based

actuation, which has been extensively studied for continuum robots, capsule devices, and

microrobots [38; 20; 52]. The torque magnitude increases proportionally with both the

magnetic moment and the �eld strength (j� j / j�jjBj), making this approach particularly

e�ective when strong �elds are available.

Numerous torque-driven robotic systems have been reported in recent years. Kim et

al. demonstrated ferromagnetic soft tentacle-like robots, where embedded permanent

magnets enabled controlled bending under applied �elds [19]. Pittiglio et al. developed

patient-speci�c catheters with optimized magnet distributions that enabled follow-the-
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leader navigation in bronchial phantoms [20]. Lloyd et al. introduced magnetically re-

inforced soft continuum robots capable of precise shape control under torque actuation

[26]. At the microscale, torque has been harnessed to rotate helical swimmers, achiev-

ing propulsion in viscous �uids reminiscent of bacterial �agella [60], while torque-based

reorientation has been used for magnetic capsule endoscopes to improve navigation in

the gastrointestinal tract [62]. More recently, torque-based catheters have been evalu-

ated for steering in neurovascular interventions, where �ne directional control is critical

in tortuous anatomy [31]. Collectively, these examples highlight the versatility of torque

actuation across scales and applications.

A key advantage of torque actuation is that it enables e�ective reorientation even with

small magnetic volumes, and it can be implemented using relatively simple magnet ar-

rangements. Moreover, unlike gradient-based methods, torques can be generated uni-

formly across large workspaces without signi�cant positional dependence. This is espe-

cially relevant in MRI systems, where the background �eld provides a homogeneous �eld

of several Tesla�orders of magnitude stronger than most laboratory setups. In one of

my most recent works, I introduce a novel concept that leverages this strong uniform

background �eld together with the primary axis phenomenon of ferrous rings to real-

ize torque-driven control of a concentric tube catheter, opening new opportunities for

MRI-actuated surgical robotics.

Table 1.1 summarizes the trade-o�s between gradient- and �eld-based actuation of mag-

netic devices. The e�ectiveness of both torque- and gradient-based actuation ultimately

depends on the choice of magnetic material, motivating a distinction between soft and

hard magnetic strategies that will be discussed in the following subsection.

1.3.3 Soft vs. Hard Magnetic Materials

The response of a magnetic material to an applied �eld is typically described by its magne-

tization curve (B�H curve, see Fig. 1.3). When a �eld is �rst applied, the magnetization

rises approximately linearly until reaching a plateau known as saturation magnetization

(B sat ), at which point further increases in �eld strength produce negligible additional
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Table 1.1: Comparison of gradient (force-based) and �eld (torque-based) actuation for
magnetic medical devices.

Gradient (Force-based) Field (Torque-based)

Principle Field gradients generate
translational forces

Uniform �elds generate
torques aligning dipoles

Device e�ect Pulling or pushing; tip/body
translation

Bending or reorientation;
shape forming

Scaling Force / rB � 1=r 4, decays
rapidly with distance

Torque / B � 1=r 3, more
uniform over workspace

Strength in MRI Moderate; limited in 1.5�3 T
clinical scanners

High; several orders stronger
than gradient forces

Advantages Direct translation; compatible
with tethered devices

Strong actuation at small vol-
umes; e�cient for shape con-
trol

Limitations Weak at clinical �elds;
position-dependent; imaging
artifacts with larger bodies

No translation; requires con-
straints; plume artifacts from
ferrous elements

magnetization. When the �eld is removed, some materials return to near-zero mag-

netization, while others retain a �nite magnetization known as remanence (Br ). The

resistance of a material to demagnetization is characterized by its coercivity (Hc). To-

gether, saturation, remanence, and coercivity de�ne whether a material behaves as soft

magnetic or hard magnetic [63; 49]. An overview of B�H curves for soft and hard mag-

netic materials is shown in Fig. 1.3, with markers for saturation magnetization (Bsat ),

remanence magnetization (Br ), and coercivity (Hc).

Soft magnetic materials, such as iron, permalloy, or soft-magnetic elastomer composites,

are easily magnetized and demagnetized due to their low coercivity. They exhibit little to

no remanence and respond strongly only while a �eld is applied. This makes them ideal

for gradient-based applications, where forces scale with the instantaneous magnetization

induced by external �elds. For example, chrome steel beads have been used for steering

devices within MRI scanners [64; 65], and elastomeric catheters doped with iron particles

have been employed for shape programming under dynamic �elds [66].

In contrast, hard magnetic materials, such as neodymium�iron�boron (NdFeB) and samar-

ium�cobalt alloys, exhibit high coercivity and strong remanence. Once magnetized, they

retain their magnetic moment even after the external �eld is removed. This property

makes them well suited for torque-based actuation, since stable dipoles embedded in a
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Figure 1.3: Representative B�H curves for soft magnetic (left) and hard magnetic (right)
materials. Markers indicate saturation magnetization (Bsat ), remanence (Br ), and coer-
civity (H c).

robot can reliably align with uniform magnetic �elds. Notable examples include fer-

romagnetic soft tentacle robots with distributed NdFeB segments [19], patient-speci�c

catheters with permanent magnets for bronchoscopic navigation [20], and magnetically

steerable capsule endoscopes where torque reorientation is achieved by external perma-

nent magnets [67; 52; 62]. At smaller scales, hard-magnetic microrobots fabricated with

patterned NdFeB domains have demonstrated precise torque control for locomotion in

viscous media [19; 47].

