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Abstract

Robotic technologies have been adopted in various subspecialties of both open and
minimally invasive surgery, offering benefits such as enhanced surgical precision and
accuracy with reduced effort and fatigue of the surgeon. However, robotic applications
to endovascular neurosurgery for treating stroke or brain aneurysms have remained
largely unexplored. The brain’s blood vessels are considerably challenging to navigate
with a manually controlled passive guidewire, and improper or redundant guidewire
manipulation can lead to devastating complications. Existing vascular robotic sys-
tems are designed to manipulate conventional guidewires with limited steering capa-
bilities and remain unsuited for neurovascular intervention. In this thesis, we propose
a telerobotic neurointerventional platform based on a magnetically controlled soft
continuum robot. Composed of soft polymers containing tiny magnetic particles as
distributed actuation sources, our magnetic soft continuum robot is thin and flexible
enough to navigate the narrow and winding pathways of the brain’s blood vessels. Our
magnetic manipulation system consists of a robot arm with an actuating magnet and
motorized linear drives to remotely steer and advance the continuum robot under the
real-time teleoperation of the system. We evaluate our system’s performance both in
vitro with realistic anatomical models and in vivo with a porcine model and demon-
strate telerobotically assisted therapeutic procedures for endovascular treatments of
stroke and aneurysms. When compared with manually controlled passive guidewires,
our telerobotic neurointerventional system based on magnetic manipulation helps to
achieve safer and quicker access to hard-to-reach areas in the complex cerebral vascu-
lature. Our system also allows an operator to work remotely from the radiation source
to minimize x-ray exposure during the intervention. Furthermore, it may open the
possibility of remote procedural services for telerobotic stroke intervention to address
the logistical challenge in current stroke systems of care.

Thesis Supervisor: Xuanhe Zhao
Title: Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Motivation

Stroke is one of today’s major health problems worldwide. Globally, stroke remains

the leading cause of serious long-term disability [10, 11] and the second-leading cause

of death [12]. According to the statistics, every 40 seconds one person suffers a stroke

in the United States, and it claims a life every 4 minutes [11]. In the United States

alone, stroke kills about 140,000 people and costs around $46 billion each year [11].

Stroke occurs either when blood flow to the brain is blocked by blood clots or plaques

(ischemic) or when a weakened blood vessel ruptures to cause bleeding (hemorrhagic)

into the brain (Figure 1-1A). Both ischemic and hemorrhagic strokes can lead to

permanent brain damage, and hence early intervention is critical to better protect the

brain. However, current stroke systems of care require physically transporting patients

to tertiary care centers (large university hospitals) for interventions (Figure 1-1B).

For patients in rural areas, where acute-care services are often unavailable, stroke is

particularly more challenging to treat in a timely fashion, and patients can become no

longer eligible for therapies when their brains are irreparably damaged. One potential

solution to this logistical challenge is to use teleoperated robotic systems for remote

surgery [13]. Such telerobotic platforms could enable skilled interventionalists at large

institutions to perform surgical tasks remotely on patients at their local hospitals,

obviating transport of patients at the expense of time [14].
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Figure 1-1: (A) Neurovascular diseases that can lead to hemorrhagic or ischemic stroke.
Hemorrhagic stroke occurs when a weakened blood vessel in diseased states such as arteri-
ovenous malformations/fistulas (AVMs/AVFs) or intracranial aneurysms ruptures to cause
bleeding. Ischemic stroke occurs when blood flow to the brain is blocked by blood clots or
plaques. (B) Logistical challenge in current stroke systems of care pertaining to the patient
transport to tertiary care centers at the expense of time. The human nervous tissues can
be rapidly and irretrievably lost as stroke progresses, and the phrase “time is brain” [15]
emphasizes the critical importance of early stroke intervention for protection of the brain.

In the broader context of endovascular neurosurgery, there are several challenges in

the operating room as well. In neuroendovascular interventions, microguidewires are

primarily used for intravascular access to target lesions and to facilitate the placement

of other interventional or therapeutic devices such as microcatheters, coils, and stents.

For steering purposes, typical vascular guidewires have pre-shaped or shapeable dis-

tal tips which can be oriented toward a desired direction by manually rotating the

wires from their proximal ends (Figure 1-2A). However, this twist-based maneuver

for such conventional passive guidewires often becomes ineffective and rather unpre-

dictable due to the jerky motion of the pre-bent tip caused by friction, also known as

“whipping [16],” particularly when navigating in narrow and winding pathways of the

brain’s blood vessels (Figure 1-2A). This unpredictable guidewire behavior makes

it difficult to reach distal branches of cerebral arteries and in some circumstances ren-

ders distal target access infeasible. The predefined shape of the tip might also deform

within the vessel, especially during complicated and lengthy guiding maneuvers [17].

Moreover, interventionalists often need to continuously turn the guidewire while in-

serting it to prevent the pre-bent tip from latching onto any small ostium or opening
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along the path; the distal tip could otherwise become stuck and potentially cause vas-

cular injury or perforation upon further pushing. To avoid such complications, physi-

cians always need to keep verifying the distal tip movement under fluoroscopy while

manually manipulating guidewires, which exposes them to continuous x-rays during

the interventional procedures (Figure 1-2B). For interventionalists, this repetitive

radiation exposure is being recognized as a greater risk than previously appreciated

[18, 19]. Telerobotic interventional systems, which allow for remote control of robotic

guidewires with active steering and navigational capabilities, could potentially help

to resolve these clinical and technical challenges as well.

Figure 1-2: Technical challenges in endovascular neurosurgery. (A) The human
brain’s blood vessels are considerably challenging to navigate because of their complex and
tortuous vascular anatomy. Conventional intravascular guidewires have pre-shaped or sha-
peable distal tips for steering purposes so that they can be manually manipulated through
twist-based steering. (B) Complex neurodendovascular procedures require standard biplane
fluoroscopy to better identify the complex angulation of the intracranial arteries. During the
image-guided endovascular procedures, physicians are exposed to continuous x-ray, which is
required for real-time state observation of the manually controlled guidewire in the patient’s
blood vessels. This repetitive radiation exposure is being recognized as a greater concern
than previously appreciated, due to the increased risk of cancer and cataract formation.

However, robotic applications to endovascular neurosurgery have remained largely

underexplored due to the lack of appropriate technologies. The biggest hurdle thus

far has been the miniaturization of robotic devices so that they are thin and flexible

enough to navigate in the narrow and complex neurovasculature. Existing steerable

robotic catheters or endoscopes are often limited to relatively large scales (i.e., a

few millimeters in diameter), due to the miniaturization challenges inherent in their
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conventional actuation mechanisms [3], and are therefore unsuitable for neuroendovas-

cular applications [20]. Instead of directly tackling the miniaturization challenges of

realizing robotically steerable guidewires and catheters at submillimeter scale, indus-

try has developed vascular robotic platforms that can accommodate and manipulate

conventional guidewires and catheters under remote control. For example, the Mag-

ellan™ Robotic System of Hansen Medical (acquired by Auris Health, part of Johnson

& Johnson) features an articulating sheath with linear and rotary drives to enable

insertion, rotation, and retraction of conventional guidewires (Figure 1-3A) [20, 21].

Figure 1-3: Existing vascular robotic systems. The existing platforms are designed to
manipulate conventional passive guidewires with pre-shaped distal tips for either percuta-
neous coronary intervention (PCI) or peripheral vascular intervention (PVI): (A) Magellan™
Robotic System of Hansen Medical and (B) CorPath® GRX of Corindus Vascular Robotics.

Other examples include the CorPath® GRX of Corindus Vascular Robotics (ac-

quired by Siemens Healthineers) and R-One™ of Robocath, both of which can similarly

advance or retract and rotate commercially available guidewires and catheters using
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linear and rotary drives under remote control [22] (Figure 1-3B). The R-One™ sys-

tem has recently been approved for percutaneous coronary intervention (PCI) only in

the European Union [23], and the CorPath® GRX system is currently approved for

peripheral vascular intervention (PVI) as well as PCI in the United States, European

Union, and other countries [24]. Although the CorPath® GRX system was originally

designed to manipulate larger-gauge devices for PCI and PVI, the system is cleared

for neurovascular intervention in the European Union, Australia, and New Zealand

[24]. However, it has not yet been approved for neurovascular intervention in other

countries including the United States [25], possibly because of its current technical

limitations for intracranial applications as discussed in a recent case report [26].

Figure 1-4: Reported clinical cases of robotically assisted intracranial aneurysm
treatments. The CorPath® GRX system of Corindus Vascular Robotics was used for the
reported clinical cases. The treated aneurysm locations include (A) the basilar sidewall;
(B, E) the basilar tips; (C, D) the posterior communicating artery (PCoA); and (F) the
supraclinoid segment of the intracranial carotid artery (ICA). Images are adapted from
Pereira et al., 2021 [27].

After some technical modifications of the CorPath® GRX system to facilitate the

use of smaller guidewires and microcatheters for intracranial access and intervention,

recent publications reported its first-in-human, off-label use for endovascular coiling

of aneurysms in the basilar artery—a relatively large and linear blood vessel at the

base of the skull—and other proximal intracranial arteries that are relatively easy to
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access (Figure 1-4) [24, 27]. To date, however, no vascular robotic systems have

been reported to accomplish robotically assisted endovascular treatment of cerebral

aneurysms or infarctions (stroke), which commonly occur in more distal (hence more

difficult-to-reach) areas such as the middle or anterior cerebral arteries (MCA or

ACA). More importantly, those existing vascular robotic systems are designed to

manipulate conventional passive guidewires with pre-shape tips, and therefore they

would retain the functional limitations inherent in the twist-based steering of such

passive guidewires as discussed earlier (Figure 1-2A). Currently, there is no FDA-

approved robotic system for neurovascular intervention in the market.

1.2 Objectives and System Overview

This thesis is aimed at tackling the aforementioned technical challenges in current

stroke systems of care and endovascular neurosurgery, where the application of robotics

can be central to their solution. For example, actively steerable soft continuum robots

can help to improve the quality and safety of endovascular procedures by reducing

the unpredictable behavior and potentially risky maneuvers of conventional passive

guidewires under manual manipulation. In addition, the ability to control such con-

tinuum robots remotely from the x-ray source can help to minimize or eliminate the

radiation exposure to interventionalists during the endovascular procedures. In this

thesis, we present a telerobotic neurointerventional platform based on magnetic ma-

nipulation to enable robotic applications to endovascular neurosurgery for treating

stroke or brain aneurysms, which have remained largely unattainable with existing

continuum or vascular robotic systems.

Our developed telerobotic neurointerventional system allows for precise robotic

control of a magnetically steerable soft-robotic guidewire, which can navigate through

the narrow and winding pathways of the brain’s blood vessels under magnetic manip-

ulation (Figure 1-5, A and B). Figure 1-5C provides an overview of our system

deployed in realistic clinical settings for image-guided neurovascular intervention for

endovascular treatments of stroke or aneurysms. Our telerobotic neurointerventional
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system consists of a seven-degree-of-freedom (7-DOF) serial robot arm manipulator

with an actuating magnet attached to its end-effector, which can be remotely con-

trolled by an operator from the control console to apply the magnetic fields required

for actuation and steering of the magnetic soft continuum guidewire. In addition, a

set of motorized linear drives is used to advance or retract the magnetic soft contin-

uum guidewire along with a microcatheter—a thin hollow tube that travels over the

guidewire along the navigated path—under real-time teleoperation of the system.

Figure 1-5: Overview of the proposed telerobotic neurointerventional platform
based on magnetic manipulation. (A-B) Submillimeter-scale magnetic soft continuum
robot as an actively steerable soft-robotic guidewire navigating in the complex and tortuous
vasculature of the brain through its omnidirectional steering under magnetic manipulation.
(C) Telerobotic magnetic manipulation platform for the magnetic soft continuum robot
based on a robot arm with an actuating magnet to remotely steer the magnetic soft contin-
uum guidewire and a guidewire/microcatheter advancing unit deployed in clinical settings for
image-guided neurovascular intervention for endovascular treatments of stroke or aneurysms
under real-time x-ray fluoroscopy based on the standard biplane angiography suite.
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1.3 Outline of the Thesis

In Chapter 2: Mechanics of Magnetic Soft Materials, we discuss different types

of magnetic soft materials and their key characteristics to elucidate their actuation

mechanisms under externally applied magnetic fields. After reviewing the fundamen-

tal equations in magnetostatics, we formulate a continuum mechanical framework for

hard-magnetic soft materials to model their behavior as soft bending actuators driven

by magnetic torques and forces through finite element simulation. Applying geometric

constraints specific to slender beams, we also formulate the theory of hard-magnetic

elastica to model the behavior of magnetic soft continuum robots under magnetic

fields. We then validate the developed models by comparing the experimental results

with the model-based simulation and analytical solutions for two representative cases.

In Chapter 3: Magnetic Soft Continuum Robots, we describe our invention

of magnetic soft continuum robots, which are developed to tackle the miniaturization

challenges in continuum robots and to enable robotic applications to endovascular

neurosurgery. On the basis of our theoretical analyses in Chapter 2, we provide a

set of design guidelines for optimization of the actuation performance of the mag-

netic soft continuum robot based on hard-magnetic soft composites. We then discuss

the materials and fabrication techniques for magnetic soft continuum robots with

considerations of design requirements specific to their endovascular applications. To

validate the proposed concept of magnetically steerable soft continuum robots at

submillimeter scales, we provide a set of experimental demonstrations with proof-of-

concept prototypes to illustrate their steering and navigational capabilities in highly

nonlinear and complex environments as well as additional functionalities enabled by

incorporated functional cores.

In Chapter 4: Telerobotic Magnetic Neurointerventional Platform, we

discuss different types of existing magnetic actuation and manipulation platforms

based on permanent or electromagnets and identify their inherent limitations for ap-

plications to telerobotic stroke intervention in terms of their compatibility with the

standard imaging modality based on x-ray fluoroscopy. We then introduce our pro-
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posed telerobotic neurointerventional platform based on a compact and lightweight

robot arm with a single actuating magnet at its end-effector. We define a set of steer-

ing control principles that can provide guidance on how to manipulate the actuating

magnet with minimal motion of the robot arm to achieve the desired configuration

of the magnetic soft continuum guidewire in the target vasculature. We discuss the

working distance, shape, and size of the actuating magnet considering the workspace

constraints due to the patient geometry as well as the steering principle for the mag-

netic soft continuum guidewire.

In Chapter 5: Telerobotically Assisted Neurovascular Interventions, we

showcase the performance of our developed telerobotic neurointerventional platform

in realistic clinical settings for neurovascular intervention. As part of the benchtop

verification of our system, we demonstrate the steering and navigational capabilities

of the magnetic soft continuum guidewire to selectively reach different branches of

cerebral arteries under real-time teleoperation of our system, using realistic anatom-

ical models that include all relevant pathway attributes to represent the human neu-

rovascular anatomy. We validate the safety and effectiveness of magnetic steering

and navigation under realistic in vivo conditions using an animal model simulating

the tortuosity of the intracranial arteries. We also quantitatively assess the learning

curve for our developed system for a group of neurointerventionalists and evaluate

the steering and navigational performance of the telerobotically controlled magnetic

guidewire in comparison with the conventional approach based on manually controlled

passive guidewires using the anatomical models. We further demonstrate our system’s

capability to assist therapeutic procedures that are commonly performed in endovas-

cular neurosurgery such as coil embolization for treating cerebral aneurysms and clot

retrieval thrombectomy for treating ischemic stroke due to cerebral infarctions.

In Chapter 6: Conclusions and Future Work, we summarize the findings

and contributions of this thesis and provide considerations for clinical translation of

our telerobotic neurointerventional platform in terms of the biocompatibility of the

magnetic soft continuum robot. We also discuss more considerations for future devel-

opments of our system in the context of robotic telesurgery for stroke intervention,
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implementation of tactile and haptic feedback, and automation of the magnetic steer-

ing and navigational tasks through pre-procedural planning based on pre-operative

imaging data.
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Chapter 2

Mechanics of Magnetic Soft Materials

2.1 Magnetic Soft Materials

2.1.1 Introduction

Historically, magnetically responsive soft materials in the form of elastically de-

formable solids have been referred to by a variety of terms such as magnetorheological

[28, 29, 30, 31, 32], magnetoactive [33, 34] or magnetosensitive [35, 36, 37] elastomers

or gels or, simply ferrogels [38, 39, 40, 41], depending on their applications or the

type of materials used. For simplicity, we refer to such elastic solids with mechani-

cal softness or compliance as well as magnetic properties as magnetic soft materials.

In our definition, and throughout this review, the term “magnetic” generally implies

“strongly magnetic”. Accordingly, we will use the term “magnetic materials” to gener-

ically refer to “ferromagnetic” or “ferrimagnetic” materials that are strongly attracted

to a magnet due to spontaneous magnetization (i.e., magnetic moments present in the

material even in the absence of an external magnetic field). Magnetic soft materials in

general have at least two constituent materials to form a composite, in which magnets

of varying sizes (from nanometers to millimeters) are attached to or integrated into

deformable bodies made of soft materials or flexible structures [42].

Depending on their composite structure, magnetic soft materials can be classified

into either discrete or continuous systems. Discrete systems have one or a few finite-

sized magnets or some patches of magnetic composite attached to or embedded in the
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deformable body [43, 44, 45, 46, 47] and hence feature highly concentrated and local-

ized magnetic moments (Figure 2-1A). Continuous systems have dispersed magnetic

materials in the form of micro- or nanoscale particles, which give rise to diluted and

distributed magnetic moments throughout the composite matrices (Figure 2-1B).

Continuous magnetic soft materials can be further divided into either isotropic or

anisotropic composites, depending on the distribution and orientation of the embed-

ded magnetic particles in the composite matrix. In isotropic composites, the magnetic

particles are uniformly dispersed and randomly oriented (Figure 2-1C), regardless of

whether the particles themselves are isotropic or anisotropic in shape. In anisotropic

composites, however, the embedded magnetic particles are either connected to form

microscopic chains that are aligned in the same direction or all oriented toward the

same direction (Figure 2-1D), both of which can result from an external field applied

during the solidification of the polymer matrix to immobilize the aligned particles.

Figure 2-1: Classification and composition of magnetic soft materials. Magnetic
soft materials can be classified into either (A) discrete or (B) continuous systems depending
on whether the magnetic components are in the form of finite-sized magnets embedded in the
flexible structure or micro- or nanoparticles dispersed in the soft polymer matrix. Continuous
magnetic soft materials can be further categorized into either (C) mechanically isotropic or
(D) anisotropic composites depending on the microscopic structure or arrangement of the
magnetic filler particles in the host polymer matrix.
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2.1.2 Classification of Magnetic Materials

Among the different classes of magnetic materials, the focus here is primarily on ferro-

magnetic or ferrimagnetic substances, which are generally considered “magnetic” due

to their strong response to an externally applied magnetic field. Depending on the

magnetization characteristics, these strongly magnetic materials can be classified into

three categories: soft-magnetic, hard-magnetic, and superparamagnetic. The key dif-

ference among these types of magnetic materials can be described by the qualitatively

different features of their magnetization curves (Figure 2-2).

Figure 2-2: Classification of magnetic materials and their characteristics. Mag-
netic materials can be divided into three categories: (A) soft-magnetic, (B) hard-magnetic,
and (C) superparamagnetic, depending on their magnetization characteristics. In general,
soft-magnetic materials are characterized by their high saturation magnetization (𝑀s), low
coercivity (𝐻c), and low remanence (𝑀r) with narrow hysteresis curves, whereas hard-
magnetic materials are characterized by large hysteresis due to their high coercivity and
remanence. Superparamagnetic materials exhibit no hysteresis and become quickly satu-
rated under relatively low fields.

In doing so, two quantities of particular importance are the remanence (or rema-

nent magnetization), 𝑀r, and the coercivity (or coercive field), 𝐻c. The remanence

denotes the magnetization that remains in the material even in the absence of external

actions once the material is magnetized by a large magnetic field. The coercivity rep-

resents the resistance to being demagnetized and measures the magnetic field strength

required to reverse the remanent magnetization in the material. Other important pa-

rameters are the magnetic susceptibility 𝜒m, and the saturation magnetization 𝑀s.

The magnetic susceptibility indicates how much of the material of interest will be

31



magnetized in a given applied magnetic field and corresponds to the slope of the

magnetization curve (𝜒m = 𝜕𝑀/𝜕𝐻, 𝑀 : induced magnetization, 𝐻: applied mag-

netic field) in a differential sense for magnetically isotropic materials. As the field

strength 𝐻 increases, the material becomes further magnetized and eventually sat-

urated when all moments are aligned substantially with the applied magnetic field,

with the induced magnetization 𝑀(𝐻) approaching the saturation magnetization 𝑀s.

2.1.3 Soft-magnetic Soft Materials

Soft-magnetic materials such as iron and nickel- or silicon-based alloys of iron are

characterized by high magnetic susceptibility and saturation magnetization but rela-

tively low remanence and coercivity (Figure 2-2A). Owing to these properties, soft-

magnetic materials are strongly attracted to a magnet and easy to magnetize, but at

the same time, they are easily demagnetized as well by a relatively weak magnetic

field. Conventional magnetic soft composites based on magnetorheological elastomers

and ferrogels mostly use carbonyl iron or iron oxide particles embedded in soft poly-

mer matrices. This type of composite exhibits soft-magnetic characteristics (i.e., low

remanence and low coercivity) while being mechanically soft (i.e., low Young’s mod-

ulus), and we therefore refer to this type as soft-magnetic soft materials. In general,

the response of magnetic soft materials to externally applied magnetic fields is com-

plex and largely dependent on the microstructure of the composite as well as the

concentration and configuration of the embedded magnetic particles [48, 49, 50].

In the context of soft robotic applications, traditional soft-magnetic soft materials

in the form of magnetostrictive or magnetorheological elastomers and gels have some-

what limited utility in terms of creating useful functions to perform a set of different

tasks. For instance, it is challenging to reproduce walking gaits or grasping tasks,

which typically utilize bending motions or complex shape changes, using the simple

deformation based on uniaxial elongation of isotropic composites. Magnetic torques

can help to increase the level of complexity in terms of available actuation modes and

achievable shapes by introducing additional degrees of freedom associated with the

rotation of body parts. However, when the embedded soft-magnetic particles have
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spherical shapes, the individual particles cannot produce magnetic torques. This is

because the induced magnetic moment in each particle is always aligned with the

applied magnetic field, meaning zero torque, as a consequence of the spherical par-

ticles being magnetically isotropic to have no preferred magnetization direction. For

this reason, typical soft-magnetic soft materials have utilized force-driven magnetic

actuation to create material deformation (shortening [51], elongation [38], or bending

[52]) (Figure 2-3B) based on the attractive force acting on the magnetized particles

under spatially nonuniform actuating fields (Figure 2-3A). Another force-driven ac-

tuation mode for isotropic soft-magnetic soft materials in the shape of a cylindrical

rod utilizes buckling and coiling instability in the presence of confinement under a

strong magnetic field [53, 54, 55], which leads to the contraction of the rod in its axial

direction to function as an artificial muscle (Figure 2-3B).

Figure 2-3: Different actuation modes of soft-magnetic soft materials. (A) Mag-
netic force acting on a single soft-magnetic particle under spatially nonuniform magnetic
fields. (B) Force-driven actuation modes for isotropic soft-magnetic soft composites un-
der spatially nonuniform actuating fields: shortening, elongation, bending, and contraction
based on buckling and coiling instability.