In summary, the choice between soft and hard magnetic materials determines how a robot

interacts with applied �elds. Soft magnetic systems o�er high responsiveness and safety

in gradient-dominated regimes, while hard magnetic designs enable strong torque-based

control with minimal continuous energy input. However, in high-�eld environments such

as MRI scanners, the strong static �eld can overwrite or demagnetize hard magnetic

components, making soft magnetic materials the preferred choice for MRI-compatible

devices. Many emerging magnetic continuum robots therefore integrate both approaches,

combining soft composites for force generation with localized hard-magnetic elements for

reorientation in low-�eld settings. This distinction remains central to the design space of

magnetic surgical instruments.
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1.4 Modeling Magnetic Continuum Robots

E�ective actuation alone is not su�cient to achieve controllable and clinically useful mag-

netic continuum robots. To plan safe trajectories, execute precise motions, and provide

robust feedback control, accurate modeling of robot mechanics is essential. Modeling

provides the mathematical link between applied magnetic inputs and resulting defor-

mations, enabling the use of established control theory to design controllers, optimize

actuation, and predict system behavior under realistic loading conditions [13; 35; 14].

Several modeling strategies have been developed for continuum robots, each balancing

accuracy, computational complexity, and intuitive interpretability.

1.4.1 Rigid-Link Models

Rigid-link models approximate a continuum backbone by discretizing it into a chain of

short rigid segments connected by joints. Each joint is assigned a small de�ection, and

by increasing the number of segments, the model can approximate continuous bending.

This representation has the advantage of leveraging classical rigid-body kinematics, which

makes it highly intuitive and compatible with existing robotics tools such as forward

and inverse kinematics, Jacobian-based formulations, and optimization-based trajectory

planning [68].

In magnetic continuum robotics, rigid-link models have been widely adopted because

they allow external magnetic inputs to be mapped directly to joint de�ections, thereby

enabling shape control in complex anatomies. For example, Lloyd et al. formulated an

optimal design framework for magnetic continuum robots using a rigid-link approxima-

tion, which facilitated follow-the-leader navigation by predicting the e�ect of magnetic

actuation pro�les on catheter shape [68]. Similarly, Pittiglio et al. employed a rigid-link

model to design and validate patient-speci�c magnetic catheters for bronchoscopic naviga-

tion, demonstrating that discretized approximations could be used to predict bending in

anatomically realistic phantoms [20]. These applications highlight how rigid-link models

can be readily integrated into design pipelines for clinical devices.
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Despite their advantages, rigid-link models can achieve high accuracy but require a large

number of segments to closely approximate a continuously deformable backbone, result-

ing in a prohibitively large system Jacobian and increased computational complexity.

This error becomes more pronounced for highly tortuous shapes or long backbones, and

model accuracy is strongly dependent on the number of segments used [14]. In addition,

rigid-link formulations generally neglect nonlinear mechanics such as compliance in ax-

ial torsion, shear deformation, and material anisotropy, all of which are relevant in soft

magnetic robots. Nevertheless, because of their computational e�ciency and geometric

clarity, rigid-link models remain the most widely used approach for early-stage design,

rapid simulation, and experimental validation of magnetic continuum robots, even if more

accurate continuum mechanics models may be needed for clinical translation.

1.4.2 Finite Element Methods (FEM)

Finite element methods (FEM) provide high-�delity approximations by discretizing the

robot into thousands of elements, each governed by continuum mechanics equations.

FEM enables accurate modeling of large deformations, material nonlinearities, and mag-

netic�mechanical coupling [69; 70; 71]. As such, FEM has been used extensively in the

soft robotics community to capture interactions between external magnetic �elds and

soft-magnetic composites. The primary drawback of FEM is computational expense,

which limits its applicability for real-time control or online optimization. Thus, FEM is

most useful for o�ine design optimization, material characterization, and validation of

reduced-order models.

1.4.3 Cosserat Rod Theory

Cosserat rod theory provides a continuum mechanics framework that represents the robot

backbone as a one-dimensional elastic rod with both translational and rotational degrees

of freedom. Unlike rigid-link approximations, Cosserat models incorporate nonlinear elas-

ticity and can capture bending, torsion, shear, and extension within a uni�ed framework

[35; 36]. This makes them signi�cantly more accurate than rigid-link models, while being
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Figure 1.4: Conceptual comparison of modeling strategies for magnetic continuum robots.
(Left) Rigid-link models discretize the backbone into short segments with joint angles �i ,
o�ering intuitive and computationally e�cient approximations but with discretization er-
ror. (Middle) Finite element methods (FEM) provide high-�delity predictions by meshing
the structure into many small elements, enabling accurate nonlinear analysis at the ex-
pense of computational cost. (Right) Cosserat rod theory represents the backbone as a
continuous elastic rod with directors fd1; d2; d3g, capturing bending, torsion, shear, and
extension within a uni�ed framework and balancing accuracy with computational e�-
ciency.

far less computationally demanding than FEM. However, Cosserat models are mathemat-

ically more complex and less intuitive, which can hinder their use in rapid prototyping

or control design. Despite these challenges, Cosserat rod formulations are increasingly

regarded as the �gold standard� for real-time modeling of continuum robots [35; 14],

particularly in applications that require high accuracy without prohibitive computation.

In summary, rigid-link models remain the most accessible and intuitive approach, en-

abling straightforward application of robotics theory and fast simulation. FEM o�ers

unparalleled accuracy at the cost of computation, while Cosserat rod models occupy a

middle ground, delivering high �delity without sacri�cing too much speed. The choice of

model therefore depends on the intended application: rigid-link methods are well-suited

for rapid control prototyping and experimental validation, whereas FEM and Cosserat rod

models are preferred for detailed design and clinically robust predictions. A conceptual

summary of these three modeling approaches is illustrated in Fig. 1.4.
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1.5 Medical Imaging as Sensing for Robotics

Real-time imaging is critical for the control of continuum robots, providing feedback for

steering, navigation, and interaction with the anatomical environment. Unlike embedded

sensors, medical imaging o�ers the unique advantage of sensing both the robot and its

surrounding anatomy externally, which enables further miniaturization of the device and

reduces integration complexity. Medical imaging has therefore become the key component

for sensing in surgical robotics, enabling closed-loop navigation in anatomically realistic

settings [7; 72; 73; 74; 31; 48; 65; 55].

1.5.1 Fluoroscopy

Fluoroscopy is the most widely used clinical modality for catheter navigation, providing

real-time guidance during procedures such as angioplasty and endovascular repair [7].

Its main advantages are high frame rates and wide clinical adoption, but it exposes both

patients and clinicians to ionizing radiation and only provides two-dimensional projections

[75]. Several groups have investigated �uoroscopy-based shape reconstruction of catheters

and guidewires to overcome these limitations [43; 31]. Optical tracking was employed to

validate navigation in a dynamic lung phantom (see Chapter 2; [76]). However, the

same approach could be translated to clinical practice by replacing optical sensing with

�uoroscopy and applying shape-segmentation techniques, as has been demonstrated in

prior work [77; 78].

From a robotics perspective, �uoroscopy occupies a unique position among medical imag-

ing modalities because it is already deeply embedded within interventional work�ows

[7; 31]. Unlike MRI or CT, which may require dedicated suites, shielding, or work�ow

adaptation, �uoroscopic C-arm systems are standard equipment in catheterization lab-

oratories worldwide [48; 74]. This ubiquity lowers the translational barrier for robotic

systems: a robot that operates under �uoroscopy can be deployed within existing infras-

tructure without fundamentally altering clinical practice [75].
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1.5.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) o�ers radiation-free, high-resolution, and volumetric

imaging capabilities, making it particularly attractive for robotic sensing [72; 55]. Modern

systems can achieve close-to-real-time frame rates [79], and MRI scanners are widely

available in hospitals worldwide. Beyond imaging, MRI is unique in that it can also serve

as an actuation platform, owing to its strong background �eld and rapidly switchable

imaging gradients [58; 65]. This dual functionality has motivated signi�cant research in

MRI-actuated robotic systems [72; 73; 58; 51; 80; 81; 82].

From a robotics and control perspective, MRI is fundamentally di�erent from �uoroscopy

because it provides true volumetric information rather than a 2D projection [65; 55]. For

continuum robots, whose con�guration space is in�nite-dimensional and whose shape is

intrinsically three-dimensional, access to volumetric imaging simpli�es state estimation

[58]. Instead of solving a severely ill-posed reconstruction problem from projections, MRI

can directly provide spatial context in 3D, reducing reliance on strong kinematic priors

[81].

However, the physics of MRI presents challenges for magnetic continuum robots. The

strong static background �eld immediately remagnetizes permanent magnets, erasing

any pre-de�ned magnetization pro�les and making NdFeB-based actuation impractical.

Researchers have instead exploited MRI gradient coils to translate soft-magnetic beads

and tethered devices [58; 61]. In my own work, I demonstrated gradient pulling of a

ferromagnetic bead attached to a tether, using MRI gradients for controlled navigation

in complex anatomical phantoms [51]. While increasing bead size enhances force output,

it also creates larger susceptibility-induced voids in MR images, which compromise the

visibility of both anatomy and the device. This trade-o� motivates the use of torque-

based actuation in uniform �elds, which can achieve signi�cant displacement with smaller

magnetic volumes. Building on this idea, in my most recent work (submitted to Nature

Communications), we proposed a novel method that exploits the MRI background �eld

and the primary axis phenomenon of ferrous rings to achieve torque-driven control of
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a concentric tube catheter. This approach addresses the limitations of gradient pulling

while leveraging the unique environment of the MRI system. Details of this method are

presented in Chapter 4.