2.1.4 Hard-magnetic Soft Materials

The most distinctive feature of hard-magnetic materials is that they can become a

stable and permanent source of magnetic field after being magnetized, due to their

large magnetic hysteresis characterized by the high coercivity and high remanence

(Figure 2-2B). For example, the coercivities of alnico (iron alloys consisting of alu-

minum, nickel, cobalt, and copper) range from 30 to 150 kA/m, which is orders of
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magnitude greater than that of soft-magnetic materials. In hexagonal ferrites, such

as barium hexaferrite (BaFe12O19) [30, 47, 56] or strontium hexaferrite (SrFe12O19),

the coercivity can be around 300 kA/m. It can even exceed 1000 kA/m in rare-earth

magnets such as samarium-cobalt (SmCo5 or Sm2Co17) or neodymium-iron-boron

(Nd2Fe14B). The high coercivity allows them to be relatively insensitive to external

conditions (e.g., temperature and magnetic fields) and have much greater resistance

to being demagnetized when compared with soft-magnetic materials. In other words,

hard-magnetic materials can retain their high remanent magnetization even when ex-

posed to external magnetic fields (below the coercive field at which the magnetization

reversal occurs) or elevated temperature (below the Curie point at which the material

begins to lose its remanence). When hard-magnetic particles are incorporated into a

soft polymer matrix, the resulting composite can exhibit hard-magnetic characteris-

tics (i.e., high remanence and high coercivity) while being mechanically soft, acting

as a flexible and deformable permanent magnet. We refer to this type of magnetic

soft composite as hard-magnetic soft materials.

One of the unique advantages of using hard-magnetic materials is that magnetic

torques can be readily exploited from individual magnetic dipole moments, which act

as distributed actuation sources under spatially uniform magnetic fields (Figure 2-

4A). Once the embedded hard-magnetic particles are magnetized to saturation, their

remanent magnetization can be considered independent of the external actuating field

below the coercivity. The implication of this stable remanence is that the magnetic

torque acting on the material linearly increases with the applied field within the actu-

ation range below the coercivity. As a representative example of hard-magnetic soft

actuators, we consider a simple rectangular beam composed of a hard-magnetic soft

material that is uniformly magnetized to have its remanent magnetization formed

along the length direction (Figure 2-4B). Under a spatially uniform actuating field

that is applied perpendicularly to the beam, the embedded hard-magnetic particles

tend to align their remanent magnetization with the actuating field due to the mag-

netic torques, creating bending actuation of the beam toward the applied field direc-

tion (Figure 2-4B). Under spatially nonuniform magnetic fields, magnetic forces as
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well as the magnetic torques act on the particles such that they are attracted toward

the direction in which the field strength increases (Figure 2-4C), which helps to

further increase the deflection of the beam (Figure 2-4D).

Figure 2-4: Hard-magnetic soft materials as soft bending actuators. (A) Magnetic
torque acting on a magnetized hard-magnetic particle under a spatially uniform field. (B)
Uniformly magnetized rectangular beam of a hard-magnetic soft composite and its torque-
driven bending actuation under a uniform field. (C) Magnetic torque and force acting on a
magnetized hard-magnetic particle under a spatially nonuniform field, in which the particle
rotates due to the magnetic torque and moves toward the direction of the increasing field due
to the attractive magnetic force. (D) Bending actuation under nonuniform actuating fields
is initially driven by the magnetic torque and further supported by the increasing magnetic
force as the body deforms to align its magnetization with the applied field.

2.2 Preliminaries for Mathematical Modeling

2.2.1 Magnetic Force and Torque

The actuation of magnetic soft materials relies on forces and torques acting on the

embedded magnetic components under externally applied magnetic fields. When a

magnetic dipole (i.e., point-like source) with the magnetic moment m is located at
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the position x in free space under an externally applied magnetic field B, it possesses

the magnetic potential energy 𝑢m (also known as Zeeman energy) defined as the dot

product of the two vector quantities as

𝑢m = −m ·B. (2.1)

A small variation in the position and orientation of the magnetic moment, with the

constraint of fixed magnitude |m|, causes the change in the potential energy, which

can be expressed as
− 𝛿𝑢m = m · 𝛿B+ 𝛿m ·B. (2.2)

For irrotational (i.e., curl-free) magnetic fields with no free electric currents (see

Equation (2.10) below), Equation (2.2) can be transformed using relevant vector and

tensor identities into an equivalent form (see Appendix A for its derivation) as

− 𝛿𝑢m = 𝛿x · (gradB)m+ 𝛿𝜃 · (m×B), (2.3)

where 𝛿x is the change in the magnetic moment position, and 𝛿𝜃 is a vector that

points along the axis of rotation with its magnitude corresponding to the angle of

rotation of the magnetic moment m. In Equation (2.3), gradB represents the spatial

gradient of the applied magnetic field with respect to the point x. It is worth noting

that the infinitesimal rotation of the magnetic moment 𝛿m is related to 𝛿𝜃 by the

following cross-product relation: 𝛿m = 𝛿𝜃 ×m. From Equation (2.3), the magnetic

force, fm, acting on the magnetic moment is given by

fm = −𝜕𝑢m
𝜕x

= (gradB)m, (2.4)

while the magnetic torque, 𝜏m, acting on the magnetic moment is given by

𝜏m = −𝜕𝑢m
𝜕𝜃

= m×B. (2.5)

It is worth noting that Equation (2.4) can be expressed equivalently as

fm = (m · ∇)B, (2.6)

using a more common expression in the literature based on the vector operator ∇ =

(𝜕/𝜕𝑥𝑖) e𝑖, where e𝑖 represents the three Cartesian basis vectors (𝑖 = 1, 2, 3).
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From Equation (2.5) we know that the magnetic torque vanishes when the mag-

netic moment m is aligned (either parallel or antiparallel) with the actuating field

B. We also know from Equation (2.4) (or equivalently from Equation (2.6)) that the

magnetic force fm exists only in the presence of magnetic field gradients. This implies

that the actuation based on spatially uniform magnetic fields is driven solely by the

magnetic torque 𝜏m. Under spatially nonuniform actuating fields, magnetic forces as

well as torques can contribute to the actuation of magnetic soft materials. In Equa-

tion (2.6), (m · ∇) denotes the directional derivative in the direction of m multiplied

by its magnitude. Physically, this implies that the magnetic force can be produced

when there is a variation in the applied field in the direction of the magnetic moment.

In general, it is the magnetic torque that drives the actuation by rotating the mag-

netic object to align its remanent or induced magnetic moment with the applied field,

while the magnetic force attracts the aligned object in the direction of increasing field

strength (Figure 2-4C), usually toward the external source of actuating fields.

2.2.2 Fundamental Equations in Magnetostatics

In the presence of homogeneous magnetizable media, it is often more convenient to

introduce an additional field, the H field, which shares with B the name and the status

of magnetic field (for differentiation, B is usually termed the magnetic induction or

flux density, while H is called the magnetic field) [57]. B and H fields are related by

B = 𝜇0(M+H), (2.7)

where 𝜇0 is the magnetic permeability of free space (vacuum) and M is the magne-

tization that measures the average magnetic moment density in the magnetic media

(per unit volume). The magnetization vector at a material point x can be defined

such that
m =

∫︁
𝑉

M(x) d𝑉 or M =
dm

d𝑉
, (2.8)

where m is the total magnetic moment and V is the volume of the magnetic media.

When the material is uniformly magnetized, Equation (2.8) becomes m = 𝑉M. It

is worth noting that B and H fields are simply related by B = 𝜇0H in the absence
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of magnetizable media, under which Equations (2.1) to (2.6) can also be written in

terms of H fields.

For magnetostatic systems with no time variation of the pertinent electromagnetic

quantities, the Maxwell’s equations in differential forms can be stated as

divB = ∇ ·B = 0, (2.9)

curlB = ∇×B = 𝜇0J, (2.10)

where divB denotes the spatial divergence of B fields, curlB denotes the spatial

curl of B fields, and J is the electric current density. Then, the boundary conditions

corresponding to Equations (2.9) and (2.10) are given by

n · JBK = 0, (2.11)

n× JBK = 𝜇0K, (2.12)

where n is the outward unit normal to the boundary, J K denotes the jump of the field

at the interface (i.e., JBK = Bout − Bin), and K denotes the surface current density.

Equation (2.9) is also known as Gauss’s law for magnetism and states that no magnetic

monopoles exist and suggests that B fields be solenoidal (i.e., divergence-free).

Substituting Equation (2.7) into Equation (2.9) leads to the definition of magnetic

charge density, 𝜌m, in the material (per unit volume) which is given by

∇ · 𝜇0H = −∇ · 𝜇0M = 𝜌m, (2.13)

from the analogy to the description of the electric charge density in electrostatics, ex-

cept for the absence of magnetic monopoles, which are analogous to unpaired electric

charges. Although they have no physical existence, the concept of magnetic charges

often provides a useful abstraction when understanding the behavior of a magnetized

body (Figure 2-5) [57]. Equation (2.10) is usually referred to as Ampere’s law and

can also be expressed by using Equation (2.7) as

curlH = ∇×H = Jf , (2.14)

where Jf denotes the free electric current density, along with the definition of the

magnetization current density Jm given by
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curlM = ∇×M = Jm, (2.15)

with the total current density given by the sum of two: J = Jf +Jm. Equation (2.14)

requires H fields to be irrotational (i.e., curl-free) when there is no free current (i.e.,

Jf = 0), while Equation (2.15) allows the magnetization to be treated as a current.

Figure 2-5: Graphical representation of a uniformly magnetized body. (A) Uni-
formly magnetized cylinder with graphical representations of the surface magnetic charges
(𝜌ms) and the magnetization currents (Km). (B) Magnetization (M), magnetostatic field
(Hm), and magnetic flux density (Bm) of a uniformly magnetized spheroid, which represent
the effect of a demagnetizing field inside the magnetized body.

At the material surface, the magnetic surface charge density (per unit area), de-

noted by 𝜌ms, can be defined from Equation (2.13) as

n · J𝜇0HK = −n · J𝜇0MK = 𝜌ms, (2.16)

while the boundary conditions for Equations (2.14) and (2.15) are given by

n× JHK = Kf , (2.17)

n× JMK = Km, (2.18)

where Kf denotes the free surface current density and Km is the surface magnetization
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current density. Since the magnetization is zero outside the body (Figure 2-5A),

which yields JMK = −M, the boundary conditions for a magnetized body given in

Equations (2.16) and (2.18) can be simplified as 𝜌ms = 𝜇0M · n and Km = M× n.

The H fields being irrotational in the absence of free electric currents from Equa-

tion (2.14) implies that the magnetic scalar potential, denoted by Φ, can be defined

such that
H = −gradΦ = −∇Φ, (2.19)

from the vector identity, curl (grad 𝑓) = ∇ × (∇𝑓) ≡ 0, which holds for any scalar

field 𝑓(x). Then, from Equations (2.13) and (2.19), it follows that the magnetic scalar

potential Φ obeys Poisson’s equation:

∇2Φ = −𝜌m
𝜇0

, (2.20)

which reduces to ∇2Φ = 0 for uniformly magnetized materials with no divergence

(i.e., ∇ ·M = 0).

2.2.3 Magnetostatic and Demagnetizing Fields

In the absence of magnetizable media (i.e., M = 0), the externally applied magnetic

field in empty space can be expressed as Ba = 𝜇0Ha from Equation (2.7), with the

subscript a used to denote the applied fields. When a magnetizable body is introduced

into the space, it becomes magnetized by the externally applied field Ha to have the

induced magnetization M inside the body. Then, it follows from Equation (2.16) that

positive and negative magnetic surface charges are induced on its top and bottom

surfaces, respectively (Figure 2-5B). The surface charges induce another magnetic

field, often termed the magnetostatic field and denoted by Hm, originating from the

positive charge at the top and terminating on the negative charge at the bottom.

Then, the total magnetic field H can be expressed as

H = Ha +Hm, (2.21)

and from Equation (2.7), the corresponding B field (magnetic flux density) becomes

B = Ba +Bm = 𝜇0(M+Ha +Hm), (2.22)
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with Bm = 𝜇0(M + Hm) inside the body and Bm = 𝜇0Hm outside the body and

with Ba = 𝜇0Ha everywhere. It is worth noting that, since ∇ · Ba = ∇ · 𝜇0Ha = 0

from Equation (2.9), Equations (2.13) and (2.16) can be expressed in terms of the

magnetostatic field Hm by simply replacing H with Hm.

In a uniformly magnetized body, the magnetostatic field Hm acts to oppose the

magnetization M and hence reduces the overall magnetization (Figure 2-5B). For

this reason, the magnetostatic field Hm inside the body is often termed the demag-

netizing field and is given by
Hm = −𝒩M, (2.23)

where 𝒩 denotes the demagnetizing tensor. When the coordinate frame is chosen

such that the Cartesian axes are aligned with the principal axes of the magnetized

body, the demagnetizing tensor becomes diagonal in the following matrix form:

[︀
𝒩
]︀
= diag (𝑁1, 𝑁2, 𝑁3) =

⎡⎢⎢⎢⎣
𝑁1 0 0

0 𝑁2 0

0 0 𝑁3

⎤⎥⎥⎥⎦ , (2.24)

where 𝑁𝑖 (𝑖 = 1, 2, 3) represents the three eigenvalues that correspond to the demag-

netizing factors associated with each of the principal axes. These factors obey the

general constraint 𝑁1+𝑁2+𝑁3 = 1, which suggests that 𝑁1 =𝑁2 =𝑁3 = 1/3 when

the body is of spherical shape due to symmetry. For an ellipsoidal body with axial

symmetry (i.e., the spheroid in Figure 2-5B), the demagnetizing factors are further

constrained by 𝑁2=𝑁3=(1−𝑁1)/2, with 𝑁1 denoting the demagnetizing factor along

the axis of symmetry and 𝑁2 =𝑁3 denoting the factors along the radial directions

perpendicular to the symmetry axis.

In an idealized sense, a magnetic body can be considered an assembly of magnetic

moments that are subject to magnetostatic interactions with each other. Then, the

mechanical work spent in building the body by assembling the elementary magnetic

moments can be represented by the magnetostatic energy, which is determined by the

spatial distribution of the magnetization and by the geometric shape of the magnetic

body. The magnetostatic energy density (per unit volume) is defined by
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𝒰m = −𝜇0

2
Hm ·M, (2.25)

which is calculated as 𝒰m = 𝜇0(𝑁1𝑀
2
1 +𝑁2𝑀

2
2 +𝑁3𝑀

2
3 )/2 when the coordinate frame

is aligned with the principal axes of the body. For isotropic (spherical) particles, the

magnetostatic energy density can be expressed as 𝒰m = 𝜇0𝑀
2/2, with M denoting

the magnitude of the magnetization vector.

2.2.4 Idealized Magnetic Constitutive Laws

The constitutive law of a magnetic medium describes the material’s response to the

magnetic field acting on it and can be stated in the form of either M(H) or B(H),

with H denoting the field experienced by the material. In general, the constitutive

laws for ferromagnetic materials can be quite complex when the magnetization process

exhibits anisotropic, nonlinear, and hysteretic behavior. Therefore, to simplify the

analysis without loss of generality, it is often practically more advantageous to idealize

the constitutive laws for typical magnetic materials.

In soft-magnetic materials, the induced magnetization is largely dependent on the

applied field and hence the magnetization process should be taken into account when

modeling their behavior. In the presence of magnetic anisotropy, the induced mag-

netization is dependent on the particle orientation and can occur in directions other

than that of the applied magnetic field. Ideal soft-magnetic materials are assumed

to have no hysteresis (i.e., zero remanence and zero coercivity) as superparamagnetic

particles (Figure 2-1C). In addition, at low fields below the saturating field, Hsat,

the induced magnetization M in ideal soft-magnetic materials is assumed to increase

linearly with the magnetic field H experienced by the material (Figure 2-6A), until

it reaches the saturation magnitude (denoted 𝑀s in Figure 2-6A). The constitutive

law for such linearly magnetic materials can be stated as

M(H) =

{︃
𝜒mH for |H| < |Hsat|

Ms for |H| ≥ |Hsat|,
(2.26)

where 𝜒m denotes the magnetic susceptibility of the soft-magnetic particle under the

applied field and Ms represents the saturation magnetization of the particle.
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Figure 2-6: Idealized magnetic constitutive laws for soft-magnetic and hard-
magnetic materials. (A) Ideal soft-magnetic materials are characterized by the linear
relationship between the induced magnetization and the magnetic field with constant mag-
netic susceptibility before saturation and constant magnetization after saturation without
magnetic hysteresis (zero remanence and coercivity). (B) Ideal hard-magnetic soft materials
are characterized by large magnetic hysteresis (high remanence and coercivity) to maintain
the remanence under an actuating field below the coercivity.

It is worth noting that 𝜒m is a dimensionless constant on the order of 103 to 106

for typical soft-magnetic materials. It is also worth noting that the graphical repre-

sentation of the constitutive law for ideal soft-magnetic materials in Figure 2-6A

shows the representative magnetization curve where both the induced magnetization

M and the applied magnetic field B point along the same direction.

In contrast to soft-magnetic materials, ideal hard-magnetic materials are con-

sidered to have strong hysteresis (i.e., high remanence and high coercivity). When

hard-magnetic particles are magnetized to saturation, they can be regarded as small

permanent magnets whose magnetic moments are independent of the actuating field

below coercivity, Hc (Figure 2-6B). Thus, in the context of magnetic actuation, the

constitutive law for ideal hard-magnetic materials can be expressed as

M(H) = Mr for |H| < |Hc|, (2.27)

where Mr is the remanent magnetization of the hard-magnetic particle after mag-

netization. This constitutive law in Equation (2.27) implies that there is no energy

transformation related to the magnetization process taking place during actuation.
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2.3 Continuum Mechanical Framework

2.3.1 Introduction

Nonlinear Constitutive Theory based on Finite Hyperelasticity

For magnetic soft materials with one or a few rigid, finite-sized magnets attached to

or incorporated in a deformable body (Figure 2-1A), the force and torque generated

by the attached magnet can be considered a point load acting on the center of the

magnet. For such discrete systems with simple geometry, theoretical models can be

derived by considering the global force and moment balance of the structure to find

its deformed configuration in static equilibrium [58]. For continuous systems with

dispersed magnetic particles in the polymer matrices (Figure 2-1B and Figure 2-4,

B and D), the composite matrix can be treated as a homogeneous continuum that

exhibits both elastic and magnetic characteristics simultaneously (Figure 2-7A).

Modeling of such continuous systems can be formulated in a continuum mechanical

framework by considering the local force and moment balance that holds at every

point of the material. In this section, we will develop a continuum mechanical model

for idealized hard-magnetic soft materials, based on a set of practical and reasonable

assumptions, using a nonlinear constitutive theory based on finite hyperelasticity.

Figure 2-7: Continuum mechanical framework for magnetic soft materials. (A)
Treatment of magnetic soft composites based on polymer matrices with filler particles as a
homogeneous continuum with uniform magnetization for continuum mechanical approaches.
(B) Kinematic relation for deformable solids in the continuum mechanical framework.
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Underlying assumptions: Before we begin to formulate the theory, we consider the

following three underlying assumptions to hold for ideal hard-magnetic soft materials:

1. Homogeneous continua: Deformable, elastic solids with hard-magnetic charac-

teristics (i.e., flexible permanent magnets).

2. Magnetically saturated : Remanent magnetization (Mr) is independent of exter-

nal magnetic fields (H) below coercivity (Hc).

3. Isothermal conditions : Work done by an externally applied magnetic field (B)

is stored in the material as Helmholtz free energy (𝜓).

2.3.2 Kinematics and Equations of Motion

Kinematic relations: When a continuum (denoted by ℬ) deforms (Figure 2-7B),

a material point X (denoted by 𝒫) on the body in its reference (undeformed) configu-

ration is mapped to a spatial point x (denoted by 𝒫𝑡) on the deformed body (denoted

by ℬ𝑡) in the current configuration. The deformation of the body can be measured

by the deformation gradient tensor F which is defined by

F =
dx

dX
. (2.28)

The deformation gradient is a linear transformation that maps the infinitesimal line

elements dX and dx between the reference and current configurations, and hence it

can serve as a primary measure of deformation. The determinant of the deformation

gradient tensor, detF, characterizes the change in volume during the deformation as

𝐽 = detF =
d𝑣

d𝑉
> 0, (2.29)

which is termed the volumetric Jacobian that relates the infinitesimal volume elements

d𝑉 and d𝑣 in the reference and current configurations, respectively [59, 60].

Equations of motion: For quasi-static equilibrium, the principle of linear momen-

tum balance reduces to the force balance equation that holds for each point x:

div𝜎 + f̄ = 0, (2.30)
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which is also known as Cauchy’s equilibrium equation, where 𝜎 is the Cauchy stress,

with denoting its spatial divergence with respect to the point x, and f̄ is the body

force density (per unit current volume of the continuum) exerted by the environment

on x (including the gravitational body force), with the bar symbol used to denote the

force density per unit volume. For a polar continuum with distributed body torque

density 𝜏 (per unit volume of the continuum), with the bar symbol used to denote

the torque density per unit volume, the balance of angular momentum reduces to the

following moment balance [61]:

ℰ : 𝜎T + 𝜏 = 0, (2.31)

where ℰ = 𝜀𝑖𝑗𝑘 e𝑖 ⊗ e𝑗 ⊗ e𝑘 is the third-order permutation tensor with 𝜀𝑖𝑗𝑘 being the

permutation (also known as Levi–Civita) symbol and the operator ⊗ denoting the

tensor (dyadic) product that takes two vectors to produce a second-order tensor, and

𝜎T is the transpose of the Cauchy stress tensor. When there is no body torque (i.e.,

𝜏 = 0), Equation (2.31) requires the Cauchy stress to be symmetric (i.e., 𝜎 = 𝜎T). In

the presence of body torques, however, the Cauchy stress may no longer be symmetric.

2.3.3 Hyperelastic Constitutive Equations

Free energy imbalance: The second law of thermodynamics requires the following

equation, also referred to as free energy imbalance in a referential local form, to hold

in every material point under isothermal conditions [61, 62, 63]:

𝒟int = P : Ḟ− �̇�R ≥ 0, (2.32)

where 𝒟int indicates the internal dissipation rate, P is the first Piola–Kirchhoff stress

tensor (or simply Piola stress), which forms a work conjugate pair with the time

derivative of the deformation gradient Ḟ, and �̇�R is the rate of change in the Helmholtz

free energy density per unit reference (undeformed) volume, with the subscript R used

to denote that the Helmholtz free energy density is expressed in the referential form.

The term P : Ḟ denotes the rate of internal mechanical work (i.e., stress power), with

the operator “ : ” denoting the double contraction of the two tensors.

Piola and Cauchy stresses: The dissipation inequality in Equation (2.32) implies
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that the rate of change in the Helmholtz free energy stored in the body is less than,

or at most equal to, the power expended on the body. By applying the chain rule,

Equation (2.32) can be expanded as

𝒟int = P : Ḟ− 𝜕𝜓R

𝜕F
: Ḟ =

(︂
P− 𝜕𝜓R

𝜕F

)︂
: Ḟ ≥ 0, (2.33)

from which we know that the Piola stress can be obtained, for hyperelastic materials

(see Appendix D), as the derivative of the free energy function with respect to F:

P =
𝜕𝜓R

𝜕F
, (2.34)

which measures the force acting on the deformed material per unit reference (unde-

formed) area. By definition, the Piola stress is related to the Cauchy stress 𝜎 (force

per unit current area) by P = 𝐽𝜎F−T, which leads to

𝜎 =
1

𝐽

𝜕𝜓R

𝜕F
FT, (2.35)

where FT denotes the transpose of the deformation gradient tensor.