1.6 Design of Magnetic Surgical Instruments

The central theme of this dissertation has been the search for optimal design strategies in

magnetic continuum robotics for endoluminal and image-guided applications. Through-

out my doctoral research, I explored a range of approaches to identify how magnetic

devices can achieve precise controllability, safe integration with the clinical environment,

and e�ective interaction with anatomical structures. In doing so, I employed rigid-link

modeling as the primary analytical framework in two of my studies, which enabled intu-

itive formulation of control strategies and design optimization. I also evaluated the role

of di�erent imaging modalities in providing external sensing: �uoroscopy, as an obvious

clinical extension of the optical imaging system used in my initial phantom experiments

[76]; ultrasound, through my contribution to an autonomous system for tumor boundary

identi�cation [83]; and magnetic resonance imaging (MRI), where I investigated both

its use as a sensing modality and image-guided actuation platform [51]. These inves-

tigations consistently emphasized the importance of combining accurate modeling with

robust imaging feedback in order to advance magnetic continuum robots toward clinical

viability.

In parallel, I examined di�erent magnetic material strategies and actuation principles.

Both soft- and hard-magnetic designs were considered: soft-magnetic composites en-

able strong responses to imaging gradients, while hard-magnetic inclusions provide sta-

ble dipoles suitable for torque-based control. Similarly, I investigated both force-based

actuation using gradients and torque-based actuation using uniform �elds, ultimately

highlighting the strengths and limitations of each. Gradient-driven devices o�er wireless

translation but su�er from low force magnitudes and artifacts on MR images. Torque-

driven designs, by contrast, provide much stronger e�ects under uniform �elds and enable
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bending and reorientation at smaller scales. These trade-o�s are particularly relevant in

the context of MRI, which provides both powerful uniform �elds for torque actuation and

switchable gradients for pulling forces.

From these explorations, several core design considerations emerged. First, miniaturiza-

tion is paramount: by relying on external magnetic actuation, devices can maintain the

small diameters required for navigation through tortuous anatomy while still achieving

dexterity [19; 31; 46; 20]. Second, precise controllability is essential, requiring modeling

frameworks that can capture the nonlinear mechanics of continuum backbones and soft

materials [17]. Third, integration with medical imaging�most notably MRI�o�ers a

pathway to unify actuation and sensing within a single platform, reducing the need for

onboard instrumentation and enabling closed-loop navigation [84]. Together, these crite-

ria represent the culmination of the design practices examined in this thesis and provide

a foundation for the next generation of magnetic surgical instruments.

1.7 Dissertation Structure

This dissertation is organized into four additional chapters, each of which explores the

modeling and design of magnetic surgical instruments from a di�erent perspective. Rather

than addressing a single overarching challenge, the progression of the work re�ects a

systematic investigation of actuation methods, magnetic materials, and medical imaging

modalities, all with the aim of identifying key design considerations for the next generation

of magnetic continuum robots. Chapters 2 to 4 are based on �rst-authored and joint

�rst-authored (*), peer-reviewed journal publications, while Chapter 5 provides a critical

re�ection on the �ndings and outlines directions for future research. The contributions

of each chapter are summarized below.

ˆ Chapter 2: This chapter introduces the concept of real-time motion compensa-

tion for shape-forming magnetic continuum robots for pulmonary applications. A

rigid-link modeling framework was used to optimize torque-based actuation under

respiratory motion, enabling compensation between peak inhalation and exhalation.

20



1.7. Dissertation Structure Chapter 1. Introduction

Validation was performed in a dynamic lung phantom using optical sensing, with

clinical translation envisioned through �uoroscopy and segmentation-based shape

reconstruction.

N. Murasovs, V. Francescon, P. Lloyd, M. Di Lecce, D. S. Chathuranga, G. Pit-

tiglio, O. Onaizah, J. H. Chandler, and P. Valdastri, �Breathing Compensation in

Magnetic Robotic Bronchoscopy via Shape Forming,� IEEE Robotics and Automa-

tion Letters, vol. 9, no. 10, pp. 9055�9062, Oct. 2024. doi: 10.1109/LRA.2024.3426385.

ˆ Chapter 3: This chapter explores the use of magnetic resonance imaging as both

a sensing and actuation platform. Speci�cally, it demonstrates gradient pulling of

a tethered ferromagnetic bead to establish a guidewire within complex anatomy.

While gradients enable wireless translation, their limited strength and the imaging

artifacts created by large magnetic inclusions highlight the trade-o�s of force-based

actuation in MRI environments.

N. Murasovs, P. Lloyd, A. Bacchetti, Y. L. May, J. Armitage, O. Cespedes, E.

Dall'Armellina, J. H. Chandler, J. E. Schneider, and P. Valdastri, �Gradient pulling

of a tethered robot via a magnetic resonance imaging system,� Cell Device, vol. 3,

100870, Oct. 2025. doi: 10.1016/j.device.2025.100870.