2.3.4 Helmholtz Free Energy Functions

Elastic part of the free energy: For ideal hard-magnetic soft materials, we consider

that the material’s Helmholtz free energy can be divided into two components:

𝜓R = 𝜓elastic
R + 𝜓magnetic

R , (2.36)

with 𝜓elastic
R denoting the elastic part and 𝜓magnetic

R denoting the magnetic part of the

Helmholtz free energy, both expressed per unit reference volume. The mechanical

behavior of the magnetic soft composite can be described by relevant constitutive

models for hyperelastic solids. There are several hyperelastic material models such as

neo-Hookean, Mooney-Rivlin, Gent, Ogden, and Arruda-Boyce models, to name a few

[64, 65]. These material models define the elastic part of the Helmholtz free energy per

unit reference volume (also known as strain energy density), denoted by 𝜓elastic
R (F), as

a function of the deformation gradient tensor F with the subscript e denoting the free

energy due to ‘elastic’ deformation. Among these constitutive models, we choose the
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simplest neo-Hookean model (see Appendix D) in the following generalized form:

𝜓elastic
R (F) =

𝐺

2

(︀
𝐽−2/3𝐼1 − 3

)︀
+
𝐾

2
(𝐽 − 1)2, (2.37)

where 𝐺 is the shear modulus, 𝐾 is the bulk modulus, and 𝐼1 = tr(FTF) is the first

invariant of the right Cauchy–Green tensor C = FTF.

Magnetic part of the free energy: Under the assumption that the interaction

between the magnetized particles is negligible, the magnetic Helmholtz free energy is

given simply by the magnetic potential (Zeeman) energy discussed in Equation (2.1)

above. Since there is no magnetization process taking place during actuation, we can

neglect the magnetostatic energy. Then, from Equations (2.1) and (2.8), the magnetic

potential energy can be expressed per unit current volume as

𝑈m = 𝜓magnetic = −Mr ·B. (2.38)

It should be noted that the remanent magnetization of the hard-magnetic soft com-

posite changes from its reference configuration as the material deforms. With M̃r

denoting the remanent magnetization of the composite in its reference configuration

(i.e., magnetic moment density per unit reference volume), the transformation rule for

the remanent magnetization vector between the reference and current configurations

can be stated as
Mr = 𝐽−1FM̃r, (2.39)

which can be obtained from the conservation of the flux integral of the magnetiza-

tion vectors in the two configurations (see Appendix B for its derivation). This is

conceptually equivalent to the conservation of the magnetic charge introduced earlier

in Equation (2.13). Then, the magnetic Helmholtz free energy per unit reference vol-

ume, denoted by 𝜓magnetic
R , can be obtained by multiplying the volumetric Jacobian:

𝜓magnetic
R (F) = 𝐽𝜓magnetic = −FM̃r ·B. (2.40)

2.3.5 Elastic and Magnetic Cauchy Stresses

Now that we have both the elastic and magnetic parts of the Helmholtz free energy,

each as a function of the deformation gradient F in Equations (2.35) and (2.38),
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respectively, we can calculate the elastic and magnetic parts of the Cauchy stress.

From Equations (2.34), (2.35), and (2.37), the elastic Piola and Cauchy stresses are

given by (see Appendix C for derivation)

Pelastic = 𝐺𝐽−2/3

(︂
F− 𝐼1

3
F−T

)︂
+𝐾𝐽

(︀
𝐽 − 1

)︀
F−T, (2.41)

𝜎elastic = 𝐺𝐽−5/3

(︂
FFT − 𝐼1

3
1

)︂
+𝐾

(︀
𝐽 − 1

)︀
1, (2.42)

respectively, with 1 denoting the identity tensor. Similarly, from Equations (2.34),

(2.35), and (2.40), the magnetic Piola and Cauchy stresses are given by

Pmagnetic = −B⊗ M̃r, (2.43)

𝜎magnetic = −𝐽−1B ⊗ FM̃r = −B ⊗Mr, (2.44)

where the transformation rule for magnetization discussed in Equation (2.39) was

used (see Appendix C for derivation). The total Cauchy stress is then given by the

sum of the two components in Equations (2.42) and (2.44):

𝜎 = 𝜎elastic + 𝜎magnetic. (2.45)

Substituting this into the equilibrium equation in Equation (2.30) and solving it for

the deformation gradient F, typically through the finite element method with relevant

boundary conditions taken into account, the deformed configuration of the material in

equilibrium can be found. The magnetic Cauchy stress in Equation (2.44) allows us to

treat the magnetic forces and torques as stresses in a homogeneous continuum. This

continuum-mechanical approach based on the magnetic Cauchy stress is particularly

useful in finite element environments when the given geometry is complicated, because

the constitutive equations can be readily implemented in commercial finite element

software packages such as Abaqus [1, 2].

2.3.6 Magnetic Force and Torque Densities

Ideal hard-magnetic soft materials are characterized by their remanent magnetization

Mr, which remains constant and independent of the applied field below the coercivity
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(Figure 2-6B), as described in the constitutive law in Equation (2.27). This implies

that there is no energy transformation related to the magnetization process taking

place during magnetic actuation under an externally applied field. In other words, the

magnetostatic energy in Equation (2.25) plays no role in generating magnetic forces

and torques for hard-magnetic soft materials within the actuating field range below

the coercivity. Therefore, the magnetic force and torque acting on a hard-magnetic

soft composite (Figure 2-4, A and C) per unit volume can be expressed simply as

f̄m = (gradB)Mr = (Mr · ∇)B (2.46)

𝜏m = Mr ×B, (2.47)

by replacing m with M = Mr, in Equations (2.4) and (2.5), respectively, with the

bar symbol used to denote the force and torque densities per unit volume. Equations

(2.46) and (2.47) can also be written in terms of Ha as

f̄m = 𝜇0(gradHa)Mr = 𝜇0(Mr · ∇)Ha (2.48)

𝜏m = 𝜇0(Mr ×Ha), (2.49)

by replacing B with Ba = 𝜇0Ha. It is worth emphasizing that the remanent magneti-

zation Mr being independent of the applied field Ha greatly simplifies the calculation

of the magnetic force and torque for hard-magnetic soft materials.

When the magnetic Cauchy stress is employed in the analysis of hard-magnetic

soft materials, the magnetic body torque and force are automatically taken into ac-

count via suitable mechanical balance laws. For uniformly magnetized hard-magnetic

soft composites, the magnetic body force density (per unit current volume) can be

expressed in terms of the magnetic Cauchy stress as

f̄m = −div𝜎magnetic = div (B ⊗Mr) = (gradB)Mr, (2.50)

from the linear momentum balance in Equation (2.30) (see Appendix E for deriva-

tion). Likewise, the magnetic body torque density (per unit current volume) can be

expressed in terms of the magnetic Cauchy stress as

𝜏m = −ℰ :
(︀
𝜎magnetic

)︀T
= Mr ×B, (2.51)
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from the angular momentum balance in Equation (2.31) (see Appendix E for deriva-

tion). The magnetic body force density in Equation (2.50) can be equivalently ob-

tained from the negative gradient of the magnetic potential energy density as

f̄m = −grad𝜓magnetic = (gradB)T Mr. (2.52)

It should be noted that, for irrotational (curl-free) magnetic fields with no free current,

the spatial gradient of B field is symmetric (i.e., gradB = (gradB)T), which makes

the two expressions in Equations (2.50) and (2.52) identical.

It is worth noting that the magnetic body torques generated by the embedded mag-

netized particles under external magnetic fields cause the magnetic Cauchy Stress in

Equation (2.44) to be asymmetric. Correspondingly, in the presence of magnetic body

torques, the total Cauchy stress in Equation (2.45) can also be asymmetric. It should

also be noted that for conventional isotropic magnetorheological elastomers with soft-

magnetic inclusions, where no body torque or couple stress exists, the Cauchy stress

should remain symmetric to satisfy the angular momentum balance in equilibrium,

as discussed in a large volume of literature [36, 66, 67, 68, 69, 70].

2.4 Hard-magnetic Elastica Theory

2.4.1 Introduction

We now focus our attention on a thin elastic rod with hard-magnetic properties—

termed the hard-magnetic elastica, which produces large deflections under externally

applied magnetic fields owing to the presence of intrinsic dipoles (Figure 2-8A). Al-

though we still confine ourselves to quasi-static problems under isothermal conditions,

the transition from the general continuum mechanical framework for hard-magnetic

soft materials to the analysis of hard-magnetic elastica requires a set of restrictions

specific to the slender geometry and planar motion of the elastica. While more gener-

alized rod theories (e.g., Kirchhoff’s, Cosserat’s, and Green and Naghi’s) can analyze

stretching, twisting, and transverse shearing as well as bending of rods [71, 72, 73, 74],

the twisting motion has low practical implications for magnetically steerable soft con-

tinuum robots and hence can be ruled out. In addition, for a slender body with a
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diameter much smaller than its length, we can further assume that the cross-section

remains perpendicular to the centerline of the body during deformation (i.e., no trans-

verse shearing). Furthermore, we can assume that the centerline length of the elastica

remains unchanged during deformation (i.e., centerline inextensibility). Lastly, given

that most polymeric materials can sustain finite strains without noticeable volume

changes, we will also assume the incompressibility of constituent materials (𝐽 = 1),

which, along with the assumption of inextensibility, implies that the cross-sectional

area does not vary during the magnetically induced deflection of the elastica.

Figure 2-8: Hard-magnetic elastica. (A) Uniformly magnetized hard-magnetic elastica
deforming under the applied magnetic field B. Magnetization vector M̃r in the undeformed
reference state changes to Mr = FM̃r in the deformed state, where F is the deformation
gradient with 𝐽=detF=1 assumed due to the incompressibility of the material. Symbols f̄m
and 𝜏m denote the magnetic body force and torque densities, respectively. (B) The geometry
of the deformed beam is referred to as elastica and characterized by a parameterized spatial
curve, 𝜃 = 𝜃(𝑠), in which 𝑠 and 𝜃 represent the arc length and tangential angle at the spatial
point, 𝑃 (𝑠, 𝜃), respectively. The rotation angle at the free-tip is denoted as 𝜃𝐿. (C) Hard-
magnetic elastica under a uniform magnetic field B applied at an angle of 𝜙 relative to the
beam. The position of the distal tip is characterized by a Cartesian coordinate (𝛿𝑥, 𝛿𝑦).

2.4.2 Kinematics and Governing Equations

With these underlying assumptions specific to the slender geometry and planar motion

of the hard-magnetic elastica, the curvature of the centerline (i.e., a spatial curve in

the current configuration) can be expressed as

𝜅(𝑠) =
d𝜃(𝑠)

d𝑠
= 𝜃 ′(𝑠), (2.53)

where 𝑠 denotes the arc length from the origin to the spatial point of interest (denoted

by 𝑃 in Figure 2-8B) and 𝜃(𝑠) denotes the angle between the tangent to the curve

at point 𝑃 and the reference direction (i.e., x -axis or e1-direction in Figure 2-8B).
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For our bendable, yet inextensible, twist-free hard-magnetic elastica, the strain

energy density (or the elastic Helmholtz free energy per unit current volume) includes

only the bending energy, but no stretching or torsional energy. The bending energy

then can be expressed as a function of the curvature: 𝜓elastic(𝜃 ′). Commonly, for a

slender rod, the bending energy (per unit volume) takes the following quadratic form

proposed by Euler for the inextensible elastica [75]:

𝜓elastic(𝜃 ′) =
𝐸𝐼

2𝐴
𝜃 ′ 2, (2.54)

where 𝐸 denotes Young’s modulus, 𝐼 is the area moment of inertia, and 𝐴 is the cross-

sectional area of the hard-magnetic elastica. It is worth noting that the constitutive

relation for the bending energy in Equation (2.54) implies the following moment-

curvature relation, also known as the Euler–Bernoulli relation [76, 77]:

ℳ(𝑠) = 𝐸𝐼𝜅(𝑠), (2.55)

where ℳ(𝑠) denotes the internal bending moment. This linear relation holds only

for beams or rods made of linear elastic materials for which stress and strain are

linearly related by Young’s modulus. Even though the hard-magnetic elastica overall

exhibits large scale deflections, the local maximum strain developed on an infinitesimal

segment due to local compression or stretching during bending is small. Within this

limited range, the constitutive relations for the constituent hyperelastic materials can

be linearized, which yields the linear moment-curvature relation in Equation (2.55)

and the quadratic form for the bending energy in Equation (2.54).

The deformation gradient, which can be decomposed into F = RU where R and

U denote the rotation and right stretch tensors, respectively, now becomes identical

to pure rotation (F = R) because of the underlying assumption of inextensibility

(U= 1). Furthermore, because the motion of the elastica is planar, the rotation R

takes the following matrix form for the rotation around the z -axis (i.e., e3-direction):

[︀
R
]︀
=

⎡⎢⎢⎢⎣
cos 𝜃 −sin 𝜃 0

sin 𝜃 cos 𝜃 0

0 0 1

⎤⎥⎥⎥⎦ . (2.56)
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Then, from Equations (2.38) and (2.39) with 𝐽 = 1, the magnetic potential energy

per unit current volume can be expressed as

𝜓magnetic(𝜃, 𝑠) = −RM̃r ·B, (2.57)

which leads to the total Helmholtz free energy density as a function of three variables

(𝜃, 𝜃 ′, 𝑠): 𝜓(𝜃, 𝜃 ′, 𝑠) = 𝜓elastic(𝜃 ′)+𝜓magnetic(𝜃, 𝑠). Then the total Helmholtz free energy

of the elastica, denoted by Ψ, can be expressed as the following functional:

Ψ = 𝐴

∫︁ 𝐿

0

𝜓(𝜃, 𝜃 ′, 𝑠) d𝑠, (2.58)

where 𝐿 denotes the total length of the beam. The equilibrium state in the deformed

configuration can be found from the principle of stationary potential energy 𝛿Ψ = 0,

which yields the following equation also known as the Euler–Lagrange equation:

d

d𝑠

(︂
𝜕𝜓

𝜕𝜃 ′

)︂
=
𝜕𝜓

𝜕𝜃
, (2.59)

from which we obtain the following governing equation for the hard-magnetic elastica:

d

d𝑠

(︂
𝜕𝜓elastic

𝜕𝜃 ′

)︂
=
𝜕𝜓magnetic

𝜕𝜃
. (2.60)

Substituting the elastic and magnetic Helmholtz free energy densities in Equations

(2.54) and (2.57) into Equation (2.60), we obtain

𝐸𝐼

𝐴

d2𝜃

d𝑠2
= − 𝜕

𝜕𝜃

(︁
RM̃r ·B

)︁
, (2.61)

where the right-hand side can be expanded by applying chain rule into

− 𝜕

𝜕𝜃

(︁
RM̃r ·B

)︁
= −𝜕R

𝜕𝜃
M̃r ·B−RM̃r ·

(︂
gradB

𝜕x

𝜕𝜃

)︂
. (2.62)

Here, as mentioned earlier, the remanent magnetization is assumed to be spatially

uniform. Given that the derivative of a rotation tensor can be expressed in terms of

a skew-symmetric tensor and its axial vector (see Appendix F), the first term on

the right-hand side of Equation (2.62) can be written as

𝜕R

𝜕𝜃
M̃r ·B = e3 ·

(︀
RM̃r ×B

)︀
=
[︀
RM̃r ×B

]︀
3
, (2.63)
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while the second term can be rearranged as

RM̃r ·
(︂
gradB

𝜕x

𝜕𝜃

)︂
=
(︁(︀

gradB
)︀T
RM̃r

)︁
· 𝜕x
𝜕𝜃
. (2.64)

Then, the governing equation in Equation (2.60) can be expressed as

𝐸𝐼

𝐴

d2𝜃

d𝑠2
+
[︀
RM̃r ×B

]︀
3
+
(︁(︀

gradB
)︀T
RM̃r

)︁
· 𝜕x
𝜕𝜃

= 0, (2.65)

which can be equivalently expressed in terms of the magnetic body torque and force

from Equations (2.51) and (2.52) as

𝐸𝐼

𝐴

d2𝜃

d𝑠2
+ e3 · 𝜏m +

𝜕x

𝜕𝜃
· f̄m = 0. (2.66)

Physically, the first term in Equation (2.66) can be interpreted as the variation in

strain energy, while the second and third terms can be interpreted as work done by

the magnetic body torque and force, respectively, per unit volume of an infinitesimal

element at point P in the deformed configuration during a small variation in angle 𝜃.

Equation (2.66) can also be written in terms of the scalar components as

𝐸𝐼

𝐴

d2𝜃

d𝑠2
+ 𝜏m,3 − 𝑓m,1

∫︁ 𝑠

0

sin 𝜃(𝜂) d𝜂 + 𝑓m,2

∫︁ 𝑠

0

cos 𝜃(𝜂) d𝜂 = 0, (2.67)

in which the following kinematic relations are employed for a clamped-free elastica:

x =

∫︁ 𝑠

0

cos 𝜃(𝜂) d𝜂 e1 +

∫︁ 𝑠

0

sin 𝜃(𝜂) d𝜂 e2, (2.68)

𝜕x

𝜕𝜃
= −

∫︁ 𝑠

0

sin 𝜃(𝜂) d𝜂 e1 +

∫︁ 𝑠

0

cos 𝜃(𝜂) d𝜂 e2, (2.69)

where 𝜂 is used as a dummy variable for integration. It is worth noting that Equation

(2.67) can also be derived by considering the force and moment balance [78].

2.4.3 Analytical Solutions for Uniform Fields

When the actuating magnetic field is spatially uniform, (i.e., gradB = 0), the mag-

netic body force terms vanish, significantly simplifying the governing equation in

Equation (2.66). In general, the bending actuation of ferromagnetic soft continuum
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robots is driven by the magnetic body torque and further supported by the mag-

netic body force as the body deforms [3]. Therefore, studying the response of the

hard-magnetic elastica under uniform magnetic fields is of primary importance.

Consider a beam of hard-magnetic elastica lying on the x -axis with a uniform mag-

netization density along the body in the reference configuration, which is represented

as M̃r = �̃�r e1 where �̃�r denotes the magnitude. When a uniform field is applied at an

angle 𝜙 with respect to the reference configuration (i.e., B = 𝐵 cos𝜙 e1 +𝐵 sin𝜙 e2),

as depicted in Figure 2-8C, the governing equation in Equation (2.66) reduces to

𝐸𝐼

𝐴

d2𝜃

d𝑠2
+ �̃�r𝐵 sin (𝜙− 𝜃) = 0. (2.70)

With the help of chain rule, Equation (2.70) can be expressed in an integral form:∫︁
d2𝜃

d𝑠2
d𝜃

d𝑠
d𝑠 = −

∫︁
�̃�r𝐵𝐴

𝐸𝐼
sin (𝜙− 𝜃) d𝜃, (2.71)

which upon integration yields

1

2

(︂
d𝜃

d𝑠

)︂2
= −�̃�r𝐵𝐴

𝐸𝐼
cos (𝜙− 𝜃) + 𝐶. (2.72)

The constant of integration 𝐶 can be determined from the boundary condition that

there is no internal bending moment at the free end (i.e., 𝜃 ′(𝐿) = 0 from Equations

(2.53) and (2.55)), which leads to

𝐶 =
�̃�r𝐵𝐴

𝐸𝐼
cos (𝜙− 𝜃𝐿), (2.73)

where 𝜃𝐿 denotes the angular displacement at the free end in the deformed config-

uration. Then, Equation (2.72), along with Equation (2.73), can be rearranged as

d𝑠 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴

d𝜃√︀
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

. (2.74)

Integration of Equation (2.74) leads to the expression for the length of the elastica:

𝐿 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴

∫︁ 𝜃𝐿

0

(︁
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

)︁−1/2

d𝜃 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴
𝜉(𝜙, 𝜃𝐿), (2.75)
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where the non-dimensional function 𝜉(𝜙, 𝜃𝐿) is defined as

𝜉(𝜙, 𝜃𝐿) =

∫︁ 𝜃𝐿

0

(︁
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

)︁−1/2

d𝜃, (2.76)

With this, Equation (2.75) can be expressed in a dimensionless form as

�̃�r𝐵𝐴𝐿
2

𝐸𝐼
=

1

2
𝜉2(𝜙, 𝜃𝐿), (2.77)

which relates the dimensionless parameter �̃�r𝐵𝐴𝐿
2/𝐸𝐼 with the angular displace-

ment at the free end 𝜃𝐿. Physically, this parameter �̃�r𝐵𝐴𝐿
2/𝐸𝐼 means the actuating

field strength B normalized by the material properties (remanent magnetization �̃�r

and Young’s modulus 𝐸) and the geometrical factors (cross-sectional area 𝐴, length

𝐿, and area moment of inertia 𝐼).

The kinematic relation in Equation (2.68) in a differential form can be written as

dx

d𝑠
= cos 𝜃 e1 + sin 𝜃 e2, (2.78)

which, along with Equation (2.74), can also be expressed component-wise as

d𝑥 = d𝑠 cos 𝜃 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴

cos 𝜃 d𝜃√︀
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

,

d𝑦 = d𝑠 sin 𝜃 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴

sin 𝜃 d𝜃√︀
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

.

(2.79)

Then, the Cartesian coordinates of the free end in the current configuration can be

expressed as

𝛿𝑥 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴
𝑋(𝜙, 𝜃𝐿) and 𝛿𝑦 =

√︃
𝐸𝐼

2�̃�r𝐵𝐴
𝑌 (𝜙, 𝜃𝐿), (2.80)

where the functions 𝑋(𝜙, 𝜃𝐿) and 𝑌 (𝜙, 𝜃𝐿) are defined as

𝑋(𝜙, 𝜃𝐿) =

∫︁ 𝜃𝐿

0

cos 𝜃
(︁
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

)︁−1/2

d𝜃,

𝑌 (𝜙, 𝜃𝐿) =

∫︁ 𝜃𝐿

0

sin 𝜃
(︁
cos (𝜙− 𝜃𝐿)− cos (𝜙− 𝜃)

)︁−1/2

d𝜃.

(2.81)

When normalized by 𝐿, the free-end coordinates in Equation (2.81) can be given by
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𝛿𝑥
𝐿

=
𝑋(𝜙, 𝜃𝐿)

𝜉(𝜙, 𝜃𝐿)
and

𝛿𝑦
𝐿

=
𝑌 (𝜙, 𝜃𝐿)

𝜉(𝜙, 𝜃𝐿)
. (2.82)

We can solve Equation (2.77) for the free-end angular displacement 𝜃𝐿, with given

material properties (�̃�r, 𝐸) and geometry (𝐴,𝐿, 𝐼) under the prescribed field strength

and direction (𝐵,𝜙), which is presented in Figure 2-9A. The deflection angle 𝜃𝐿

increases monotonically as the field strength increases and eventually approaches 𝜙

as the elastica becomes more aligned with the applied actuating field direction. From

Equations (2.81) and (2.82), we can also obtain the free-end location of the deflected

beam (normalized by the length 𝐿) with respect to its fixed end, as plotted in Figure

2-9B against the normalized magnetic field �̃�r𝐵𝐴𝐿
2/𝐸𝐼 applied at different angles 𝜙

relative to the reference configuration of the hard-magnetic elastica. When 𝜙 ≤ 90∘,

the normalized free-end deflection 𝛿𝑦/𝐿 increases monotonically and then becomes

saturated. When 𝜙 > 90∘, however, the normalized deflection 𝛿𝑦/𝐿 initially increases

and then drops after reaching its peak as the elastica further deflects with the free-end

angle 𝜃𝐿 being greater than 90∘. It is worth noting that the discontinuous behavior

predicted for 𝜙 = 180∘ (Figure 2-9) is valid, only in an idealized sense, when the

applied field is perfectly antiparallel to a perfectly straight beam. In reality, any small

misalignment between B and M̃r would exist to prevent such discontinuous behavior.

Figure 2-9: General solutions for hard-magnetic elastica under uniform magnetic
fields. The free-end location of the deflected hard-magnetic elastica is plotted against the
normalized actuating field strength �̃�r𝐵𝐴𝐿2/𝐸𝐼 with varying angles 𝜙, in terms of the (A)
angular displacement 𝜃𝐿 and (B) normalized tip deflection 𝛿𝑦/𝐿 of the beam.
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2.5 Experimental Validation

2.5.1 Characterization of Material Properties

Magnetic characterization: Magnetic properties of composite samples can be mea-

sured using different magnetometry techniques. One of the most common ways to

measure the magnetization properties of a sample is using a vibrating sample mag-

netometer (VSM) [79, 80]. In typical VSM settings, a magnetizable or already mag-

netized sample is placed in a spatially uniform magnetic field between a pair of elec-

tromagnets and then vibrated perpendicularly to the applied field at a prescribed

frequency and amplitude (Figure 2-10A). The vibrating motion (usually vertical)

of the magnetized sample causes the magnetic flux entering the pickup coil to change,

which in turn creates an induced voltage in the coil that is proportional to the sample’s

magnetic moment. By measuring the induced voltage while varying the applied field

strength over a range, the hysteresis curve can be obtained for ferromagnetic mate-

rials. For already magnetized samples, the measurement should be performed under

weak magnetic fields to ensure that the sample’s remanent magnetization remains

unaffected by the applied field. It is also worth noting that the sample orientation

matters because what is measured from the VSM is the component of the sample’s

magnetic moment vector, which is perpendicular to the pickup coil [1].

Figure 2-10: Characterization of magnetic soft materials. (A) Magnetic charac-
terization of magnetic materials using a vibrating sample magnetometer (VSM) and (B)
mechanical characterization of elastomeric composites through tensile testing, where the ob-
tained stress-strain curve can be fitted with hyperelastic constitutive models such as Gent
or neo-Hookean models.
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Mechanical characterization: Mechanical properties of magnetic soft materials are

as important as their magnetic properties in determining the performance and char-

acteristics of the magnetically driven soft actuators. As mentioned earlier in Section

2.3.4, the mechanical response of magnetic soft composites can be described by hy-

perelastic constitutive models. The neo-Hookean model provides the simplest form

of strain energy density (Helmholtz free energy per unit reference volume) function.

For isotropic and incompressible (𝐽 =1) solids, the neo-Hookean model in Equation

(2.37) reduces to a simpler form:

𝜓elastic
R (F) =

𝐺

2

(︀
𝐼1 − 3

)︀
. (2.83)

It is worth noting that most rubber-like materials can be reasonably considered to be

incompressible because their bulk modulus values are typically orders of magnitude

greater than their shear modulus values [81]. Therefore, for incompressible magnetic

elastomer composites, the constitutive equation in Equation (2.35) is modified with

the additional constraint of incompressibility taken into account as

𝜎elastic =
𝜕𝜓elastic

R

𝜕F
FT − 𝑝1, (2.84)

where 𝑝 is often termed the hydrostatic pressure, a scalar quantity that can be de-

termined from the equilibrium equations and the boundary conditions. Substituting

Equation (2.83) into Equation (2.84) gives the following form of the Cauchy stress

for incompressible neo-Hookean solids:

𝜎elastic = 𝐺FFT − 𝑝1. (2.85)

Under uniaxial loading, the deformation gradient F can be expressed in terms of

the principle stretches as [F] = diag (𝜆1, 𝜆2, 𝜆3). With the incompressibility constraint

(𝐽 = detF = 𝜆1𝜆2𝜆3 = 1), the deformation gradient tensor can be expressed in the

matrix form as

[F] =

⎡⎢⎢⎢⎣
𝜆 0 0

0 𝜆−1/2 0

0 0 𝜆−1/2

⎤⎥⎥⎥⎦ , (2.86)

with 𝜆1=𝜆 and 𝜆2=𝜆3=𝜆−1/2. From Equations (2.85) and (2.86), each component of
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the elastic Cauchy stress is then calculated as 𝜎elastic
11 = 𝐺𝜆2 − 𝑝 and 𝜎elastic

22 = 𝜎elastic
33 =

𝐺𝜆−1− 𝑝. With the traction-free boundary condition 𝜎elastic
22 = 𝜎elastic

33 = 0, which gives

𝑝 = 𝐺/𝜆, the true tensile stress can then be expressed as

𝜎elastic
11 = 𝐺

(︂
𝜆2 − 1

𝜆

)︂
, (2.87)

which measures the true stress (force per unit current area) in the elongated specimen.

In practice, the engineering or nominal stress, which characterizes the force per unit

reference (undeformed) area, is easier to measure. From the relation between the

Piola stress and the Cauchy stress in Equations (2.34) and (2.35) (i.e., P = 𝐽𝜎F−T),

the engineering tensile stress can be expressed as

𝑃 elastic
11 = 𝐺

(︂
𝜆− 1

𝜆2

)︂
. (2.88)

By fitting the experimentally obtained stress-stretch curve with Equation (2.88),

one can find the shear modulus of the material that is assumed to be an incompressible

neo-Hookean hyperelastic solid (Figure 2-10B). In general, the neo-Hookean model

captures the experimental data reasonably well for relatively small deformation (i.e.,

𝜆 ≤ 1.5). At higher stretch levels, the neo-Hookean fails to predict the stiffening be-

havior that is observed in most rubber-like materials, and therefore other hyperelastic

models (e.g., Gent, Mooney-Rivlin, Ogden, etc.) should be used along with additional

fitting parameters. Given that the local maximum strain is typically around 30% (i.e.,

𝜆 ≤ 1.3) even for large bending, it is reasonable to use the neo-Hookean model to find

the material property (i.e., shear modulus 𝐺) when characterizing the mechanical

response of magnetic soft bending actuators.

2.5.2 Two Representative Cases

To validate the developed continuum model in Section 2.3 and the theory of hard-

magnetic elastica in Section 2.4, we compare the finite element simulation based

on our continuum model and the analytical solution from the hard-magnetic elastica

theory with experimental results for two representative cases under uniform actuating
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fields when i) 𝜙= 90∘ (B perpendicular to M̃r) and ii) 𝜙= 180∘ (B antiparallel to

M̃r). For this comparison, we will consider a set of rectangular beams made of hard-

magnetic soft composites (Figure 2-11), for which the area moment of inertia is

given by 𝐼 = 𝑊𝑇 3/12 with 𝑊 and 𝑇 denoting the width and thickness of the beam,

respectively. Then, Equation (2.77) can be expressed as

�̃�r𝐵

𝐺

(︂
𝐿

𝑇

)︂2
=

1

8
𝜉2(𝜙, 𝜃𝐿), (2.89)

where the Young’s modulus 𝐸 was replaced by the shear modulus 𝐺 through the

relation 𝐸 = 3𝐺, under the assumption that the material is incompressible with the

bulk moudlus 𝐾 being far greater than the shear modulus 𝐺 (i.e., 𝐾 >> 𝐺), which

commonly holds for typical hyperelastic solids.

Figure 2-11: Hard-magnetic elastica with large deflection under a uniform mag-
netic field. A rectangular beam made of the hard-magnetic soft composite undergoes large
deflection under a uniform actuating field (A) perpendicular (𝜙 = 90∘) and (B) antiparallel
(𝜙 = 180∘) to its remanent magnetization �̃�r in the undeformed reference configuration (e1-
direction). One end of the beam is fixed, while the remainder is free to cause the free-end
deflection 𝛿𝑦/𝐿 and angular displacement 𝜃𝐿 during the torque-driven bending actuation.

2.5.3 Experimental Settings

For experimental measurements, test specimens were prepared by molding silicone

elastomers (PDMS, Sylgard 184) containing NdFeB microparticles (particle concen-

tration of 20% by volume) into rectangular beams with 4 different length-to-thickness

ratios (𝐿/𝑇 = 10, 17.5, 20.5, 41; see Table 2.1 for detailed dimension). The cast liq-

uid mixture in molds was cured at 120 ∘C for 1 hour for solidification, and then the

obtained rectangular beams were magnetized to have magnetic polarities along the
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length direction (Figure 2-11). The measured values of the composite’s shear mod-

ulus 𝐺 and remanent magnetization �̃�r were 303 kPa and 114 kA/m, respectively.

With its one end clamped to impose the fixed boundary condition, the beam was

placed in a uniform magnetic field generated by two-axes Helmholtz coils, as shown

in Figure 2-12. The beam was placed such that the gravity was acting along the

beam’s width direction (i.e., e3-direction), and hence the gravitational effect played

no role in the magnetically induced bending actuation of the beam.

Table 2.1: Dimension of beams for experiments.

𝐿/𝑇 𝐿 (mm) 𝑇 (mm) 𝑊 (mm)

10.0 11.0 1.10 5.0
17.5 19.2 1.10 5.0
20.5 17.2 0.84 5.0
41.0 17.2 0.42 5.0

Figure 2-12: Experimental setup for characterizing bending actuation of hard-
magnetic soft beams. A uniformly magnetized rectangular beam with 𝐿/𝑇 = 20.5 (A) in
the undeformed state under zero field, (B) under a uniform field perpendicular to its refer-
ence configuration, and (C) under a uniform field antiparallel to its reference configuration.

2.5.4 Comparison and Validation Results

Bending under perpendicular fields: As can be seen in Figure 2-13, A and B,

both the finite element simulation based on the continuum model and the theoretical

model-based prediction were in good agreement with the experimental results, in

terms of both the tip rotation angle 𝜃𝐿 (Figure 2-13A) and the normalized deflection

𝛿𝑦/𝐿 (Figure 2-13B) of the beams under large deflection in the uniform magnetic

fields applied perpendicularly to their remanent magnetization vectors.
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Figure 2-13: Experimental validation for bending under perpendicular fields.
Comparison of the finite element simulation based on the continuum mechanical model and
the analytical solution from the hard-magnetic elastica theory with experimental results un-
der uniform magnetic fields applied perpendicularly to the beam (𝜙 = 90∘). (A) Deflection
angle 𝜃𝐿 and (B) normalized tip deflection 𝛿𝑦/𝐿 plotted against the normalized actuating
field �̃�r𝐵/𝐺 for different length-to-thickness ratios 𝐿/𝑇 . (C) Comparison of the analytical
solution, simulation, and experimental data through overlaid images of the deflected beams
at each length-to-thickness ratio under an actuating field corresponding to the dimensionless
parameter of �̃�r𝐵/𝐺=0.0094, with �̃�r=114 kA/m, 𝐵=25 mT, and 𝐺 = 303 kPa.

We observed some deviation of the analytical prediction based on the elastica

theory from the finite element simulation or the experimental results, for less slender

beams with relatively small length-to-thickness ratios, which is because the underly-

ing assumption behind the elastica theory requires the beam to be slender enough to

ignore transverse shearing and focus only on the centerline curve, as discussed earlier

in Section 2.4.1. Nonetheless, there is still some deviation between the analytical

solution and the finite element simulation even for slender beams. This may be at-

tributed to the fact that in our formulation of the hard-magnetic elastica theory, for

ease of calculation, we adopted the quadratic form of the bending energy in Equation

(2.54), and consequently the Euler–Bernoulli relation in Equation (2.55), which as-

sumes a linear stress profile across the cross-sectional area. However, as can be seen

from the overlaid images in Figure 2-13C, the gap between the analytical solution

and simulation or experimental results is not so significant for slender beams.
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Bending under antiparallel fields: Similarly to the previous case with the beams

under perpendicular actuating fields, the finite element simulation and the analytical

model-based prediction were all in good agreement with the experimental data, as

presented in Figure 2-14, A and B, for the beam deflecting under uniform actu-

ating fields applied in the antiparallel direction (𝜙=180∘). Figure 2-14C visually

confirms the good agreement by comparing the shapes of the deflected beams that

were experimentally observed (left), simulated based on the continuum mechanical

model (middle), and predicted based on the hard-magnetic elastica theory (right). In

Figure 2-14C, the dashed lines on the simulation results indicate the centerlines of

the deformed beams, which are overlaid on top of the experimental data for direct

comparison of the profile of the deformed beams.

Figure 2-14: Experimental validation for bending under antiparallel fields. Com-
parison of the finite element simulation and the analytical solution with the experimental
results for the torque-driven bending actuation of the beam under uniform antiparallel ac-
tuating fields (𝜙 = 180∘). (A) The tip deflection angle 𝜃𝐿 and (B) the normalized tip
deflection 𝛿𝑦/𝐿 are plotted against the normalized actuating field �̃�r𝐵/𝐺 for a specific case
with 𝐿/𝑇 = 20.5. (C) Comparison of the experimental results, finite element simulation,
and analytical solution for the beam deflecting under uniform antiparallel fields ranging
from 0 to 40 mT. The dashed lines on the simulation results indicate the centerlines of the
deformed beams, which are overlaid on top of the experimental data for direct comparison.
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To simulate the beam deflection under an antiparallel magnetic field in finite el-

ement environments, there must be some slight misalignment between M̃r and B,

because homogeneous uniaxial compression of the beam, instead of bending, would

happen when the field is applied in the antiparallel direction, unless the beam has

geometric imperfections or perturbations. Therefore, we introduced some slight mis-

alignment between M̃r and B to compensate for the absence of geometric imperfec-

tions in our beam model for finite element simulation. Consequently, the simulation

results in Figure 2-14 did not show the discontinuous jump in the beam’s deflection

that was predicted earlier in Figure 2-9.

2.6 Summary

In Section 2.1, we discussed different types of magnetic materials and their charac-

teristics and described the promising utility of hard-magnetic soft materials as torque-

driven soft bending actuators. In Section 2.2, we summarized some of the key con-

cepts and fundamental equations required for mathematical modeling of magnetic soft

materials and formulated the idealized constitutive laws for magnetic soft materials in

terms of their magnetization behavior and characteristics during magnetic actuation.

In Section 2.3, we developed a continuum mechanical model for hard-magnetic soft

materials, using the nonlinear constitutive theory based on finite hyperelasticity, to

allow for quantitative prediction of the behavior of the material with any arbitrary

geometry under externally applied magnetic fields through finite element simulation

based on the magnetic Cauchy stress. In Section 2.4, we applied geometric con-

straints specific to the planar motion of a slender beam made of hard-magnetic soft

materials and formulated the theory of hard-magnetic elastica to provide analytical

solutions for the magnetoelastic deflection of hard-magnetic soft beams under uniform

actuating fields. In Section 2.5, we validated our developed models through a set of

experiments. From their close agreement with the experimental results, we verified

that both of our continuum mechanical model in Sections 2.3 and hard-magnetic

elastica theory in 2.4 are valid, offering the ability to quantitatively and accurately

predict the torque-driven bending actuation of hard-magnetic soft materials even in
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the presence of large nonlinear deformation. The developed theoretical models and

the ensuing capabilities of quantitative and model-based prediction of the material’s

behavior provide a powerful tool for optimal design and control of hard-magnetic soft

bending actuators, as we shall see in the following chapters.
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Chapter 3

Magnetic Soft Continuum Robots

3.1 Introduction

3.1.1 Miniaturization Challenges

Small-scale soft continuum robots capable of navigating complex and constrained en-

vironments hold promise for medical applications [82, 83, 84] across the human body.

Several continuum robot concepts have been commercialized so far, offering a range

of therapeutic and diagnostic procedures that are safer for patients owing to their

minimally invasive nature [85, 86, 20]. Despite these advantages, existing continuum

robots are often limited to relatively large scales due to miniaturization challenges

inherent in their conventional actuation mechanisms, such as pulling mechanical wires

or controlling embedded rigid magnets for manipulation (Table 3.1). Tendon-driven

continuum robots [87, 88, 89, 90] with antagonistic pairs of wires are difficult to

scale down to submillimeter diameters due to increasing complexities in the fabri-

cation process as the components become smaller [91, 92, 93]. The miniaturization

challenges have rendered even the most advanced form of commercialized continuum

robots, mostly for cardiac and peripheral interventions [21], unsuited for neurosurgical

applications due to the considerably small and tortuous vascular structures [20].

Magnetically steerable continuum robots [94, 95, 58, 96, 97] have also remained

at large scale because of the finite size of the embedded magnets required to generate

deflection under applied magnetic fields. Recently, a submillimeter-scale device with

69



tiny magnets embedded in a soft polymer rod has been proposed for potential use in

cardiac interventions, demonstrating magnetic steering and navigation in a coronary

artery phantom [98, 99]. However, navigating the complex cerebral vasculature with

fully soft-bodied continuum robots has not been realized so far. Furthermore, there

are some safety concerns associated with the use of such finite-sized rigid magnets,

particularly at submillimeter scale. These concerns are epitomized by the fact that

several products of “magnet-tipped” guidewires seeking U.S. Food and Drug Adminis-

tration (FDA) clearance for 510(k) premarket notification were later recalled because

of the concern that the finite-sized magnets at the end of the device could break off

[100], which may lead to undesired clinical problems.

Conventional soft robots based on pneumatic or hydraulic actuation are also dif-

ficult to miniaturize below millimeter scales, because their fabrication schemes are

often unfavorable to such small size (Table 3.1) [82, 101]. Furthermore, these exist-

ing types of soft robots are difficult to accurately control based on quantitative models,

largely because their actuation mechanisms often rely on highly nonlinear deforma-

tion or instabilities [102]. On the contrary, magnetic soft robots utilize magnetized

or magnetizable microparticles as distributed actuation sources and hence can be

readily miniaturized down to submillimeter scales. In addition, their actuation mech-

anism based on the magnetic torques and/or forces allows them to be manipulated

remotely through magnetic fields while at the same time controlled accurately based

on quantitative models [78, 103, 1, 2].

Table 3.1: Benefits of the magnetic soft continuum robot for miniaturization in
comparison with the conventional types of continuum robots and soft robots.
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3.1.2 Benefits of Magnetic Soft Continuum Design

Composed of soft polymers containing tiny magnetic particles (Figure 3-1A), our

magnetic soft continuum robot can be miniaturized at submillimeter scales in terms of

its outer diameter. With a magnetically steerable distal tip, it can navigate through

highly constrained environments such as the narrow and tortuous vasculature of the

brain (Figure 3-1B). Unlike conventional magnet-tipped devices, in which the mag-

netic moment is highly localized and concentrated on the embedded magnets, our soft

continuum design utilizes evenly dispersed magnetic particles as distributed actuation

sources that can generate torques and forces in the presence of an external magnetic

field. When the embedded particles are magnetized in the same direction, the robot’s

body has its own magnetic polarity and hence behaves essentially as a flexible per-

manent magnet, so that its direction can be controlled magnetically. The magnetic

torques generated by the distributed particles collectively lead to macroscale mate-

rial response in the form of torque-driven bending actuation of the continuum robot,

with its distal tip aligned with the applied magnetic field (Figure 3-1A). With this

compact and self-contained actuation mechanism, the soft continuum design offers

several unique advantages in terms of flexible design for multifunctionality as well as

intuitive and efficient magnetic manipulation for torque-driven bending actuation, as

we shall see in the following sections.

Figure 3-1: Magnetic soft continuum robots. (A) Illustration of a submillimeter-scale
magnetic soft continuum robot navigating in the complex vasculature with an aneurysm
based on its active steering under magnetic actuation. (B) Magnetically responsive segment
of the continuum robot with programmed magnetic polarities resulting from the magnetized
particles embedded in the robot’s body made of soft polymer composites.
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3.2 Optimal Design Strategies

3.2.1 Problem Definition

As discussed in Sections 2.3 and 2.4, hard-magnetic soft materials can be considered

essentially soft bending actuators driven by the magnetic torque. From a materials

design perspective, it is worth discussing the strategies to optimize the actuation

performance of hard-magnetic soft materials. In order to achieve optimal actuation

performance, a good balance between the mechanical resistance of the composite

structure and the driving magnetic torque is required. For composites based on soft

polymers with embedded hard-magnetic particles, both the mechanical and magnetic

properties of the composite vary with the particle volume fraction denoted by 𝜑. Our

goal here is to find the optimal particle concentration that yields the largest bending

angle or the largest actuation force under given conditions and geometry.

For the analysis, we consider a circular beam of length 𝐿 and diameter 𝐷 under

a uniform magnetic field (B = 𝐵 e2) that is being applied perpendicularly (i.e., 𝜙 =

90∘) to the beam with axial remanent magnetization (M̃r = �̃�r e1) in the reference

configuration (Figure 3-2A). The area moment of inertia for its circular cross-section

is given by 𝐼 = 𝜋𝐷4/64. Then, Equation (2.77) can be expressed as

�̃�r𝐵

𝐺

(︂
𝐿

𝐷

)︂2
=

3

32
𝜉2(𝜃𝐿) (3.1)

in an implicit form with 𝜉(𝜃𝐿) given from Equation 2.76 as

𝜉(𝜃𝐿) =

∫︁ 𝜃𝐿

0

(︁
sin 𝜃𝐿 − sin 𝜃

)︁−1/2

d𝜃. (3.2)

3.2.2 Explicit Solutions for Small Bending

We know from Figure 2-9A that the bending angle of the tip (i.e., free-end slope) 𝜃𝐿

monotonically increases as the field strength increases. This implies that the critical

concentration predicted from the small-deflection analysis will remain effective for

large bending cases as well. Therefore, without loss of generality, we consider small-

deflection bending, for which we can find a tractable analytical solution in an explicit
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form. When the deflection angle is small, for which sin 𝜃 can be approximated as 𝜃

(i.e., sin 𝜃 ≈ 𝜃), and Equation 3.2 becomes 𝜉(𝜃𝐿)≈
∫︀ 𝜃𝐿
0

(︀
𝜃𝐿 − 𝜃

)︀−1/2
d𝜃 = 2

√
𝜃𝐿, which

leads to the deflection angle 𝜃𝐿 in an explicit form:

𝜃𝐿 =
8

3

(︂
�̃�r𝐵

𝐺

)︂(︂
𝐿

𝐷

)︂2
. (3.3)

We also know from Equation (2.82) that the normalized deflection 𝛿𝑦/𝐿 is given by

𝛿𝑦
𝐿

=
𝑌 (𝜃𝐿)

𝜉(𝜃𝐿)
=

16

9

(︂
�̃�r𝐵

𝐺

)︂(︂
𝐿

𝐷

)︂2
, (3.4)

with 𝑌 (𝜃𝐿)≈
∫︀ 𝜃𝐿
0
𝜃
(︀
𝜃𝐿 − 𝜃

)︀−1/2
d𝜃 = 4

3
𝜃𝐿
√
𝜃𝐿 for small angle 𝜃 in Equation (2.81).