ˆ Chapter 4: This chapter investigates torque-based actuation in the MRI environ-

ment. A concentric tube catheter with embedded ferrous rings was developed to

harness the strong uniform background �eld of the scanner. This design leverages

the primary axis phenomenon to achieve controlled reorientation while minimizing

the volume of magnetic material, thus addressing the limitations of gradient-based

approaches. The system represents a novel integration of MRI-based imaging and

torque actuation for surgical navigation.

P. Lloyd*, N. Murasovs*, Y. L. May, A. Bacchetti, B. Calmé, J. Davy, V.

Francescon, J. H. Chandler, E. Dall'Armellina, J. E. Schneider, and P. Valdastri,

�An MRI Actuated and Imaged Concentric Tube Catheter,� Submitted to Nature

Communications, September 2025.
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ˆ Chapter 5: The �nal chapter o�ers a critical evaluation of the presented studies,

synthesizing insights across actuation principles, magnetic materials, and imaging

modalities. It concludes by highlighting the design considerations that emerged

throughout this work and identifying promising directions for future research in

magnetic continuum robotics.

The following journal publications and conference presentations, where I am not the �rst

author, have also contributed to the work discussed in this thesis:

ˆ V. Francescon, N. Murasovs, P. Lloyd, O. Onaizah, D. S. Chathuranga, and

P. Valdastri, �Closed-Loop Shape-Forming Control of a Magnetic Soft Continuum

Robot,� IEEE Robotics and Automation Letters, 2025.

ˆ N. Marahrens, D. Jones, N. Murasovs, C. S. Biyani, and P. Valdastri, �An

ultrasound-guided system for autonomous marking of tumor boundaries during

robot-assisted surgery,� IEEE Transactions on Medical Robotics and Bionics, 2024.

ˆ K. D. Papadimitriou, N. Murasovs, M. E. Giannaccini, and S. Aphale, �Genetic

algorithm-based control of a two-wheeled self-balancing robot,� Journal of Intelli-

gent & Robotic Systems, 2025.
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Abstract

Despite the increased interest in robotic systems designed for bronchoscopy, the in�uence

of the bronchial tree dynamics remains relatively unexplored. To enable robotic solutions

to perform successful autonomous navigations whilst minimizing contact with the inter-

nal anatomy, they must be capable of adapting to ongoing geometric changes caused by

the respiratory cycle. In this chapter, we introduce a method for parameterizing these

cyclic changes and present a �exible magnetic robotic catheter design that adapts its
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shape dynamically. Three bronchial branches (up to 4th generation bronchioles) with

diverse shapes were investigated to examine the feasibility and e�cacy of this approach.

Reference anatomical geometry was taken from an open-source dynamic computed to-

mography patient dataset, and was evaluated over the breathing cycle to develop patient-

and branch-speci�c magnetic catheter pro�les and associated time-varying external mag-

netic �elds. The system was demonstrated using dynamic Helmholtz coil actuation and

showed a mean error in replicating the centerline of each of the three branches over the

entire navigation of 2.1 mm, 1.4 mm, and 1.9 mm, respectively.

2.1 Introduction

Lung cancer is responsible for the highest number of deaths of any cancer worldwide

[1]. In bronchoscopy, a slender, �exible manipulator is inserted to visually inspect and

facilitate the deployment of a catheter for the collection of tissue; which is the main

method of con�rming malignant lesions in the lungs. Transthoracic biopsies and surgical

resection increase diagnostic yield but can result in complications such as pneumothorax

and surgical morbidities [1]. Unlike conventional bronchoscopy, where diagnostic yield

is less than 50% [1], robotic bronchoscopy can increase yield to as much as 90% [2] by

improving instrument stabilization at biopsy and easing navigational challenges.

Commercial robotic bronchoscopy platforms such as Ion— by Intuitive Surgical, Monarch—

by Auris Health, and Galaxy System— by Noah Medical blue utilize a robotic broncho-

scope (down to 3.5 mm in diameter) to navigate the upper parts of the bronchial tree

while deploying manual pre-bent catheters to facilitate deeper access. These tools o�er

limited dexterity and rely on high sti�ness for manual navigation, which can sometimes

result in discomfort and injury [3]. To address this issue researchers are exploring the use

of soft robotic manipulators as an alternative to commercial tools [4; 5]. Soft continuum

robots are known for their high dexterity and multiple degrees of freedom, making them

safer but more challenging to control as compared to rigid surgical tools [6]. Increasing

the dexterity or shape-forming capacity of continuum robots typically leads to a larger
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Figure 2.1: Illustration of robotic bronchoscopy. Commercial bronchoscope shown in
blue with a deployable MCR shown in a black-and-red pattern. The �gure shows the
overview of the autonomous navigation, where after initial navigation performed by the
bronchoscope, MCR is deployed to steer through the deeper parts of the bronchial tree
and deliver a tool (e.g. needle or laser) to the target tumour.

diameter but, due to external actuation, this is not the case for magnetic continuum

robots (MCRs) making them ideal for miniaturization [7; 8]. Various MCR designs have

been proposed, including those with multiple embedded permanent magnets along their

body [9; 10; 11] and those integrating magnetically doped elastomers [12; 13]. The for-

mer o�ers higher magnetic moments, while the latter facilitates easier miniaturization

and maintains a fully soft approach.