The explicit expressions in Equations 3.3 and 3.4 can also be derived by considering

an equivalent force acting along the applied field direction on the free end of the

beam, which is given by 𝐹eq = �̃�r𝐵𝐴 (see Appendix G for its derivation). For a

cantilever beam undergoing small deflection under this point load 𝐹 , the standard

beam equations can be applied:

𝜃𝐿 =
𝐹eq𝐿

2

2𝐸𝐼
and

𝛿𝑦
𝐿

=
𝐹eq𝐿

3

3𝐸𝐼
, (3.5)

with 𝐸 = 3𝐺 and 𝐼 = 𝜋𝐷4/64 as discussed earlier, to derive Equations 3.3 and 3.4.

Figure 3-2: Material composition of magnetic soft continuum robot. (A) Circular
beam of hard-magnetic soft composites (PDMS+NdFeB) with uniform magnetization M̃r

along the axial direction deflects toward the direction of a uniform magnetic field B applied
perpendicularly. The unconstrained length and the outer diameter of the robot are denoted
as 𝐿 and 𝐷, respectively. 𝛿𝑦 indicates the deflection of the free end, and 𝜃𝐿 indicates the
deflection angle. (B) The magnitude of the remanent magnetization (�̃�r) linearly increases
with the volume fraction of the embedded magnetic particles 𝜑. (C) The shear modulus of
the composite (𝐺) follows an exponential increase with the particle volume fraction.
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3.2.3 Modeling of Composite Material Properties

From Equations 3.3 and 3.4, we notice that, for small bending, the deflection of the

beam is linearly proportional to a dimensionless quantity, �̃�𝑟𝐵/𝐺, while quadratically

dependent on the aspect ratio, 𝐿/𝐷. As discussed earlier, the quantity �̃�𝑟𝐵/𝐺 can

be interpreted as the actuating field strength 𝐵 normalized by the material properties

of the composite (magnetization �̃�𝑟 and shear modulus 𝐺). Given that these material

properties are dependent on the particle concentration in the composite, Equations

3.3 and 3.4 imply that there will likely be an optimal particle volume fraction at

which the beam deflection is maximized.

For a uniformly magnetized homogeneous continuum, it is reasonable to assume

that the remanent magnetization of the composite in the undeformed state, denoted

by �̃�r, is linearly proportional to the particle volume fraction 𝜑 (Figure 3-2B):

�̃�r(𝜑) = 𝜑𝑀p, (3.6)

where 𝑀p represents the remanence of the magnetized particles embedded in the

composite. The shear modulus 𝐺 increases nonlinearly with the particle concentration

𝜑 (Figure 3-2C). This nonlinear dependence of shear modulus can be predicted with

the following equation:
𝐺(𝜑) = 𝐺0 exp

(︂
2.5𝜑

1− 1.35𝜑

)︂
, (3.7)

which is also known as the Mooney model [104], under the assumption that the

increase in the shear modulus of particle-filled elastomer composites is analogous to

the increase in the viscosity of particle suspensions [105], with 𝐺0 denoting the shear

modulus of an unfilled elastomer. In Equation (3.7), it is also assumed that the

particles are of spherical shape on average in our homogenized continuum.

3.2.4 Optimization of Actuation Performance

Maximizing the bending angle: Substituting Equations (3.6) and (3.7) into Equa-

tion (3.3) or (3.4), we can find that the deflection is maximized when the particle

loading is 20.7% (𝜑=0.207), as shown in Figure 3-3A, under the same conditions
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in terms of the actuating field strength 𝐵 and the beam aspect ratio 𝐿/𝐷. Even

though the tractable analytical solutions in Equations (3.3) and (3.4) hold for small

deflection only, the overall tendency with the optimal concentration to maximize the

deflection holds true for large deformation as well, as can be seen from the finite ele-

ment simulation results presented in Figure 3-3C. This is because the bending angle

of the tip 𝜃𝐿 monotonically increases with �̃�𝑟𝐵/𝐺 as discussed earlier and shown in

Figure 3-3B. The parametric study in finite element simulation indicates that the

actuation angle indeed reaches its maximum even for large deflection when the parti-

cle volume fraction is 20.7%, as predicted for the small bending case. As the applied

field strength increases, the actuation angle begins to saturate while approaching 90∘,

making the curves around the peak flat (Figure 3-3C).

Maximizing the energy density: When the actuation force is of greater impor-

tance than the large deflection under the given applied field 𝐵, the material design

can be optimized in terms of the energy density to maximize the mechanical work that

can be produced per unit volume during actuation. Again, without loss of generality,

we can consider a small bending case with the equivalent force 𝐹eq acting at the free

end of the beam. Then, the energy density 𝒲 , or the mechanical work done by the

equivalent point force 𝐹eq = �̃�𝑟𝐵𝐴 per unit volume while deforming the beam by

small deflection 𝛿𝑦 along the applied field direction, can be expressed as

𝒲 =
𝐹eq𝛿𝑦
𝐴𝐿

=
�̃�𝑟𝐵𝛿𝑦
𝐿

=
16

9

(︂
�̃�2

r 𝐵
2

𝐺

)︂(︂
𝐿

𝐷

)︂2
. (3.8)

Here, it is assumed that no energy is dissipated during the deformation, based on the

underlying assumption of hyperelastic solids as discussed in Section 2.3. Then, the

optimal particle volume fraction that maximizes the energy density under the given

conditions is calculated to be 29.3% (𝜑 = 0.293) as shown in Figure 3-3D.

This is validated by the finite element simulation for small bending (Figure 3-

3E), which shows how the energy density varies with the particle volume fraction

when 𝐵=5mT and 𝐿/𝐷=10. As the bending becomes larger, however, the peak at

which the energy density is maximized shifts to the right, toward the higher volume
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fractions (Figure 3-3F). The peak eventually disappears when the actuation angle

saturates, after which the energy density keeps increasing with the particle volume

fraction. Qualitatively, this might be attributed to the fact that the shear modulus

shows a steep increase at high volume fraction (𝜑 > 30%), as shown in Figure 3-2C,

and starts to dominantly contribute to the energy density when the deformation level

remains almost unchanged (Figure 3-3F).

Figure 3-3: Optimal design strategies for magnetic soft continuum robots. (A)
Analytical prediction of the variation of �̃�𝑟/𝐺, a characteristic quantity that determines
the degree of deflection for small bending, with the particle volume fraction under given
applied field strength for a given geometry. The unit of this quantity, T−1, or equivalently
Am/N, was intentionally omitted for simplicity. (B) Actuation angle predicted from finite
element simulation and experimental measurements plotted against the applied field strength
normalized by material properties (�̃�𝑟 and 𝐺) for a particular material composition (20% of
particle volume fraction) with different aspect ratios: 𝐿/𝐷= 10, 15, 20. (C) The variation
of actuation angle with particle concentration at different actuation field strengths: 𝐵 = 10,
20, 40, 80 mT, predicted from simulation results when 𝐿/𝐷 = 10. (D) Analytical prediction
of the variation of �̃�2

𝑟 /𝐺, a quantity that characterizes the energy density in a deflected
body for small bending case, with the particle volume fraction under given applied field
strength for a given geometry. The unit of this quantity, A2/N, was intentionally omitted
for brevity. The average energy density was calculated in finite element simulation for (E)
small and (F) large bending cases, as a function of particle concentration.
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3.3 Materials and Fabrication Schemes

3.3.1 Magnetic Composite Ink

As discussed in Section 2.1, ferromagnetic materials in general develop strong in-

duced magnetization under applied magnetic fields. Unlike soft-magnetic materials,

such as pure iron, which easily lose the induced magnetization once the external field

is removed (Figure 2-2A), hard-magnetic materials, such as neodymium-iron-boron

(NdFeB), are characterized by their ability to retain high remnant magnetization

against the external field once they are magnetically saturated due to their high co-

ercivity (Figure 2-2B). The main body of our soft continuum robot is made of an

elastomer composite that contains magnetizable microparticles (5-mm-sized on aver-

age) of a NdFeB alloy. The soft polymer matrix of the robot’s body is composed of

either silicone (polydimethylsiloxane; PDMS) or thermoplastic polyurethane (TPU)

elastomers, depending on desired mechanical properties. As the initial step of the

fabrication process, our magnetic composite ink is prepared by homogeneously mix-

ing nonmagnetized NdFeB particles with uncured PDMS resin or TPU dissolved in

solvent at a prescribed volume fraction.

To impart the desired rheological properties to the mixture for ease of fabrication

later, we magnetize the whole mixture upon preparation by applying a strong impulse

of magnetic fields to magnetically saturate the dispersed NdFeB particles. This turns

the previously freely flowing mixture into a thixotropic paste (Figure 3-4A) with

shear-yielding (Figure 3-4B) and shear-thinning (Figure 3-4C) properties due to

the strong interaction between the permanently magnetized NdFeB microparticles.

The acquired rheological properties after magnetization are not only crucial for fab-

rication, as detailed in the following section, but also conducive to preventing phase

separation of our composite ink due to sedimentation of the dispersed particles over

time (Figure 3-4, D to F). The suppressed phase separation guaranteed microstruc-

tural uniformity, which allows us to postulate a homogeneous continuum (Figure

2-7A) when modeling the macroscopic behavior of the composite to quantitatively

predict the response of our soft continuum robot upon magnetic actuation.
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Figure 3-4: Rheological properties of hard-magnetic composite inks. (A) Magnetic
composite ink based on PDMS+NdFeB (particle concentration of 20 vol%) before and after
magnetization. After magnetization, the freely flowing ink became a thixotropic paste with
shear yield stress due to the interaction between embedded magnetic particles. (B) Storage
modulus plotted against the applied shear stress for permanently magnetized composite
inks with 10 vol%, 20 vol%, and 30 vol% of NdFeB dispersed in uncured PDMS resin. The
crossover point at which the storage modulus 𝐺 ′ becomes smaller than the loss modulus
𝐺 ′′ defines the shear yield stress beyond which the magnetized composite paste can flow.
The identified shear yield stresses for 20 vol% and 30 vol% inks are 165 kPa and 1640 kPa,
respectively. (C) Apparent viscosity plotted against the applied shear rate for 10 vol%, 20
vol%, and 30 vol% inks. The data reveals shear-thinning behavior of the thixotropic paste
of magnetized ink. (D-F) The presence of shear yield stresses in 20 vol% magnetized inks
helps to prevent the phase separation due to gravitational sedimentation of the particles over
time. The vial on the left contains non-magnetized composite ink. In the middle, already
magnetized composite ink is contained. On the right, non-magnetized ink is first loaded and
then magnetized while being contained in the vial.

3.3.2 Fabrication Methods

The magnetic soft continuum robot can be fabricated by either printing or injection

molding, both of which required extruding the thixotropic paste-like ink through

a micronozzle by applying pressure (Figure 3-5, A and B). The shear-thinning

behavior of the magnetized ink ensures that the composite ink can be easily extruded

when pressurized, and the presence of yield stress helps the deposited ink maintain its

shape [1] instead of spreading and becoming flat. For its application to endovascular

navigation, additional mechanical support is required to ensure good “pushability”
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of the device as a guidewire. For this, a stiff core wire can be incorporated into

the robot’s body through the injection molding. For this process, a microtube is

used as a mold, into which we inject the thixotropic composite ink while locating

a concentric core inside the mold. Once the printing or injection is complete, the

printed or molded ink undergoes thermal curing (PDMS-based composite) or solvent

evaporation (TPU-based composite) upon heating to solidify into the robot’s body.

During the heating process, the presence of yield stress helps the unsolidified ink

maintain its shape on the printing substrate or remain stable in the mold instead of

flowing and escaping due to the decrease in viscosity at the elevated temperature. For

large-scale production, conventional extrusion-based methods can be used for polymer

jacketing of a thermoplastic composite over a core wire (Figure 3-5C). After all, the

magnetically active tip is uniformly magnetized along the axial direction to have the

programmed magnetic polarity required to create deflection upon magnetic actuation.

Figure 3-5: Fabrication of magnetic soft continuum robots. Fabrication methods
based on (A) printing, (B) injection molding, and (C) extrusion. For printing, the ink
is extruded through a micronozzle upon pressurization. For injection molding, the ink is
injected into a micromold in which a core wire is placed. For extrusion, molten thermoplastic
composite is extruded over a core wire to make it coated with a polymer jacket.

3.3.3 Hydrogel Skin for Lubricious Surface

For the endovascular application of magnetic soft continuum robots, friction acting

on the device during navigation can negatively impact its advancement or retraction.

To reduce the friction, the robot’s surface is coated with a thin (10 to 25 𝜇m) layer

of hydrated cross-linked polymers, also referred to as hydrogel skin [106]. This hy-
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drogel skin can effectively decrease the friction due to its high water content. The

hydrogel skin is based on polydimethylacrylamide (PDMAA) that are grafted onto

the elastomer chains on the robot’s surface. For the hydrogel coating procedure, we

followed the previously reported protocol [106]. First, the solidified robot’s body is

treated with an organic solution based on ethyl alcohol that contains hydrophobic

photoinitiators (benzophenone). Exposure to this organic solution induces swelling-

driven absorption of the photoinitiators into the robot’s surface. The treated body

is then immersed into a hydrogel monomer (DMAA) solution containing hydrophilic

photoinitiators (Irgacure 2959). Upon exposure to ultraviolet radiation, the hydrogel

monomers are polymerized by the hydrophilic initiators while covalently grafted onto

the surface-bound elastomers by the activated benzophenone, leaving a thin hydrogel-

polymer interpenetrated layer on the surface. The measured thickness of the hydrogel

skin ranges from 10 to 25 𝜇m from fluorescence microscope images taken from coated

and uncoated samples with planar geometry (Figure 3-6, A to D). The microscopic

images identifies the presence of the hydrogel skin on the coated samples.

The resulting hydrogel skin reduces the surface friction, which can be characterized

by the friction coefficients measured from a rheometer testing while applying different

levels of shear rates and normal pressure (Figure 3-6E). The measurements shows

a 10-fold decrease in the friction coefficient (Figure 3-6, H and I) as a result of the

lubricious hydrogel skin in all given conditions. Furthermore, the coated hydrogel

skin can remain stable and undamaged even after prolonged shearing over an hour,

exhibiting sufficient mechanical robustness (Figure 3-6J). Another measurement

confirms substantial reduction (i.e., by a factor of 15) in the force required to pull

the device with hydrogel skin (Figure 3-6F), as a consequence of the self-lubricating

hydrogel skin, when compared with the pulling force required for the uncoated device

without hydrogel skin (Figure 3-6G). The force required to pull the uncoated device

at the prescribed pulling rate (200 mm/min) increases by 150% when the applied

normal force increases from 2 to 5 N. For the hydrogel-coated device, however, the

required pulling force increases by only 60%, which illustrates how effectively the

lubricious hydrogel skin can reduce the surface friction experienced by the device.
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Figure 3-6: Hydrogel skin as a self-lubricating layer. Cross-sectional views of (A)
the coated specimen of PDMS+NdFeB (20 vol%) with hydrogel skin visualized by absorbed
fluorescein and (B) the uncoated specimen without hydrogel skin. The dashed line in (B)
indicates the boundary of the cross-section of the uncoated specimen. (C-D) Top views of
the coated and uncoated specimens. (E) Schematic of testing setup for measuring friction
coefficients using a rheometer. (F) Schematic of testing setup for measuring force required
to pull the device at a constant speed under applied normal force by the pair of grips. (G)
Semi-log plot of the pulling force measured over time during the pullout test performed
at 200 mm/min for both coated and uncoated devices under two different normal force
conditions (2 and 5 N). (H-I) Friction coefficients measured from both coated and uncoated
devices under different shear rates and normal pressure. (J) Friction coefficients measured
from prolonged shearing of both coated and uncoated samples up to 60 min at shear rate of
0.5 s−1 under normal pressure of 6 kPa. The error bars indicate the standard deviations of
the mean values obtained from five different measurements.

3.3.4 Silica Coating for Corrosion Prevention

Ferromagnetic alloys have a highly corrosive nature due to the high content of iron and

hence can be corroded in aqueous environments (Figure 3-7A). To prevent corrosion

of the embedded NdFeB particles at the hydrated interface with the water-containing

hydrogel skin of the magnetic soft continuum robot, the NdFeB particles are coated

with a thin shell of silica. The coating is based on the modified Stöber process that
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utilizes the condensation reaction of tetraethylorthosilicate or tetramethylorthosili-

cate (TEOS/TMOS), which nucleated around the particles to form a cross-linked

silica layer (Figure 3-7B). The thickness of the silica shell is measured to be 10 nm

from transmission electron microscope (TEM) imaging (Figure 3-8A) and further

verified by Fourier transform infrared spectroscopy, which indicated the presence of

Si–O–Si bonds (Figure 3-8B). The effectiveness of the silica shell in preventing the

corrosion of NdFeB particles can be verified by performing a leaching test for both

coated and uncoated particles with a weak acidic solution (0.2 mM HCl, pH 3), as

shown in Figure 3-8C. The results show highly oxidized uncoated particles but no

visible change in silica-coated particles, which illustrates the anticorrosion effect of

the silica shell formed around the NdFeB particles. Because of the marginal thickness

of the silica shell compared with the size of microparticles, the silica coating results

in a slight increase in volume, which is roughly estimated to be around 1% when

assuming a uniform silica layer around a spherical particle.

Figure 3-7: Silica coating on magnetic particles for corrosion prevention. (A)
Corrosion of ferromagnetic particles in aqueous environments. Silica-coated particles for
corrosion prevention in hydrogel-based composites or in elastomer-based composites with
hydrogel skin for biocompatibility and lubrication. (B) Schematic of the polycondensation
reaction of tetraethyl and tetramethyl orthosilicate (TEOS/TMOS) in the presence of cat-
alysts under basic conditions, in which the nucleation and polymerization of TEOS/TMOS
give rise to cross-linked layers of silica around the magnetic particles.
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Figure 3-8: Characterizations of anti-corrosion silica coating. (A) Micro-computed
tomography image of solidified ferromagnetic composite based on PDMS and silica-coated
NdFeB particles showing uniformly dispersed particles with no obvious sign of sedimentation
(left). Scanning electron microscope image of silica-coated NdFeB particles indicating the
size of a single particle (middle). Transmission electron microscope image of a silicacoated
NdFeB particle, from which the thickness of the silica layer is identified to be 10 nm (rigth).
(B) Fourier transform infrared spectroscopy of silica-coated NdFeB particles clearly indicat-
ing the presence of Si–O–Si bonds. (C) Leaching test of both uncoated and coated NdFeB
particles in 0.2 mM HCl solution (pH 3.7) for 3 days. No visible change was observed in
the silica-coated particles owing to the presence of the protective silica layer, whereas the
uncoated particles were highly oxidized, turning the color of the solution yellow.

3.4 Proof-of-Concept Demonstrations

3.4.1 Magnetic Steering and Navigation

In this section, we demonstrate the main capability of our magnetic soft continuum

robots designed for navigating complex and constrained environments, such as vas-

culature, based on active steering upon the magnetic actuation and additional func-

tionalities enabled by the functional core incorporated in the robot’s body. Figure

3-9A illustrates the magnetic soft continuum robot passing through a set of rings

using its magnetically responsive tip, which follows the direction in which the actu-

ating field is applied. For proof-of-concept demonstration, a cylindrical permanent

magnet (diameter and height of 50 mm) was used to apply the actuating magnetic
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fields at a distance. The basic principle for magnetic actuation and steering was to

align the central axis of the magnet along the desired direction to induce bending

of the robot’s tip toward the desired direction. Although the bending actuation in

general is driven by the magnetic torques as discussed earlier, the spatial gradients

of applied magnetic fields can also give rise to magnetic body forces, which further

encourage the robot’s tip to align itself along the magnet’s central axis, as discussed

in Section 2.1 with Figure 2-4. Figure 3-9B shows the experimental demonstra-

tion of the fabricated prototype, which selectively navigates through a set of loosely

placed rings (see Figure 3-10A for the detailed setup) based on steering achieved

by manipulating the hand-held magnet. The demonstrated prototype was fabricated

through injection molding (Figure 3-5B) of the PDMS+NdFeB composite ink (20

vol%) and was designed to have an outer diameter of 600 𝜇m. To provide mechan-

ical support and pushability required for the demonstrated task, we incorporated a

nickel-titanium alloy (nitinol) core in the robot’s body (Figure 3-9A).

Figure 3-9: Proof-of-concept demonstration of magnetic steering and naviga-
tion. (A) Schematic of the demonstrated prototype with a magnetically responsive tip and
a tapered nitinol core required for active steering and navigation under magnetic actuation.
(B) Experimental demonstration of the designed prototype based on PDMS+NdFeB com-
posite (20 vol%) selectively navigating through a set of rings based on magnetic actuation
and steering. The magnetic fields for actuation (20 to 80 mT) were generated by a cylindri-
cal permanent magnet (diameter and height of 50 mm) at a distance (40 to 80 mm). The
proximal end was pushed to advance the magnetically steered distal tip of the robot during
the navigation. The outer diameter of the prototype was designed to be 600 𝜇m.
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Figure 3-10: Experimental setups for the proof-of-concept demonstrations. (A)
A set of rings loosely placed at different locations (in mm) with different heights (in mm)
and tilt angles, through which the prototypes presented in Figure 3-9 navigate selectively
based on the demonstrated active steering capabilities. (B) A set of rings tightly placed to
form a tortuous path, which is navigated by the prototype presented in Figure 3-11.

3.4.2 Distal Tip Design for Sharp Turns

To enable sharp turns in tortuous paths, we introduced a variation in the bending

stiffness of the magnetically responsive part of the soft continuum robot. The new

prototype with an outer diameter of 600 𝜇m has a short (3-mm-long), softer segment

at the distal end of the magnetically active portion. This softer segment is composed

of the PDMS+NdFeB composite (20 vol%) only and thus substantially softer than

the remainder that contains a stiff nitinol core (with an outher diameter of 80 𝜇m).

The effective Young’s modulus of the stiffer segment is calculated to be 14 MPa from

𝐸effective = 𝐸core

(︂
𝑑

𝐷

)︂4
+ 𝐸jacket

(︂
1−

(︂
𝑑

𝐷

)︂4)︂
, (3.9)

where 𝐸core and 𝐸jacket denote the Young’s moduli of the nitinol core and the hard-

magnetic soft polymer jacket, respectively, and 𝑑 (80 𝜇m) and 𝐷 (600 𝜇m) denote

the core and jacket diameter, respectively. For the nitinol core, the Young’s modulus

of the martensite phase (𝐸core = 40 GPa) was used for calculation. For the softer

segment, the measured shear modulus value (𝐺 = 455.6 kPa) for PDMS+NdFeB (20

vol%) in Figure 3-2C was used. Under the assumption of incompressible solids, this

shear modulus is translated to Young’s modulus of 1366.8 kPa (𝐸jacket = 3𝐺), which

is 10 times lower than that of the stiffer segment. This calculation was validated from

good agreement between the simulation and experimental results in Figure 3-3B.
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Figure 3-11: Multiple modes and degrees of distal tip deflection for sharp turns.
(A-C) Finite element simulation results identifying multiple different modes and degrees of
deflection, depending on the unconstrained length of the magnetically responsive tip (con-
sisting of stiff and soft segments) as well as the applied field strength and direction, which
help to create sharp turns when navigating through tortuous paths. (D) The designed pro-
totype navigating through a highly nonlinear path formed by a set of tightly spaced multiple
rings. The magnetic fields for actuation (20 to 80 mT) were generated by a cylindrical per-
manent magnet (diameter and height of 50 mm) at a distance (from 40 to 80 mm). The
proximal end was pushed to advance the magnetically steered distal end of the robot during
the navigation. The outer diameter of the demonstrated prototype was 600 𝜇m.

Both segments have uniform magnetization along the axial direction. The softer

and hence more responsive tip enables multiple modes and degrees of bending de-

pending on the direction and strength of the applied actuating field, as well as the

unconstrained length of the magnetically active segment, as predicted from the finite

element simulation in Figure 3-11. When the unconstrained length of the stiff seg-

ment equaled that of the soft segment, only the very end tip of the continuum robot

reacted effectively to the applied magnetic fields, creating a J-shaped tip (Figure 3-

11A). This is because the short unconstrained segment has a large bending stiffness

due to the small aspect ratio, as predicted in Figure 3-3B. As the unconstrained

length increased, the bending stiffness of the stiffer segment decreased, which in-

creased the radius of curvature of overall bending upon magnetic actuation (Figure

3-11, B and C). Figure 3-11D shows the experimental demonstration of our fab-

ricated prototype navigating through a tortuous path formed by a series of tightly

spaced rings (see Figure 3-10B for details) based on the ability to make sharp turns.
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3.4.3 Navigation in Realistic Anatomical Models

Using the same prototype presented earlier in Figure 3-11, we extend our proof-of-

principle demonstration to a more realistic and clinically relevant environment based

on a life-sized silicone replica of the brain’s major arteries. The phantom vasculature

replicates the complex and tortuous anatomy of the human neurovasculature with

several acute-angled corners as well as multiple aneurysms. The silicone vessels were

filled with a blood analog that simulates the friction between commercial guidewires

and real blood vessels. The required task was to reach all the aneurysms present

along the targeted path while demonstrating the ability to locate the robot’s distal

tip inside each aneurysm based on magnetic actuation and steering capabilities. In

addition, direct contact of the robot with the inner wall of the aneurysms should be

avoided, given the fact that aneurysms pose increased risks of rupture, which can lead

to bleeding into the brain (i.e., hemorrhagic stroke).

Figure 3-12: Demonstration of navigation in a neurovascular phantom. The soft
continuum robot first passed through the sharp corner with acute angulation (t =5 s). The
robot made another sharp turn after reaching the first aneurysm (t = 11 s) based on the
magnetic steering capability to reach the second aneurysm (t =15 s). Then, it made another
sharp turn at the acute-angled corner beneath the second aneurysm (t = 18 s) to reach the
third aneurysm (t = 25 s) and navigated further downstream (t = 36 s).
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As shown in Figure 3-12, the demonstrated prototype was able to smoothly nav-

igate through the targeted path while completing all the required tasks without any

noticeable difficulties or unintended motion. The importance and the effectiveness

of the self-lubricating hydrogel skin became evident when comparing the navigating

performance of the prototypes with and without hydrogel skin. The uncoated pro-

totype suffered heavily from the substantial friction acting on the robot while going

through the first acute-angled corner, exhibiting unwanted jerky movement. Despite

the omnidirectional steering capability that enabled the robot to orient its distal tip

toward the desired direction, the significant friction did not allow the robot’s body

to proceed. Upon further pushing, followed by another jerk, the uncoated prototype

would collide with the inner wall of the first and second aneurysms and eventually

failed to further proceed through the third acute and narrow corner.

3.4.4 Magnetically Steerable Laser Delivery

Further extending the demonstrated capabilities of the proposed concept of magnetic

soft continuum robots, we demonstrate additional functionalities enabled by a func-

tional core incorporated in the robot’s body made of soft polymers. As an illustrative

example with relevance to potential medical applications, we incorporated an opti-

cal fiber in the robot’s body to demonstrate the concept of magnetically steerable

laser delivery (Figure 3-13A). Figure 3-13B shows the experimental settings for

the demonstration and the fabricated prototype, whose outer diameter (denoted 𝐷

in Figure 3-13A) was designed to be 500 𝜇m. The incorporated optical fiber with

the outer diameter (denoted 𝑑 in Figure 3-13A) of 245 𝜇m consists of a silica core,

cladding, and protective acrylate coating. The given task was to accurately point at

the small targets (2-mm dots) with the laser beam in a desired order based on the

magnetic actuation (Figure 3-13C), and the omnidirectional steering and flexible

motion allowed the soft continuum robot to successfully carry out the desired task.

One possible example of potential medical applications of this demonstrated ca-

pability may be laser-assisted atherectomy [107] for treating vascular stenosis (or

atherosclerosis; narrowing of an artery due to plaque buildup on the inner walls, as
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Figure 3-13: Demonstration of magnetically steerable laser delivery. (A) Illustra-
tion of a magnetic soft continuum robot with an optical fiber, as a functional core incor-
porated in the robot’s body, through which the laser can be delivered. (B) Experimental
setup for demonstrating magnetically controlled laser delivery. (C) Close view of the laser-
emitting tip that accurately points at the small targets (2-mm dots) with the laser beam
in a prescribed order based on omnidirectional magnetic steering. The magnetic fields for
manipulation (20 to 80 mT) were generated by a cylindrical (diameter and height of 50 mm)
permanent magnet at a distance (40 to 80 mm). The outer diameter of the demonstrated
prototype was 500 𝜇m.

illustrated in Figure 1-1A). This commonly occurs in the carotid artery, through

which blood is supplied to the brain from the heart. As an illustrative example

within this context, we demonstrated this concept using our steerable laser probe in

the carotid artery section of the vascular phantom, as shown in Figure 3-14. In

the demonstration, the continuum robot first reached the targeted site in the carotid

artery and then emitted a green laser beam near the inner wall. It then changed the

direction and the position of the laser-emitting tip using magnetic steering (Figure

3-14A). After that, it turned off the laser and navigated downstream through the

carotid artery (Figure 3-14B). The same prototype in Figure 3-13 with an outer

diameter of 500 mm was used for this demonstration.
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Figure 3-14: Demonstration of steerable laser delivery in the phantom carotid
artery. The magnetic soft continuum robot (A) emitting a laser beam at different targeted
sites in a phantom internal carotid artery based on magnetic steering and (B) navigating
downstream after turning off the laser. The magnetic fields for manipulation (20 to 50 mT)
were generated by a cylindrical (diameter and height of 50 mm) permanent magnet at a
distance (50 to 80 mm). The proximal end was pushed to advance the robot during the
navigation. The outer diameter of the demonstrated prototype was 500 𝜇m.

However, the incorporation of an optical fiber, if not properly designed, can greatly

increase the bending stiffness and may therefore limit the bending angle under given

applied magnetic fields. The proof-of-concept prototype demonstrated above con-

tained an unmodified optical fiber with a relatively thick protective acrylate coating.

To reduce or eliminate the unnecessary portion of increased bending rigidity, this

protective layer may be replaced with the magnetic soft polymer jacket for further

development. Once such design optimization is performed, the demonstrated capa-

bility to keep the laser-emitting tip in position based on magnetic steering may help

in preventing unwanted motion or displacement of the tip from the desired location

during the laser ablation, thereby improving the accuracy and the safety, which are

of paramount importance throughout the whole procedure. There can be more possi-

ble applications. For instance, when the magnetic soft continuum robot is equipped

with a miniature complementary metal-oxide semiconductor (CMOS) sensor, while

having multiple functional cores for both illumination and imaging, it may serve as a

submillimeter-scale angioscope [107] that can help to better diagnose embolism (i.e.,

occlusion by a blood clot in Figure 1-1A) in the distal neurovasculature, which is

far less accessible than other body parts due to the considerably smaller size.

90



3.5 Summary

In this chapter, we introduced a class of submillimeter-scale soft continuum robots

that can be controlled magnetically. As discussed in Section 3.1, the soft continuum

design based on hard-magnetic soft composite materials enabled facile miniaturization

of the robot diameter down to submillimeter scales while providing omnidirectional

steering capabilities upon magnetic actuation owing to the programmed magnetic

polarities in the robot’s body. In Section 3.2, with a simple yet effective theoret-

ical framework, which was on the basis of the models developed in Chapter 2, we

established a design strategy to optimize the actuation performance of the proposed

magnetic soft continuum robot. In Section 3.3, we discussed the materials and fab-

rication methods to realize our submillimeter-scale magnetic soft continuum robot

with practical considerations for its intravascular applications in terms of minimizing

friction and corrosion prevention. The hydrogel skin grown onto the robot’s surface

substantially reduced the friction and hence enabled navigation through complex

and constrained environments such as tortuous and narrow phantom vasculature, as

clearly demonstrated in Section 3.4. Combined with these steering and navigat-

ing capabilities, additional functionalities such as steerable laser delivery were also

demonstrated through the incorporation of an optical fiber as a functional core into

the robot’s body. Demonstrating these capabilities in realistic, clinically relevant en-

vironments in vitro, we illustrated the applicability of the proposed magnetic soft

continuum robots for potential medical applications.
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Chapter 4

Telerobotic Magnetic

Neurointerventional Platform

4.1 Background on Magnetic Actuation Platforms

Manipulation of magnetic soft continuum robots can be achieved through the spa-

tiotemporal control of the actuating magnetic field. Magnetic actuation and ma-

nipulation platforms can be categorized into different groups depending on the type

of magnetic sources (permanent magnet or electromagnets) and their configuration

(single, paired, or multiaxial), the characteristics of the actuating fields (spatially uni-

form or nonuniform, static or time-varying), and the mobility of the magnetic source

(moving or stationary). In the following sections, we discuss some of the common

types of magnetic actuation platforms that have been proposed for manipulation and

control of magnetic objects in space for different applications.

4.1.1 Platforms based on Permanent Magnets

One of the advantages of using a permanent magnet comes from the fact that it can

give rise by itself to a static and relatively strong magnetic field in outer space. Con-

trary to electromagnets with current-carrying coils, which are subject to heat loss,

permanent magnets do not experience heat loss and hence are generally more energy-

efficient than electromagnets in generating magnetic fields of the same strength. Typ-
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ical electromagnets are based on stacking multiple coils around a highly permeable

soft-magnetic core to concentrate the magnetic flux. Even in the presence of a core,

however, the field of a permanent magnet can in general exceed that of an electro-

magnet of the same size by up to an order of magnitude [108].

With a single permanent magnet, magnetic manipulation can be achieved through

spatial positioning of the actuating magnet while changing the position and orienta-

tion of the magnet relative to the object being manipulated. It is not uncommon to see

a hand-held magnet being used to manipulate small magnetic objects in the literature,

usually for validation of the proposed concepts or devices, for different applications

such as capsule endoscopy [109, 110, 111, 112, 113], therapeutic delivery [51, 114, 115],

endovascular navigation [3], and other general soft robotic applications [1, 116]. For

more precise and reliable manipulation, a serial robot arm manipulator with multiple

degrees of freedom (DOFs) can be used to carry the actuating magnet and place it

around the object being manipulated (Figure 4-1A). While in early days heavy and

bulky industrial robot manipulators were employed [117, 118, 119, 120, 121], recently

more compact and lightweight robot arms have been used for magnetic manipulation

in medical applications [122, 123].

A single permanent magnet, however, produces spatially nonuniform magnetic

fields, and the presence of field gradients gives rise to the magnetic force as well as

the magnetic torque acting on the object being manipulated (Figure 4-1B). The

coupled interaction of magnetic force and torque, along with the complex geometry

of the magnetic fields that depends on the shape of the magnet, make it nontrivial

or rather difficult to precisely manipulate magnetic objects in many cases. One way

to mitigate the geometrical complexity is to make the field symmetric by choosing

an actuating magnet of simple symmetrical shape (e.g., cylindrical or spherical) with

its remanent magnetization along the axis of symmetry. Then, the rotation of the

magnet around its symmetry axis causes no change in the actuating magnetic field,

which effectively reduces the DOFs involved in the manipulation of the magnet to five

(three translations and two rotations). The reduction of the effective DOFs due to

the symmetry of the actuating magnet is conceptually equivalent to having kinematic
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redundancy when using a serial robot arm to spatially manipulate the magnet.

Figure 4-1: Magnetic actuation and manipulation platforms based on perma-
nent magnets. (A) Multi-DOF serial robot manipulators with a single actuating magnet
attached at the end for steering untethered or tethered magnetic devices. (B) Magnetic
torque and force on a hard-magnetic object in spatially nonuniform fields from a single ac-
tuating magnet. (C) Stereotaxis Niobe® and Genesis® platforms based on a pair of large
permanent magnets for steering magnetic catheters by changing the applied field direction
through synchronous pivoting of the actuating magnets.

For purely torque-based actuation and manipulation, spatially uniform magnetic

fields can be created when two permanent magnets are configured in such a way

that their opposite poles face each other. Commercially available magnetic actuation

platforms based on spatially uniform fields include the Niobe® and Genesis® systems

of Stereotaxis Inc., which use a pair of large permanent magnets (Figure 4-1C).

These systems have been used mostly for cardiac electrophysiology to treat heart

arrhythmia using magnetic ablation catheters with a few rigid magnets incorporated

in the distal portion for steering purposes [124, 125]. By synchronously rotating
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the two actuating magnets, each around its pivot inside the casing, these magnetic

actuation platforms can create relatively uniform magnetic fields of 80-100 mT in any

direction in the workspace between the magnets and hence enable force-free, intuitive

steering control of the magnetic catheters [17, 125, 126, 127, 128].

4.1.2 Platforms based on Electromagnets

While current-carrying coils are generally less energy-efficient in producing magnetic

fields than permanent magnets, magnetic actuation platforms based on electromag-

nets offer several benefits that make them preferable to permanent magnets in many

practical applications. Electromagnets provide a larger design space, with a variety

of possible configurations of multiaxial coils, and a larger control space as well due

to the ability to quickly turn on and off each coil or reverse the magnetic polarities

of the individual coils to create complex (rotating or oscillating) fields without the

need to move the set of coils physically. Furthermore, magnetic actuation platforms

based on electromagnets can be designed to provide the capability to control both the

magnetic force and torque either independently or simultaneously [58, 129, 130], to

enable more flexible and sophisticated manipulation of magnetic objects within the

workspace. To date, numerous types of magnetic actuation and manipulation systems

based on electromagnets have been developed, which vary in the shape, number, and

configuration of the current-carrying coils. According to the classification used by

Abbott et al. [129], magnetic actuation and manipulation platforms based on electro-

magnets can be categorized into magnetically orthogonal or nonorthogonal systems.

Magnetically orthogonal systems: Magnetically orthogonal systems utilize spe-

cial types of electromagnets, based on either circular or saddle coils arranged in pairs,

which are designed to produce spatially uniform fields or constant field gradients in

the workspace. When two identical circular coils are separated coaxially by a distance

equal to their radius r and carry equal currents in the same direction, the field pro-

duced between the two coils in the axial direction (z -axis) is nearly uniform (Figure

4-2A). This is known as the Helmholtz coil configuration, and a pair of coils in such

96



an arrangement is commonly called a Helmholtz coil-pair [131]. The magnitude of the

uniform field is proportional to the current strength i and inversely proportional to

the radius (i.e., 𝐵𝑧∼ 𝑖/𝑟), and a Helmholtz coil-pair can be used to apply a uniform

torque on a magnetic object in the workspace. When the two circular coils are sep-

arated further by a distance
√
3𝑟 and carry equal currents in the opposite direction

(Figure 4-2B), the pair of coils can generate a nearly constant field gradient in the

axial direction (𝜕𝐵𝑧/𝜕𝑧), the magnitude of which is proportional to the current i and

inversely proportional to the square of the radius (i.e., 𝜕𝐵𝑧/𝜕𝑧 ∼ 𝑖/𝑟2). Such an ar-

rangement is called the Maxwell coil configuration [132], which can be used to apply

a uniform force on a magnetic object in the workspace. These circular coil-pairs are

easy to construct and offer good accessibility to the workspace of cylindrical shape.

Figure 4-2: Magnetically orthogonal actuation platforms. (A) Helmholtz and (B)
Maxwell coil pairs for creating a uniform axial field (Helmholtz) or field gradient (Maxwell).
Saddle-shaped coil pair for creating (C) a uniform transverse field or (D) a constant trans-
verse field gradient depending on the direction of currents. (E) Golay coil configuration
based on two saddle coil pairs for creating a constant transverse gradient of the axial mag-
netic field. (F) Nested Helmholtz coils in mutually orthogonal triaxial configuration for
creating uniform actuating fields in three different directions. (G) Combination of different
coil-pair types for multi-DOF magnetic manipulation based on magnetic torques and forces
in a cylindrical workspace.
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Magnetically nonorthogonal systems: Another class of magnetic actuation and

manipulation platforms, termed the magnetically nonorthogonal system [129], uti-

lizes multiple columnar coils with soft-magnetic cores that are arranged around the

workspace such that they all point to the center of the workspace. The fields gen-

erated by individual electromagnets are superimposed to create desired fields and

field gradients for manipulation, and hence all electromagnets are active in general.

Various designs of actuation platforms based on eight electromagnets (Figure 4-3A)

have been developed [95, 133, 134, 135, 136, 137, 138], which have different charac-

teristics and performances in terms of torque- and force-generation capabilities and

the accessibility of the workspace surrounded by the electromagnets [129, 139].

Figure 4-3: Magnetically nonorthogonal actuation platforms. (A) Representative
examples of magnetic actuation and manipulation platforms based on stationary multiaxial
electromagnets in nonorthogonal eight-coil configurations [129, 139]. Magnetic manipulation
platforms based on movable electromagnets: (B) motorized actuation of rotatable electro-
magnets [140, 141] and (C) a parallel [142, 143] or (D) a serial [144, 145, 146, 147] robot
manipulator for controlling the position and orientation of the actuating electromagnet.

The number of coils can be increased for systems based on stationary electro-

magnets to have manipulation redundancy [129, 148] or to enable spatially selec-

tive magnetic actuation [149, 150]. The number of coils can be reduced as well by

adding motorized actuators [140, 141] (Figure 4-3D) or a parallel robot manipulator
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[142, 143] (Figure 4-3E) to rotate or move the electromagnets, which helps to in-

crease the available workspace by reducing the number of electromagnets. A 6-DOF

serial robot arm with a single electromagnet at its end-effector (Figure 4-3F) has

also been proposed and demonstrated as a magnetic manipulation platform for steer-

ing tethered magnetic devices such as a magnet-tipped catheter [144, 145, 146, 147].

Instead of employing a multi-DOF serial robot arm to change the position and orien-

tation of a single electromagnet, a simple passive arm has been used to carry and hold

a cube-shaped electromagnet consisting of three nested mutually orthogonal coils, also

known as Omnimagnet [151, 152], to control a magnetically steerable cochlear implant

[153]. When compared with the platforms based on multiple stationary electromag-

nets (Figure 4-3, A to C), these mobile electromagnetic actuation platforms can

provide a larger workspace for more flexible operation with increased compatibility

with external imaging or sensing devices.

4.1.3 Limitations of Existing Platforms

There are some magnetic actuation platforms that have been commercialized for clini-

cal use at human-body scale. Commercially available platforms based on a pair of per-

manent magnets include the Stereotaxis Niobe® (Figure 4-1A) and Genesis®, and

platforms based on electromagnets include the Magnetecs CGCI (Catheter Guidance

Control and Imaging; Figure 4-4B) [124, 135, 154] and the Aeon Phocus [133, 137]

systems (Figure 4-4C), which are based on eight stationary electromagnets. The

electromagnetic actuation platforms are capable of independently controlling both the

field and field gradient at any location in the workspace [58, 110]. These commercially

available systems have been used mostly exclusively for cardiac electrophysiology to

treat arrhythmia using magnetically controlled ablation catheters.

While these commercialized systems could be used to control our magnetic soft

continuum robots or guidewires as shown in Figure 4-4, D and E, and given the pre-

viously reported results based on magnet-tipped guidewires [17, 127, 128, 126], such

heavy and bulky, hence immobile, platforms may not be ideal for endovascular neuro-

surgery, especially in the context of telerobotic stroke intervention. Furthermore, the
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available angulation for the monoplane C-arm is limited for those existing systems

due to the confined space between the permanent or elecgtromagnets (Figure 4-4,

A to C). For example, the Niobe® system allows the C-arm rotation of only 28∘ in

left or right anterior oblique projection [17], as can be seen in Figure 4-4F.

For complex neuroendovascular procedures, biplane fluoroscopy based on a pair

of C-arms for simultaneous projections from two different angles is preferred as it

helps to better identify complex angulations of the intracranial vessels. While mono-

plane fluoroscopy can be used for stroke interventions [155, 156, 157], biplane imaging

in general could provide better state observation of the guidewire in more complex

vascular anatomies and hence potentially improve the operator’s confidence, thereby

leading to reduced intraoperative risk [155, 156]. However, those commercial plat-

forms in Figure 4-4, A to C, are by no means compatible with the standard biplane

angiography suite (Figure 1-2B) due to the large mechanical footprint of their bulky

magnet/coil setups. These limitations necessitate a more compact, light-weight, and

mobile platform for image-guided neurovascular intervention.

Figure 4-4: Stereotaxis Niobe® system tested for manipulating the magnetic
soft continuum guidewire. (A-B) X-ray fluoroscopic images of the magnetic soft contin-
uum guidewire in the silicone phantom under anteroposterior projection of the C-arm. (C)
Limited angulation of the C-arm due to the confined space between the actuating magnets.
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4.2 Telerobotic Neurointerventional Platform

4.2.1 System Design Overview

Figure 4-5 provides an overview of our telerobotic neurointerventional system de-

ployed in clinical settings for image-guided endovascular procedures, with a C-arm

fluoroscope providing real-time imaging of the magnetic soft continuum robot (or

simply ‘magnetic guidewire’) navigating in the patient’s blood vessels under mag-

netic manipulation. Mounted on a mobile platform beside the operating table, the

robot arm is teleoperated by an operator (i.e., the neurointerventionalist) from a

remote-control console to steer the magnetic guidewire by varying the position and

orientation of the magnet at the robot arm’s end-effector around the patient’s head.

The guidewire/microcatheter advancing unit is placed near the patient to advance

or retract the guidewire and the microcatheter from their proximal ends through the

femoral or radial artery access point.

Figure 4-5: Overview of the telerobotic neurointerventional platform based on
magnetic manipulation. The system features a light-weight, compact robot arm with an
actuating magnet attached to its end-effector to remotely control a magnetically steerable
soft continuum robot (or simply magnetic guidewire) through spatial positioning of the mag-
net around the patient’s head. Mounted on a mobile platform beside the operating table, the
robot arm is teleoperated from a remote-control console to steer the magnetic guidewire un-
der real-time fluoroscopic imaging. The system further integrates a guidewire/microcatheter
advancing unit based on a pair of motorized linear drives that can advance or retract the
guidewire and a microcatheter upon remote control.
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The magnetic guidewire has a steerable distal portion, which can be manipulated

through spatial positioning of the actuating magnet at the robot arm’s end-effector

relative to the steerable tip (Figure 4-6A). While spatial positioning of the magnet

requires at most six degrees of freedom (DOFs), our system uses a 7-DOF serial robot

arm manipulator with seven revolute joints (Figure 4-6A) to take advantage of its

kinematic redundancy for safer operation in cluttered environments with a confined

workspace. The extra DOF provides an increased level of dexterity that helps the

robot arm avoid singularities and joint limits [158] as well as workspace obstacles

(i.e., the patient, C-arm, operating table, radiation shields). The guidewire and the

microcatheter can be advanced or retracted individually by a pair of advancing units,

each of which uses a worm drive to convert the rotary motion transmitted from the

DC motor at the base through a flexible shaft to a linear motion (Figure 4-6A).