MCRs which are 3 orders of magnitude softer than commercial counterparts [15] maneuver

through complex anatomical structures by manipulating an external magnetic �eld to aid

their movement. Previous studies have shown successful navigation of simulated human

bronchial tree models [7; 8], the human pancreatic duct [16], and the neurovasculature

[17]. Current research is delving into the possibilities of scaling down MCRs for medical

procedures and navigation [18; 19; 20]. Yet, the in�uence of lung dynamics on magnetic

robotic bronchoscopy has not been taken into account and remains a crucial area requiring

further exploration.
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(a)

(b)

Figure 2.2: (a) CT data of the patient's lungs [14] at the start of the respiratory cycle
with light blue volume showing the result of bronchial tree segmentation and yellow
lines outlining computed centerlines of the airways; three branches that were selected
for experiments are identi�ed with number 1-3 and highlighted in green, blue and red
respectively. Arrows represent the orientation of the CT slice, where R - right, A -
anterior, and S - superior. The bronchial tree was segmented up to 4th generation of
branches. Example of a bronchial bifurcation viewed from a bronchoscope camera is also
shown (from [8]). (b) Three dimensional dynamic deformations that occur during the
entire respiratory cycle (frontal plane on the left and sagittal plane on the right) with
Branch 1 in green, Branch 2 in blue, and Branch 3 in red. Peak inhalations (PI) are
shown as solid lines, and peak exhalations (PE) are shown as dashed dotted lines.
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The achievement of multipoint shape control of an MCR [6; 11; 8] is essential as it

allows precise maneuvering with minimal contact, thus signi�cantly reducing the risk of

unintended injury and discomfort for the patient and improving targeting accuracy [7; 8].

Research has demonstrated the e�cacy of this approach, resulting in a 50% improvement

in tracking accuracy, a 50% reduction in contact time with obstacles during navigation

compared to tip-only control, and a 90% decrease in targeting errors [7]. In [8], the MCR

is deployed from a conventional bronchoscope, similar to the scenario envisaged in this

chapter. An illustrative overview of this process is given in Fig. 2.1.

Despite this progress, all proposed solutions for robotic bronchoscopy in the literature

have thus far assumed the human lung anatomy to be static [7; 8]. This simpli�cation

disregards the dynamics of human respiration and the associated disturbance on any

attempted anatomical navigation. Branches of the bronchial tree can move as much as

25 mm between the peaks of inspiration and exhalation [21; 22]. During bronchoscopy,

patient breathing is controlled via a ventilation volume which assists in reducing path-

way variations due to breathing but does not eliminate them [23]. Such a displacement

would cause inadvertent contact between the robot and the tissue, resulting in unpre-

dictable behavior. This is particularly prominent in bifurcations such as that shown in

Fig. 2.2a, where unpredictable behaviors can cause the robot to navigate into an un-

planned bronchial branch. This outlines the need for the development of a dynamic

controller that would compensate for any disturbance associated with the human respi-

ratory cycle. Natural breathing motion contributes to navigation inaccuracy due to the

changing position of the target area and thus decreases the diagnostic yield [24], espe-

cially for tumors smaller than 20 mm. Researchers in [25] presented their solution for

adjusting the catheter's navigation to respiratory motion; however, in their approach, the

catheter's tip is adjusted in a stepwise fashion and remains static during a certain phase

of the respiratory cycle. In our approach, the catheter's shape is adjusted synchronously

to the respiratory cycle at all times.

In this chapter, we present a novel method for designing a soft magnetic catheter to

be deployed from the instrument channel of a bronchoscope as in [8]. The design of
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the MCR incorporated the dynamic deformations of the bronchial tree such that it can

compensate for the dynamic motion of the lungs by modulating its shape in a cyclical

manner. To demonstrate this approach, we evaluated three di�erent bronchial branches

(up to 4th generation) and designed and manufactured separate MCRs speci�c to the

breathing cycle motions of each branch. Furthermore, we employed a dynamic phantom

to simulate the respiratory cycle of the bronchial tree, showing the in�uence of breathing

on autonomous bronchial navigation, as well as presented the method to compensate

for that. This will allow more accurate deep lung navigations and hence increase the

diagnostic yield and lower the risk of inadvertent injury during bronchoscopy.

2.2 Methodology

In this section, we introduce the processes and methods used to design a MCR that can

adapt its shape to the cyclically varying shape of the bronchial tree. The anatomical

pathways actuation method, optimization principles, manufacturing steps and control

strategy are considered.

2.2.1 Anatomical Data

To navigate the bronchial tree in a contact-minimized fashion, we optimize for the

catheter's pose to be co-linear to the centerlines of the bronchial tree. To proceed to

this optimization of the catheter's magnetic pro�le and design of the dynamic controller,

it was necessary to �rst obtain the deformation of the bronchial centerlines and determine

how rapidly those deformations occur.