The whole system is teleoperated from the remote-control console under visual

feedback from real-time fluoroscopic imaging of the magnetic guidewire in the blood

vessels (Figure 4-6B). Containing the magnetic particles that are radiopaque, the

magnetic guidewire is naturally visible under x-ray as shown earlier in Figure 4-4D.

The configuration of the robot arm is visualized in real time on the control workstation

based on the joint position data (Figure 4-6B). This real-time visualization helps the

operator observe the current state of the robot arm while controlling it remotely. It

can also be used for preprocedural planning and/or training of the robot manipulation

in a virtual environment replicating the real world, including the surrounding objects

that are known a priori (i.e., 3D CAD models), to help prevent collisions during

operation while performing magnetic steering and navigation. Spatial positioning of

the actuating magnet can be achieved via 6-DOF position control of the robot arm’s

end-effector with a joystick controller, and advancement or retraction of the guidewire

and the microcatheter can be controlled either independently or simultaneously with

the joystick buttons (Figure 4-6C). The operator could observe and confirm the

current states of the guidewire and the microcatheter from the fluoroscopic images

while operating the robot arm and the guidewire/catheter advancing units with the

joystick controller from the remote-control console (Figure 4-6B).

102



Figure 4-6: Description of the telerobotic neurointerventional system. (A) The
robot arm has 7 degrees of freedom (DOF) with kinematic redundancy for flexible manipula-
tion and safer operation in cluttered environments. The magnetic soft continuum guidewire
has a magnetically responsive tip that contains magnetic particles, and hence can be steered
by the actuating magnet at the robot arm’s end-effector. The guidewire is compatible with
a standard microcatheter which travels over the guidewire along the navigated path. The
guidewire and the microcatheter can be advanced or retracted by a pair of advancing units,
each of which uses a worm drive to convert the rotary motion of the DC motor at the base
to a linear motion. (B) The system is teleoperated from the remote-control console under
feed-back from real-time imaging of the guidewire/microcatheter in the blood vessels and
virtual visualization of the robot arm. The magnetic guidewire is naturally visible under
x-ray due to the embedded magnetic particles, and the position of the microcatheter can
be identified by the radiopaque marker at the distal end. The robot arm is visualized in a
virtual environment that replicates the real world on the control workstation to allow the
operator to avoid collisions with surrounding objects while teleoperating the robot arm. (C)
Spatial positioning of the magnet is achieved via 6-DOF position control of the robot arm’s
end-effector with a joystick controller, and advancement or retraction of the guidewire and
the microcatheter can be controlled either independently or simultaneously with the joystick
buttons.
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4.2.2 Ream-time Teleoperation Interface

Our teleoperation interface enables spatial positioning of the actuating magnet at

the end of the robot arm through real-time position control of the robot arm’s end-

effector using a joystick controller with a 6-DOF knob. With this 6-DOF joystick

knob, the operator can intuitively move and tilt the actuating magnet to change its

position and orientation relative to the magnetic guidewire for steering purposes, as

illustrated in Figure 4-7A.

We describe the configuration of the robot arm using a joint-space vector q ∈ R7

which represents the joint angles of the 7 revolute axes. The position and orientation

of the end-effector frame ({e} in Figure 4-6A) relative to the robot arm’s base frame

({b} in Figure 4-6A) are defined by a task-space vector x ∈ R6 with its first three

components representing the position and the last three components representing the

orientation. The differential kinematics, or the relation between the small change in

the joint positions 𝛿q and the corresponding change in the end-effector pose 𝛿x, can

then be written as
𝛿x =

𝜕f(q)

𝜕q
= J(q)𝛿q, (4.1)

where J(q) ∈ R6×7 is the Jacobian, or the partial derivatives of the forward kinematics

defined by a mapping x = f(q) with f denoting a nonlinear vector function. Upon

the operator’s joystick manipulation, 6-DOF motion commands are produced as a

combined set of incremental motions (translations and rotations) in each DOF, which

are scaled and converted into the end-effector’s linear and angular motions in the task-

space coordinates. The motion commands for the end-effector 𝛿x are then transformed

into the joint commands 𝛿q by multiplying the pseudo-inverse of the Jacobian J†(q):

𝛿q = J†(q)𝛿x = JT(q)
(︀
J(q)JT(q)

)︀−1
𝛿x, (4.2)

which returns the minimum-norm solution for redundant manipulators like the one

used in the present work by minimizing the two-norm ‖𝛿q‖ =
√︀
𝛿qT𝛿q [159]. The

joint commands are added to the current joint positions to get new joint position

values, which are sent to the robot arm controller (i.e., control cabinet in Figure

4-5) to execute the motion that achieves the desired configuration of the robot arm.

104



Figure 4-7: Spatial positioning of the actuating magnet through real-time joy-
stick teleoperation. 6-DOF control of the robot end-effector’s position and orientation
through joystick manipulation for spatial positioning of the actuating magnet around a life-
sized neurovascular phantom.

4.2.3 Additional Operational Modes

Impedance control for compliance: For typical teleoperation tasks, the robot arm

is position-controlled with high stiffness, exhibiting little change in the end-effector

pose or the joint positions against external force disturbance. The robot arm can also

be impedance-controlled to have compliance for potentially safer operation in clut-

tered environments by modulating the stiffness values. The impedance control mode

can be turned on/off by pressing designated joystick button to allow the operator to

quickly switch from/to the default position control mode. By setting the stiffness

values to zeros while maintaining some level of damping coefficients in the impedance

control mode, the robot arm can be manually controlled and reconfigured to change

the magnet’s position and orientation more quickly and intuitively (i.e., hand-guiding

mode) or the robot arm’s con-figuration while maintaining the magnet’s position and

orientation through the internal motions (i.e., null-space motion).

Manual reconfiguration of the robot arm: Although the real-time joystick tele-

operation interface enables intuitive control and manipulation of the magnet for steer-

ing and navigation (Figure 4-7), there may exist some occasions in which the oper-

ator or onsite staff wants to change the robot arm’s configuration as well as the end-

effector pose at the same time more swiftly and intuitively. For example, this may be

desired when the staff is deploying the robot arm in preparation of interventional pro-

cedures and needs to bring the actuating magnet close to the anatomically relevant

side of the patient’s head. For such applications, we implemented a hand-guiding
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functionality in our control interface to allow the operator to manually reconfigure

the robot arm effortlessly upon demand, as demonstrated in Figure 4-8A.

Null-space motion using kinematic redundancy: There may be some other

cases in which the robot arm needs to be reconfigured while maintaining the magnet

position and orientation—for example, to ensure clearance for the C-arm’s motion

during repositioning, angulation, or rotation to perform angiography or adjust the

angle of view for better state observation. We implemented another control mode for

such applications to allow the operator to change the robot arm’s configuration easily

through the null-space motion, which is the arm’s internal motion that results from

the kinematic redundancy, as shown in Figure 4-8B. These additional modes can

be turned on/off by pressing the designated joystick buttons to allow the operator to

quickly switch from/to the default position control mode.

Figure 4-8: Additional operational modes for manual manipulation of the robot
arm. (A) Hand-guiding mode to enable manual reconfiguration of the robot arm to change
the end-effector pose more quickly and intuitively. (B) Null-space motion exploiting the
kinematic redundancy and internal motions of the robot arm to enable intermittent manual
reconfiguration of the robot arm while maintaining the magnet’s position and orientation.
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4.3 Magnetic Steering Control Principles

4.3.1 Magnetic Soft Continuum Guidewire

We designed our magnetic guidewire to have an outer diameter of 400 𝜇m with greatly

improved mechanical robustness, when compared with the proof-of-concept prototype

demonstrated in Figure 3-12, in terms of both strength and toughness while main-

taining good steerability. With these improvements, the newly designed magnetic

guidewire is as thin and flexible as standard neurovascular guidewires (typically with

outer diameters of 0.014 inches) and compatible with commercially available micro-

catheters for neurovascular interventions.

The magnetic guidewire consists of a tapered core of nickel-titanium alloy (nitinol),

which is coated with a soft, yet durable polymer jacket composed of thermoplastic

polyurethane (TPU) with embedded neodymium-iron-boron (NdFeB) particles. With

the NdFeB particles in the polymer jacket magnetized along the guidewire’s axial

direction, the distal portion (50 mm from the end) of the guidewire is magnetically

responsive and can be steered with an actuating magnet (Figure 4-6A), utilizing

the magnetic torques and forces generated from the embedded magnetic dipoles under

the applied fields and field gradients. The NdFeB particle loading concentration was

determined to be 20% by volume according to the optimal design strategies described

in Section 3.2. The resultant magnetic polymer jacket has the magnetization of 128

kA/m and the shear modulus of 1210 kPa (Figure 4-9A).

To enable sharp turns at acute-angled corners in blood vessels with clinically

challenging tortuosity, a short segment (4-mm-long; denoted 𝐿2 in Figure 4-10A)

at the distal end of the guidewire’s magnetically responsive portion is composed of the

TPU+NdFeB composite only, without the stiff nitinol core, and is therefore much

softer and more responsive than the remainder that contains the nitinol core. When

magnetic fields are applied by the actuating magnet, the unconstrained portion (free

from contact with blood vessels) of the guidewire’s steerable tip of length 𝐿, which

consists of a stiffer segment of length 𝐿1 that contains the nitinol core and the softer

segment of length 𝐿2 that does not contain the stiff core, deflects either toward or away
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Figure 4-9: Mechanical characterization of magnetic polymer composites. Nomi-
nal tensile stress-stretch curve for the magnetic polymer composite based on TPU+NdFeB
(20 vol%) plotted (A) over a range of small stretch (𝜆 < 1.3) for measuring shear modulus
and (B) up to the fracture point (𝜆 = 14.3) for measuring tensile strength and stretchabil-
ity. With the TPU-based composite, both the tensile strength and the stretchability have
been greatly improved (by 10 and 7 times, respectively) when compared with the PDMS-
based composite used for the prototype demonstrated in Figure 3-12. TPU: thermoplastic
polyurethane; NdFeB: neodymium-iron-boron; PDMS: polydimethylsiloxane.

from the magnet depending on the magnetic polarity of the actuating magnet (Figure

4-10A). Tensile strength testing demonstrated that the TPU+NdFeB composite can

withstand tensile stresses up to 12 MPa, which translates into 1.5 N of tensile forces

on the distal tip of the guidewire, while being stretched beyond 14 times its original

length (Figure 4-9B). The measured tensile strength of the distal tip is comparable

to that of commercially available neurovascular guidewires of similar dimension such

as ASAHI CHIKAI® 0.014-inch guidewires with a tensile strength of 2.45 N [160].

However, the high stretchability of the TPU+NdFeB composite could provide greater

resistance in terms of the energy required to cause fracture or joint failure at the distal

tip when compared with conventional guidewires which typically have flexible spring

or coil tips that are subject to brittle fracture.

4.3.2 Magnetic Fields from the Actuating Magnet

For the actuating magnet, we consider an axially magnetized, NdFeB (N52-grade)

magnet of cylindrical shape (diameter and thickness of 2𝑅; Figure 4-10A) with an

axisymmetric field distribution (Figure 4-11). For cylindrical magnets with the same

diameter-to-thickness ratio, the shape of the magnetic field remains the same when
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normalized by the magnet’s characteristic dimension (e.g., radius 𝑅). Therefore, the

magnetic field at a certain point around the magnet can be expressed as a vector

function of the spatial location of the point (denoted by a position vector p with

respect to the magnet center in cylindrical coordinates) in a normalized form (by the

magnet radius 𝑅) as
B(p) = 𝐵re ℱ(p/𝑅), (4.3)

where 𝐵re is the remanence of the magnet and ℱ denotes the vector function whose

implicit form can be found in [161, 162, 163]. Along the magnet’s central axis, the

magnitude of the magnetic field can be expressed explicitly in a normalized form as

𝐵 =
𝐵re

2

(︃
𝑑/𝑅 + 1√︀

(𝑑/𝑅 + 1)2 + 1
− 𝑑/𝑅− 1√︀

(𝑑/𝑅− 1)2 + 1

)︃
, (4.4)

where 𝑑 is the distance from the center of the magnet to the point of interest or

measurement along the centerline (i.e., ±𝑧-direction in Figure 4-11).

Figure 4-10: Principal modes of steering control with a single actuating magnet.
(A) Attraction and repulsion modes for steering control of the magnetic guidewire with a
single magnet of cylindrical shape (diameter and thickness of 2𝑅). The magnet working
distance, denoted by 𝑑, is defined as the distance from the center of the magnet to the base
of the guidewire’s softer tip. The angular position of the magnet relative to the guidewire’s
reference state is defined by the azimuthal angle 𝜙, and the tip deflection angle is denoted
by 𝜃𝐿. 𝐷 indicates the outer diameter of the guidewire, and 𝐿1 and 𝐿2 denote the stiff and
soft segments in the unconstrained (i.e., free to bend) portion of the guidewire’s steerable
tip, respectively. (B) Characterization of the magnetic guidewire’s behavior under magnetic
manipulation with a single magnet. The tip deflection angle 𝜃𝐿 was measured while varying
the working distance and the angular position of the actuating magnet in the attraction and
repulsion modes (guidewire dimension: 𝐷 = 400 𝜇m, 𝐿1 = 6 mm, 𝐿2 = 4 mm).
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Figure 4-11: Magnetic fields around a cylindrical magnet. Axisymmetric magnetic
field distribution around a N52-grade cylindrical magnet with diameter and thickness of 2𝑅
and remanence 𝐵re = 1.45 T. The solid lines indicate the field directions, and the dotted
lines form the contours around which the magnetic flux densities are indicated.

Figure 4-12: Spatial gradients of the magnetic fields around a cylindrical magnet.
Non-zero components of the field gradients are presented for a N52-grade cylindrical magnet
with remanence 𝐵re = 1.45 T and diameter and thickness of 100 mm. Along the center
axis of the magnet, the diagonal terms of the field gradient tensor in Equation (2.46) (i.e.,
𝜕𝐵𝑧/𝜕𝑧 and 𝜕𝐵𝑟/𝜕𝑟) give rise to magnetic body forces acting on the steerable tip of the
guidewire, whereas the off-diagonal terms (i.e., 𝜕𝐵𝑧/𝜕𝑟 and 𝜕𝐵𝑟/𝜕𝑧) are effectively zero.
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Figure 4-13: Magnetic field and field gradient along the central axis of a cylin-
drical magnet. (A) Magnetic flux density 𝐵 along the central axis of the magnet plotted
against the normalized working distance 𝑑/𝑅. For typical steering tasks, the required mag-
netic field strength ranges from 30 to 80 mT, which correspond to the upper (𝑑/𝑅 = 3.67)
and lower (𝑑/𝑅 = 2.64) boundaries of the working range for the magnet in the attraction
and repulsion modes. (B) Magnetic field gradients 𝜕𝐵/𝜕𝑧 along the axial direction plotted
against the normalized working distance 𝑑/𝑅 for different sized magnets of the same shape
(𝑅 = 25, 37.5, 50, 62.5 mm). The field gradient values at the lower boundary of the working
range (𝑑/𝑅 = 2.64) are presented on the plot.

Because the magnetic field strength decreases with the normalized distance 𝑑/𝑅,

as shown in Figure 4-13A, the actuating magnet should be large enough to steer

the guidewire at a reasonable working distance discussed above. Typical steering

and navigational tasks require the actuating field strength of at most 80 mT, which

corresponds to the flux density at 𝑑/𝑅 = 2.64 from the center of the magnet as

predicted from Equation (4.4) and shown in Figure 4-13A. For a cylindrical magnet

with diameter and thickness of 100 mm (i.e., 𝑅 = 50 mm) and 𝐵re = 1.45 T, for

example, this normalized distance translates into 132 mm from the magnet’s center

(or 82 mm from the magnet’s surface). At this point, the field gradient along the

centerline is calculated to be 1.75 mT/mm from the derivative of Equation (4.3) as

shown in Figures 4-12 and 4-13B. Then, the magnetic torque density is evaluated

to be 10.24 kN/m2, and the moment acting on the guidewire’s steerable tip of length

𝐿 (4 ≤ 𝐿 ≤ 10 mm) by the magnetic body force (per unit volume) is estimated

to be 0.90 to 2.24 kN/m2, which is around 10% to 20% of the magnetic torque

density. The contribution of the magnetic body force to the steering of the distal

tip further diminishes as the magnet size increases (i.e., inversely proportional to
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𝑅; Figures 4-13B), when compared to that of the magnetic torque. This implies

that, for the magnetic guidewire, the magnetic torques are still the primary source of

actuation even when it is steered by a single permanent magnet, provided that the

actuating magnet is much larger than the steerable tip of the guidewire (i.e., 𝑅 >> 𝐿)

and sufficiently far from the guidewire tip (𝑑 > 2𝑅). Under these conditions, the

tip deflection behavior of the guidewire can be characterized as a function of the

normalized working distance from the magnet.

4.3.3 Working Distance for the Actuating Magnet

To define the range of working distance for the actuating magnet, we should consider

the workspace constraints due to the patient geometry and surrounding objects as well

as the spatial distribution of magnetic fields around the magnet. We first estimated

a possible working range for the actuating magnet to steer the guidewire while it is

spatially positioned near the patient’s head, with considerations of the average head

size [164] and the anatomical location and orientation of intracranial arteries (Figure

4-14). For guidewire navigation in cerebral arteries, it is reasonable to consider the

distance from the surface of the magnet to the Circle of Willis—an arterial network in

the middle of the head (between the right and left hemispheres; see Figure 4-15A)—

which can be regarded as the farthest area within the cranium from the magnet.

Assuming that the magnet is positioned in one of the nearest possible locations

around the head with some safety margins considered, the estimated distance from

the magnet surface to the Circle of Willis is around 100 mm, as illustrated on the

sagittal plane in Figure 4-14. Then, for navigation from the proximal to the distal

areas of cerebral arteries, the effective working distance between the magnet surface

and the guidewire’s steerable tip would be below 100 mm and further decrease as the

guidewire is advanced to the periphery. For example, if the guidewire is currently in

the distal end (C4 in Figure 4-15B) of the left internal carotid artery (ICA; Figure

4-15B) and about to navigate through the left middle cerebral artery (MCA; Figure

4-15B), the estimated working distance from the magnet surface to the guidewire at

the ICA bifurcation is around 80 to 90 mm, as illustrated on the frontal and transverse
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planes in Figure 4-14. Then, the magnetic field applied from this distance by the

magnet should be strong enough to induce the deflection of the guidewire tip along

the desired direction toward the left M1 segment.

Figure 4-14: Magnet working distance considering the patient geometry and
neurovascular anatomy. Working distance and area for a cylindrical magnet (diameter
and thickness of 100 mm) around the head considering the average head size [164] and
anatomical location and orientation of intracranial arteries illustrated on the sagittal, frontal,
and transverse planes. When viewed from the sagittal plane, the distance from the surface
of the magnet to the Circle of Willis in the middle of the head is estimated to be around 100
mm. When viewed from the frontal and transverse planes, the distance from the surface of
the magnet to left ICA bifurcation is estimated to be 80 to 90 mm. ICA: internal carotid
artery; MCA/ACA: middle/anterior cerebral artery.

Figure 4-15: Anatomy and nomenclature of intracranial arteries. (A) Intracranial
arteries viewed from the frontal plane. (B) Branches and segments of the internal carotid
artery (ICA; C2, C3, and C4), anterior cerebral artery (ACA; A1 and A2), and middle
cerebral artery (MCA; M1 and M2) in the left hemisphere are indicated. For the segments
of the ICA, several classification schemes and various numbering systems exist. Here, we
follow the simple system corresponding to the description by Gibo and colleagues [165]: C4:
Supraclinoid, C3: Cavernous, C2: Petrous, C1: Cervical (C1 is not shown in the figure).
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4.3.4 Principal Modes of Steering Control

The most straightforward way to steer the magnetic guidewire with a single magnet

is to position the magnet in such a way that the guidewire’s distal tip bends toward

the magnet. Such wire tip motion can be achieved by aligning the magnet’s magnetic

moment, which points from the south to the north pole of the magnet along its central

axis, with the desired steering direction to which the tip deflection is to occur. We

define this mode of steering control, which seemingly attracts the distal end of the

guidewire, as the attraction mode (Figure 4-10A). If the magnet is flipped, with its

magnetic moment reversed, the guidewire tip would be repelled away from the magnet

surface. By the same token, we define this mode of steering control as the repulsion

mode (Figure 4-10A). We define the angular position of the magnet relative to the

guidewire by the azimuthal angle (denoted by 𝜙 in Figure 4-10A), which is the angle

formed by the line connecting the base of the guidewire’s softer tip in the undeformed

reference state and the center of the magnet with respect to the straight tip of the

guidewire. The working distance of the magnet is defined as the distance from the

base of the guidewire’s softer tip in the reference state to the center of the magnet

(denoted by 𝑑 in Figure 4-10A).

The tip deflection angle (denoted 𝜃𝐿 in Figure 4-10A) varies with the working

distance (Figure 4-14), which is normalized by the magnet’s radius 𝑅 for nondi-

mensional representation as discussed above. The deflection angle also varies with

the magnet’s angular position 𝜙, helping to achieve larger deflection when 𝜙 is greater

than 90∘ in the attraction mode or smaller than 90∘ in the repulsion mode, respec-

tively (Figure 4-10B). It is worth noting that the asymmetry between the attraction

and repulsion modes is attributed to the influence of magnetic forces resulting from

the spatial gradients of the actuating fields discussed above. In both the attraction

and repulsion modes, the bending actuation is initiated and driven by the magnetic

body torques, because the magnetic body forces are almost negligible in the initial

undeformed configuration. As the guidewire tip deforms and becomes more aligned

with the applied fields, the magnetic body forces increase and attract the guidewire

tip toward the magnet in both steering modes, as can be anticipated from Equation
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(2.46). Consequently, the magnetic body forces help to increase the tip deflection

angle in the attraction mode while decreasing the deflection angle in the repulsion

mode, which leads to the slightly asymmetric profiles of the tip deflection angle as

presented in Figure 4-10B.

Figure 4-16: Transition between the attraction and repulsion steering modes.
(A) Schematic representation and (B) characterization of the magnetic guidewire’s behav-
ior during the transition between the attraction and repulsion modes. Rotating the magnet
along the current bending direction of the guidewire tip (i.e., either clockwise or counterclock-
wise) causes the tip to unwind itself, decreasing the deflection angle 𝜃𝐿, when transitioning
from either the attraction or the repulsion mode to an intermediate state. Counter-rotating
the magnet reverse to the current bending direction, on the other hand, causes the tip to
bend further toward or away from the magnet, increasing the deflection angle, when transi-
tioning from an intermediate state to the attraction or the repulsion mode.
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Transition between the attraction and repulsion modes can be achieved through

flipping the magnet by rotating the axis 7 of the robot arm by 180∘, during which

the steerable tip of the guidewire also changes its configuration in response to the

rotation of the magnet, as illustrated in Figure 4-16A. The rotation angle (denoted

by 𝛼 in Figure 4-16A) is defined as the deviation of the central axis of the magnet

from its unrotated state (in the attraction mode with 𝜙 = 90∘ in Figure 4-16A).