A 4D-Lung dataset [14] provided by The Cancer Imaging Archive (TCIA) [26] was used

to extract clinically relevant dynamic bronchial tree information. The 4D-Lung dataset

is a collection consisting of images of 20 locally-advanced, non-small cell lung cancer

patients; including four-dimensional (4D) computed tomography (CT) data, acquired

with fan beam CT (4D-FBCT) and 4D cone beam CT (4D-CBCT), providing spatial

as well as temporal data [14]. Data from Subject ID - 100_HM10395 were used for the

38



2.2. Methodology Chapter 2. Magnetic Shape Forming in Bronchoscopy

purposes of this study, as it presents the highest resolution with pixel size of 0.9766 mm

and CT slice distance of 3 mm. The data contain chest CT images of the patient during

the full respiratory cycle which is split into 10 breathing phases. The cycle starts at the

peak exhalation (PE) or 0%, then reaches the peak inhalation (PI) around 50%, before

returning toward PE such that 100% = 0%.

CT images for each of the 10 time steps were separately segmented using 3D Slicer

software with the Airway Segmentation module [27]. Segmented tissues were then re-

constructed to produce 3D models of the bronchial tree. Subsequently, the Vascular

Modeling Toolkit was used to extract centerlines of the bronchial tree up to 4th gener-

ation of branches at each time step. The extracted centerlines at PE (0%) are overlaid

on the original CT image in Fig. 2.2a. Three bronchial branches (see Fig. 2.2a) were

selected to serve as a test case for this work. The diameters of the lumens at the end of

Branch 1, Branch 2 and Branch 3 are 4.5 mm, 4.6 mm, 3.8 mm respectively.

2.2.2 Designing & Optimizing the Magnetic Pro�le of MCR

In the proposed approach, a standard bronchoscope is used to enter and navigate through

the trachea. Afterwards, the MCR is deployed from the instrument channel of the bronch-

scope to navigate the bronchial tree to the region of interest (see Fig. 2.1). The total

length of MCR was set to match the length of the branch (from the carina to the 4th

generation of branches), which is around 80 mm.

A rigid-link model was implemented to design a magnetic pro�le for MCR and the cor-

responding magnetic �elds that would allow accurate shape formation that can adapt to

the deformation of the bronchial tree. Using a higher number of sections leads to higher

dexterity but comes at the expense of more complex and cumbersome optimization and

control [6; 8]. For this application, 4 sections of 20 mm in length were found to provide

a su�cient balance for the desired task.

Using the anatomical deformations of the bronchial tree at PE and PI, we parametrize the

angles (i.e. QP E and QP I respectively) of our rigid-link model to conform to the desired

shapes (see Fig. 2.3). By optimizing the magnetic pro�le of the MCR to conform its
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(a) Peak Exhalation

(b) Peak Inhalation

Figure 2.3: Result of the optimization algorithm (sample Branch 1) for peak exhalation
(PE) and peak inhalation (PI), with the anatomic centerline of the bronchial tree in green
lines, and rigid-link model actuated by external magnetic �eld (B) in purple lines. The
magnetic �eld direction in the global reference frame is shown as a blue arrow, and is
di�erent for PE and PI. The directions of magnetizations for each link (�i ) relative to
link orientations are also given.

shape to the centerline of the bronchial tree throughout the whole navigation (including

dynamic changes of the centerline due to respiration), the MCR will have minimal contact

with the environment; hence the in�uence of the lumen interactions can be omitted from

the model.
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The process of optimizing the magnetic pro�le of the MCR consists of �nding the mag-

netization (� i ) of each section (Li ) (i.e. each rigid-link) which, in combination with the

global homogeneous applied magnetic �eld (B) will deform the MCR to the predeter-

mined desired shape (see Fig. 2.3) [6]. This optimization process is based on balancing

elastic, magnetic and gravitational forces, and torques (wrenches) acting on the MCR

during actuation. The elastic torques can be derived as:

T e
(3�k) = K (3�3) Q (3�k) (2.1)

where k is the number of rigid links inserted at a given time. Because the robot is deployed

incrementally into the workspace, only the inserted portion contributes to its mechanical

response. Thus, k denotes the number of discrete segments currently outside the sheath

and actively participating in deformation. As insertion progresses, k increases, and the

dimensionality of the state variables expands accordingly. Q is a matrix of joint angles

(3 degrees of freedom for each link), Te is the resulting elastic torque matrix [28], and K

is the diagonal sti�ness matrix de�ned by the bending and torsional products of Young's

Modulus (E) and second moment of intertia (I). This assumption of linear joint sti�ness

is valid when the length of each link is su�ciently small [29].

Assuming homogeneous magnetic �eld, magnetic torques are de�ned as:

T m
(3�k) = J (3�3k) T

(Ŝ
(3k�3)

B (3�k) ) (2.2)

where JT is the Jacobian transpose of the MCR, B is the magnetic �eld,̂S is the skew

matrix of magnetizations de�ned as:

Ŝ
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since B � � i = �� i � B (2.3)

where (:)� is the skew operator.
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G is the gravitational component de�ned as:

G (3k�k) = �
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�

m1 m2 � � � m k

�
(2.4)

where m is the mass of each link and e3
(3) denotes third canonical unit vector.

In an equilibrium con�guration, mechanical, gravitational and magnetic torques sum to

zero. Hence, the magnetic pro�le of the MCR can be optimized subject to:

min �;B P E j K Q P E � J T (S BP E + G) j (2.5)

for PE, and

min �;B P I j K Q P I � J T (S BP I + G) j (2.6)

for PI.

The optimization was performed at peak inhalation (PI) and peak exhalation (PE), which

represent the extrema of the bronchial deformation cycle. Implicitly, this assumes that

con�gurations occurring between PI and PE can be approximated by interpolation of

the corresponding magnetic actuation pro�les. This assumption is justi�ed by the fact

that intermediate airway geometries are continuous and smoothly varying between these

two extrema, as respiratory motion does not introduce discontinuous topological changes.

Since the intermediate states lie geometrically close to the optimized boundary con�g-

urations, linear interpolation of the magnetic pro�le is expected to produce su�ciently

accurate conformation during navigation.

Hence, to optimize the magnetic pro�le of the MCR such that it conforms its shape to

the centerline of bronchial tree throughout the whole navigation (insertion and dynamic

in�uence due to breathing) the (2.5) and (2.6) should be satis�ed for all steps of insertion

(i.e. k = 1; 2; 3; 4, where k denotes the number of rigid segments currently inserted

and actively contributing to deformation) and for multiple joint angle con�gurations (i.e.
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QP E and QP I ) simultaneously. An example result of the optimization process can be

seen in Fig. 2.3, where the magnetization directions for each link and the direction of the

applied magnetic �eld are shown, giving the resultant con�guration of MCR at PE and

PI. The magnetic pro�le stays the same (due to the nature of magnetically hard matter)

while shape compensation is reached by adjusting the external magnetic �eld (B). The

result of this optimization method is a prede�ned magnetic pro�le (i.e. magnetization

of each link - � i ), and the corresponding external magnetic �eld (B), speci�c to the

current insertion step and the stage of the breathing cycle. Navigation using this model

is performed quasi-statically.

2.2.3 Experimental setup

A Tri-axial Helmholtz coil platform (3DXHC12.5-300, Dexing MagnetTech. Co., Ltd,

Xiamen, China) was used for the generation of homogeneous magnetic �elds. The plat-

form uses 3 power supply units (PSU) (DXKDP, Dexing Magnet Tech. Co., Ltd, Xiamen,

China) to generate current in the coils and can establish any 3-dimensional magnetic �eld

up to 25 mT at 0.5 Hz. This method allows us to accurately and repeateably in�uence

the applied external �eld and thus the shape of MCR continuously.

The MCR was �xed in the workspace at a prede�ned initial rotation, mimicking the

deployment angle from a bronchoscope [6; 8]. It was quasi-statically actuated using

magnetic �elds calculated from (2.5) and (2.6) and inserted via a stepper motor (as

in [7]). The deformation was captured using a Basler camera (acA2040-120uc Basler

AG, Ahrensburg, Germany) with a Basler C23-3518-5M-P f35 mm lens, against a white

background to enhance contrast for image segmentation and results parameterization.

The mapping between physical dimensions and the pixels of the image was done using

the known diameter of the MCR (2 mm). This was further improved by calibrating

the camera, where we placed the camera in a �xed location (that used for the actual

experiments), inserted the tentacle to hang in the workspace adjacent to a checkerboard

pattern. We used Matlab's Camera Calibration package to remove lens distortion e�ects

from the image. This facilitated the acquisition of the MCR deformations within a two-

43



2.2. Methodology Chapter 2. Magnetic Shape Forming in Bronchoscopy

Figure 2.4: Experimental setup overview with Tri-axial Helmholtz coils for the actuation
of the MCR. Basler camera is used to capture the image of the scene in high resolution.
The MCR is being autonomously inserted into the workspace through a rigid tube that
simulates deployment from a bronchoscope. The rigid tube has a prede�ned orientation
obtained from the optimization algorithm. Bronchial tree is overlaid on top of the camera
view for reference.

dimensional (2D) framework, a practice deemed acceptable due to the relatively shallow

depth of �eld, proportionate to the deformations occurring within the plane. The majority

of bronchial deformations (95%) happen within the plane, while the out-of-plane geometry

can be navigated by adjusting the initial orientation of the tip of the bronchoscope. The

outline of the experimental setup is given in Fig. 2.4.

To simulate the dynamic nature of the bronchial tree, the design of the phantom for this

experiment consisted of 4 linear actuators (L12-30-50-6-R, Actuonix, Canada) which have

a maximum speed of 25 mm/s. The phantom is constructed from plastic rings attached

to the linear actuators, simulating the lumen cross-sections. These are horizontally posi-

tioned on the interface to mimic out-of-plane deformations in accordance to the anatomic
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