Rotating the magnet along the current bending direction of the guidewire tip (i.e.,

either clockwise or counterclockwise) causes the tip to unwind itself, decreasing the

deflection angle 𝜃𝐿, when transitioning from either the attraction or the repulsion

mode to an intermediate state (Figure 4-16A). Counter-rotating the magnet reverse

to the current bending direction, on the other hand, causes the guidewire tip to

bend further toward or away from the magnet, increasing the deflection angle, when

transitioning from an intermediate state to the attraction or the repulsion mode, as

illustrated in Figure 4-16A. The behavior of the guidewire tip in response to the

rotation of the magnet, which is initially positioned at 𝜙 = 90∘ with 𝛼 = 0∘ (i.e.,

attraction mode), is characterized while varying a from – 45∘ to 225∘ as presented in

Figure 4-16B.

4.3.5 Auxiliary Modes of Steering Control

Although the attraction and repulsion modes serve as the primary steering modes

because of the intuitive control principles, they may not suffice for every possible

case, especially when navigating in areas with unfavorable vascular anatomy for spa-

tial positioning of the magnet due to workspace constraints. For such occasions, in

which minimal motion of the robot arm is desirable, steering control of the magnetic

guidewire can also be achieved through rotation of the magnet around its center,

which corresponds to rotation of the end-effector around the axis 7 of the robot arm.

We define the rotation angle (denoted by 𝛼 in Figure 4-17A) as the deviation of

the central axis of the magnet from its unrotated state, in which the magnet is posi-

tioned at the zero angular position (𝜙 = 0) with its axis aligned with the undeformed

(straight) tip of the guidewire from some working distance 𝑑 (Figure 4-17A). The
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tip deflection angle 𝜃𝐿 varies with the magnet’s rotation angle 𝛼 ranging from – 180∘

to 180∘, as well as the normalized working distance 𝑑/𝑅, as characterized in Figure

4-17B. When the magnet rotates clockwise (𝛼 < 0) from the unrotated state, the

guidewire tip bends counter-clockwise (𝜃𝐿 > 0); when the magnet rotates counter-

clockwise (𝛼 > 0), the guidewire tip bends clockwise (𝜃𝐿 < 0), just as two meshed

gears turn in opposite directions. For the magnet positioned at either – 135∘< 𝛼 <

– 90∘ or 90∘<𝛼<135∘, we define another useful steering mode, so-called the oblique

repulsion mode (Figure 4-17A), which helps to deflect the guidewire tip up to around

90∘ at the normalized working distance of 2.64 (Figure 4-17B).

Figure 4-17: Definition and characterization of the oblique repulsion mode. (A)
Schematic representation of the oblique repulsion mode in which the guidewire tip deflects in
response to the magnet’s peripheral fields outside of the core fields along the axial direction.
The rotation angle 𝛼 is defined as the deviation of the central axis of the magnet from its
unrotated state, in which the magnet is positioned at the zero angular position (𝜙 = 0) with
its axis aligned with the undeformed tip of the guidewire from some working distance 𝑑. (B)
Characterization of the tip deflection angle 𝜃𝐿 while varying the rotation angle 𝛼 from – 180∘

to 180∘ at different normalized working distance 𝑑/𝑅. When the magnet rotates clockwise
(𝛼 < 0) from the unrotated state, the guidewire tip bends counterclockwise (𝜃𝐿 > 0); when
the magnet rotates counterclockwise (𝛼 > 0), the guidewire tip bends clockwise (𝜃𝐿 < 0).

4.3.6 Size of the Actuating Magnet

The mappings between the position and orientation of the magnet and the behavior

of the guidewire’s distal tip presented in Figure 4-10B and Figure 4-17B provide

guidance on how to manipulate the magnet to achieve desired states of the guidewire.
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We define the range of working distances for the magnet in the attraction or repulsion

mode as 2.64 < 𝑑/𝑅 < 3.67 in terms of the normalized distance (Figure 4-10B).

The lower and upper boundaries correspond to the points along the central axis of

the magnet at which the magnetic flux density is 80 mT and 30 mT, respectively,

according to Equation (4.4) (Figure 4-13A). Within this range, the tip deflection

angle can reach up to around 120∘ in the attraction mode and around 90∘ in the

repulsion mode as shown in Figure 4-10B. If we allow the magnet to approach the

patient’s head as close as 70 mm (in terms of the distance from the magnet surface to

the target vasculature) in the scenario discussed above (Figure 4-14), the size of the

smallest possible magnet is calculated to be around 85 mm in terms of both diameter

and thickness (𝑅 = 42.5 mm). If we increase the minimum allowable distance (be-

tween the magnet surface and the target vasculature) to 85 mm, including some safety

margins (around 20 mm from the head surface), the required diameter/thickness of

the magnet becomes around 100 mm (𝑅 = 50 mm), which is considered the ideal size

of the magnet to be used in realistic clinical settings. Hence, a cylindrical magnet

with size of 100 mm was employed and mounted on the most distal joint/link of the

robot arm with its magnetic moment aligned perpendicularly to the joint axis.

4.4 Summary

In Section 4.1, we reviewed different types of existing magnetic manipulation plat-

forms and discussed their merits and demerits in terms of both magnetic actuation

capacity and compatibility with standard imaging modalities for neurovascular in-

tervention in comparison with our proposed system based on a robot arm with a

single actuating magnet. In Section 4.2, we provided system-level description of our

telerobotic neurointerventional platform including the real-time teleoperation inter-

face and general workflow for our system in realistic clinical settings for image-guided

neurovascular intervention. In Section 4.3, we defined principal and auxiliary modes

of steering control for our magnetic soft continuum guidewire with a single actuating

magnet on the basis of quantitative analyses and characterization of the guidewire’s
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behavior under the influence of the applied actuating field as well as the working dis-

tance of the magnet with considerations of the geometrical constraints pertaining to

the patient geometry in realistic clinical settings. Based on the quantitative analyses,

we also provide our rationale behind the determined size of the actuating magnet for

clinical use. In Chapter 5, we extensively validate our system design through a set

of in vitro benchtop experiments as well as in vivo animal studies.
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Chapter 5

Telerobotically Assisted

Neurovascular Interventions

5.1 Telerobotically Controlled Magnetic Navigation

5.1.1 In Vitro Verification with Anatomical Models

Demonstration under real-time optical imaging: For validation of the devel-

oped telerobotic neurointerventional platform, we first evaluated its steering and nav-

igational performance in vitro with an anatomical model that replicate the human

intracranial arteries (Figure 5-1A). This anatomical model includes both carotid

and vertebral arteries and a complete circle of Willis in realistic dimensions. Multiple

aneurysms with different neck morphologies, sizes and angulations from the carrier

vessel are present on the model, as identified in Figure 5-1B. The silicone vessels

were filled with a blood-mimicking fluid, along with a peristaltic pump employed

to generate pulsatile flow, to simulate the friction between commercial hydrophilic

guidewire/catheter surfaces and the real blood vessels.

As part of benchtop verification, we first demonstrated our system’s capability to

guide selective navigation in different branches of cerebral arteries in a 3D neurovascu-

lar phantom under real-time optical imaging (Figure 5-2A) through telerobotically

controlled magnetic manipulation (Figure 5-2B). The task was performed in the
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Figure 5-1: Neurovascular phantom model used in the benchtop verification. (A)
Anatomy and nomenclature of the phantom neurovasculature (ICA: internal carotid artery;
MCA: middle cerebral artery; ACA: anterior cerebral artery; ACoA: anterior communicating
artery; PCoA: posterior communicating artery). The ICA is divided into supraclinoid (C4),
cavernous (C3), petrous (C2), and cervical (C1) segments, following [165]. The acute-angled
corner between the cavernous and supraclinoid portions of the ICA is defined as the carotid
siphon. (B) Detailed location and dimensions of the aneurysms present in the anatomical
model. The given dimensions indicate the inner diameter of the aneurysms.

presence of virtual C-arm models implemented in the robot arm’s task space to sim-

ulate the workspace constraints in clinical settings for complex neurovascular inter-

ventions under biplane fluoroscopy (Figure 5-2C). In addition to the C-arm models,

a virtual human patient on the operating table was also modeled in the robot’s task

space to ensure that the robot arm manipulation could be performed safely without

collisions with the surrounding objects.

The 3D neurovascular phantom was accessed from the left internal carotid artery

(ICA; Figure 5-1) with the magnetic guidewire and the microcatheter, which were

advanced up to the left ICA bifurcation (A1-M1 junction) using the remotely con-

trolled advancing unit. After positioning the actuating magnet to direct the guidewire

tip toward the A1 segment of the left anterior cerebral artery (ACA; Figure 5-1)

through repulsive steering, as shown in Figure 5-2B (00:01), the guidewire was ad-

vanced up to the anterior communicating artery (ACoA; Figure 5-1) and then to the

M1 segment of the right middle cerebral artery (MCA), as shown in Figure 5-2A

(00:03). Then, the guidewire was magnetically steered and manipulated within the

confined space of ACoA complex to selectively reach the right and left A2 segments,
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as shown in Figure 5-2A (00:14∼00:39), which demonstrates our system’s capability

to control the magnetic guidewire remotely and precisely to navigate distal branches

in the complex cerebral vasculature.

Figure 5-2: Benchtop demonstration of telerobotically controlled magnetic steer-
ing and navigation in cerebral arteries. (A) Magnetic steering and navigation in dif-
ferent branches of cerebral arteries. The magnetic guidewire is advanced from the internal
carotid artery (ICA) bifurcation (A1-M1 junction) under repulsive steering to reach the left
A1 segment and then the right A1 and M1 segments sequentially (00:01∼00:03). After repo-
sitioning the magnet to reduce the steering torque, the guidewire is advanced to reach the
right A2 segment of the anterior cerebral artery (ACA) under the repulsive steering mode
(00:14∼00:17). After flipping the magnet to utilize attractive steering, the guidewire tip
is directed toward the left A2 segment and advanced (00:37 00:39). (B) The robot arm’s
motion and configuration are visualized during the demonstrated steering and navigational
task. (C) The C-arm and human patient models implemented in the robot arm’s virtual
task space simulate the realistic workspace constraints in clinical settings for neurovascular
interventions under biplane fluoroscopy.

Demonstration under real-time x-ray fluoroscopy: Next, to demonstrate the

compatibility of our developed system with standard image-guided procedures based

on x-ray, we use the same anatomical model in Figure 5-1 to perform magnetic

steering and navigation under real-time x-ray fluoroscopy (Figure 5-3). As shown in

Figure 5-3A, our magnetic soft continuum guidewire was clearly visible under x-ray

fluoroscopy as standard neurovascular guidewires, and the movement of the steerable

tip in response to the actuating magnet was also clearly observed under the low dose
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(0.35 mGy/min) of x-ray fluoroscopy with a pulse rate of 15 p/s. The C-arm con-

figuration shown in Figure 5-3B was determined to provide a semi-anteroposterior

projection for the target vasculature by angulating in the cranial direction by 28∘ and

then rotating by 12.5∘ to be in the right anterior oblique position (see Figure 5-4

for the C-arm nomenclature). With respect to the fixed frame of reference defined in

Figure 5-3C, the same configuration can be achieved by rotating the C-arm around

the y-axis by 28∘ and then around the x-axis by –12.5∘ from the upright position.

Figure 5-3: Navigation in the left middle cerebral artery (MCA) under real-time
x-ray fluoroscopy. (A) The magnetic guidewire is steered from the left internal carotid
artery (ICA) to the inferior M2 segment of the left MCA of the neurovascular phantom under
low-dose, pulsed fluoroscopy with the average dose rate of 0.35 mGy/min and the pulse rate
of 15 p/s, with no x-ray contrast agent used. (B-C) With cranial angulation of 28∘ (CRA
28∘) and right anterior oblique rotation of 12.5∘ (RAO 12.5∘), the C-arm provides a semi-
anteroposterior (AP) projection for the target vasculature. Under this semi-AP projection,
the guidewire tip was visible at all times during the navigation without its view being blocked
by the actuating magnet even when the magnet appears partially on the fluoroscopic images.
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Figure 5-4: Nomenclature for the angulation and rotation of C-arm fluoroscope.
(A) The term angulation refers to orbital rotation of the C-arm around the y-axis from the
upright position for anteroposterior (AP) projection. Depending on the angulation direction
and the resulting change in the position of the image detector relative to the patient, the
angulated C-arm configuration is defined as either cranial (CRA) or caudal (CAU) position.
(B) The term rotation refers to tilting of the C-arm sideways around the x-axis from the
upright position for AP projection. Depending on the direction of rotation and the resulting
change in the position of the image detector relative to the patient, the rotated C-arm
configuration is defined as either left/right anterior oblique (LAO/RAO) position. (C) If
the C-arm is angulated in the CAU direction by 30∘ and rotated toward the RAO position by
30∘, the resulting configuration is referred to as CAU 30∘ and RAO 30∘. (D) Illustration of
the robot arm deployed in biplanar imaging settings for complex neurovascular interventions
based on a pair of C-arms for simultaneous projections from two different angles.

In this chosen semi-anteroposterior projection, the guidewire tip was clearly visible

in the fluoroscopic images at all times during the navigation even without the use of

x-ray contrast agent. The actuating magnet did not block the view of the guidewire

tip during the steering tasks even though it partially appeared on the fluoroscopic

images. To safely pass the first aneurysm at the acute-angled corner in the left ICA,

the guidewire tip was directed posteriorly under repulsive steering to avoid contact

with the aneurysm and then advanced up to the junction between the left MCA

and the ACA, as shown in Figure 5-3A (00:06∼00:25). Then, the distal tip was

oriented laterally to make a 90∘ turn toward the left MCA under attractive steering,

125



to prevent it from latching onto the small aneurysm at the MCA-ACA junction,

and then advanced up to the third aneurysm at the MCA bifurcation, as shown in

Figure 5-3A (00:25∼00:30). The steerable tip was then directed posteriorly toward

the inferior branch of the left MCA through repulsive steering and further advanced

to reach the distal end of the branch without making contact with the aneurysm at

the corner (MCA bifurcation), as shown in Figure 5-3A (00:40∼00:45).

Figure 5-5: Navigation in the right middle cerebral artery (MCA) under real-
time x-ray fluoroscopy. (A) The magnetic guidewire is steered from the right internal
carotid artery (ICA) to the inferior M2 segment of the right MCA of the neurovascular
phantom under low-dose, pulsed fluoroscopy with the average dose rate of 0.30 mGy/min and
the pulse rate of 15 p/s, with no x-ray contrast agent used. (B-C) With caudal angulation
of 17.5∘ (CAU 17.5∘) and right anterior oblique rotation of 60∘ (RAO 60∘), the C-arm
machine provides a semi-lateral projection for the target vasculature in the demonstrated
navigation. Under this semi-lateral projection, the guidewire tip is visible at all times during
the navigation, and the actuating magnet appears partially on the fluoroscopic image only
when steering the guidewire under the oblique repulsion mode at the first aneurysm.
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We demonstrated another navigational task from the right ICA to the inferior M2

segment of the right MCA. As shown in Figure 5-5A, the guidewire tip’s movement

in response to the magnet motion was clearly visible under the low-dose fluoroscopy

with an average dose rate of 0.30 mGy/min. The C-arm configuration was determined

to provide a semi-lateral projection with caudal angulation of 17.5∘ (see Figure 5-

4 for C-arm nomenclature) and right anterior oblique rotation of 60∘ as shown in

Figure 5-5, B and C. The guidewire tip was clearly visible at all times during the

navigation as shown in Figure 5-5A. The neurovascular phantom we used had a

large aneurysm at the 90∘ corner in the right proximal ICA (C2 in Figure 5-1A).

Starting from the right ICA, the guidewire was magnetically steered using the oblique

repulsion mode to cross the aneurysm without touching its inner wall and advanced up

to the next aneurysm located in the right carotid siphon (the acute-angled corner of

the cavernous (C3) ICA; see Figure 5-1A), as shown in Figure 5-5A (00:01∼00:13).

Then, the guidewire tip was directed toward the distal ICA (C4 in Figure 5-1A)

using repulsive steering to avoid contact with the second aneurysm wall, after which

the guidewire was advanced until the distal tip reached the MCA bifurcation (M1-

M2 junction), as shown in Figure 5-5A (00:24∼00:27). The magnetic guidewire was

then advanced up to the inferior M2 segment under repulsive steering as shown in

Figure 5-5A (00:32∼00:34). The magnet appeared on the image when steering the

guidewire through the oblique repulsion mode while crossing the first aneurysm, but

it did not block the view of the guidewire tip.

5.1.2 Guidewire Tip Visibility during Magnetic Steering

It is worth noting that the actuating magnet did not block the view of the distal

tip of the magnetic guidewire in the demonstrated navigational tasks above, even

though it partially appeared on the optical or x-ray images. To better illustrate this

point regarding the steering principle for our magnetic guidewire, we employed a

2D neurovascular model with planar geometry (Figure 5-6A). While in a simplified

planar form, the model appropriately represented all native pathway attributes as well

as the various anticipated curvatures and disease states such as cerebral aneurysms.
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Figure 5-6: 2D neurovascular model used to illustrate of the guaranteed visibility
of the guidewire tip during magnetic steering. The magnetic guidewire selectively
reaches all of the aneurysms present in the 2D neurovascular model using either attractive or
repulsive steering under real-time x-ray fluoroscopy. The actuating magnet does not block
the view of the distal tip while it is being magnetically steered because the magnet moves
sideways (laterally to the target vasculature).

Using this 2D neurovascular model, we demonstrated our system’s capability to

guide access to each of the aneurysms present in the model selectively through real-

time teleoperation of the system under x-ray fluoroscopy (Figure 5-6B). Starting

from the basilar artery, the magnetic guidewire was first advanced to reach the first

aneurysm at the basilar terminus with its straight distal tip under no effective mag-

netic steering as shown in Figure 5-6C (00:00∼00:05). Positioned on the left side

of the 2D phantom, the actuating magnet was angled and rotated relative to the

distal tip of the magnetic guidewire to utilize either attractive or repulsive steering

to guide its selective access to all other aneurysms in sequence, as shown in Figure
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5-6C (00:20∼01:41). The degree of tip bending was controlled by bringing the actu-

ating magnet either closer to or further away from the steerable tip through joystick

teleoperation of the robot arm’s end-effector.

As can be seen in Figure 5-6C, the actuating magnet did not block the view of the

distal tip while it was being magnetically steered to selectively reach all the aneurysms

in the model cerebral vasculature. This is because, for the 2D vascular model that

was chosen on purpose to illustrate this point, the plane of view (anteroposterior

projection) for state observation of the magnetic guidewire corresponds to the plane on

which the distal tip is being steered by the actuating magnet in the target vasculature.

Hence, the magnet moving sideways (i.e., laterally to the target vasculature) should

not block the view of the steerable tip of the guidewire, even if it can partially appear

on the fluoroscopic images. This argument that the actuating magnet would not block

the view of the distal tip of the magnetic guidewire during steering and navigation

should generally hold for 3D vascular structure as well, as verified in the previous

demonstrations presented in Figures 5-2, 5-3, and Figure 5-5, provided that a

suitable projection (i.e., the plane of view) was chosen for optimal state observation

of the distal tip angle in the target vasculature.

5.1.3 In Vitro Verification in Realistic Clinical Settings

To evaluate our system’s performance in a more realistic setting, we used a human

head phantom with cranial housing and intracranial arteries (Figure 5-7). The

cranial housing of the head phantom imposed realistic workspace constraints of the

patient geometry, which was discussed earlier with Figure 4-14) in Section 4.3.3,

and it helped us to verify whether the actuating magnet with diameter and thickness

of 100 mm (which was determined from quantitative analyses in Section 4.3.6) could

steer the magnetic guidewire in the center of the intracranial space.

Given that the vasculature between the proximal intracranial ICA to the MCA

bifurcation (see Figure 4-15 for neurovascular anatomy) is the most common site

for stroke or aneurysm intervention [166, 167], we chose to demonstrate magnetic

steering and navigation in the left MCA of the phantom. First, to identify the 3D
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structure of the targeted vasculature, a series of images was obtained from 3D ro-

tational angiography with the use of iodinated x-ray contrast mdeia, following the

standard procedure for image-guided neurovascular intervention. The obtained im-

age data were reconstructed into a 3D vessel model (Figure 5-8A), which allowed

us to see the entire vascular structure from different perspectives.

Figure 5-7: 3D neurovascular model with cranial housing to simulate realistic
patient geometry. (A) Realistic human head phantom with replicated intracranial arteries
based on silicone vessels and with cranial housing to simulate the geometrical constraints
due to patient’s head discussed in Figure 4-14. (B) Lateral and (C) anteroposterior views
of the magnetic guidewire navigating in the left ICA with its distal tip being directed toward
the descending portion of the carotid siphon under repulsive steering to avoid contact with
the aneurysm at the apex of the carotid siphon.

Figure 5-8: 3D vascular model of the intracranial arteries of the head phantom.
Reconstructed 3D models of (A) the entire phantom vasculature and (B) the targeted path
from left ICA to MCA from the chosen semi-anteroposterior projection for demonstration.

Based on the vessel model, a semi-anteroposterior projection with caudal angula-

tion of 14∘ and right anterior oblique rotation of 44∘ (CAU 14∘ and RAO 44∘) was

chosen to provide clear view of all the important anatomical landmarks along the cho-

sen path from the left ICA to MCA, as annotated in Figures 5-8B and 5-9A. These
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critical anatomical landmarks includes the carotid siphon—the U-shaped part of the

ICA between the cavernous (C3) and supraclinoid (C4) segments—with an aneurysm,

the ICA bifurcation (A1-M1 junction), and the MCA bifurcation (M1-M2 junction).

The 3D model of the targeted path was also used for preprocedural planning and

simulation of the robot arm’s motion, path, and configuration for spatial positioning

of the actuating magnet to steer the magnetic guidewire at those acute-angled corners

or bifurcation points identified from the 3D vessel model.

Figure 5-9: In vitro demonstration of magnetic steering and navigation in in-
tracranial arteries under real-time x-ray fluoroscopy. (A) Fluoroscopic images of the
magnetic guidewire navigating from the left ICA to MCA under telerobotically controlled
magnetic steering to reach the superior and inferior M2 segments selectively in sequence.
As part of the preprocedural step, digital subtraction angiography (DSA) was performed to
visualize the target vasculature as a roadmap for guidewire steering and navigation. ICA:
internal carotid artery; MCA/ACA: middle/anterior cerebral artery. (B) Actual view and
(C) virtual visualization of the robot arm with an actuating magnet, the C-arm providing
the semi-AP projection for the target vasculature in caudal angulation of 14∘ (CAU 14∘) and
right anterior oblique rotation of 44∘ (RAO 44∘), the human head phantom (or equivalently
the virtual human patient) on the operating table. The arrow on the actuating magnet
indicating the magnet’s polarity identifies which steering mode is being used.

Starting from the left proximal ICA, the guidewire was first advanced to reach

the carotid siphon at which a saccular aneurysm (with an inner diameter of 4 mm)
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was present. As the guidewire entered the ascending part of the carotid siphon in the

absence of magnetic steering, the straight tip of the guidewire was naturally directed

toward the aneurysm (at the apex of the carotid siphon) as can be seen in Figures

5-9A (00:04). To prevent the guidewire tip from contacting the inner wall of the

aneurysm upon further advancement, the actuating magnet was placed above the

carotid siphon for repulsive steering (Figures 5-8, B and C; 00:15), under which the

guidewire tip was directed toward the descending segment of the carotid siphon so

that it could pass the acute-angled corner without touching the aneurysm, as shown in

Figures 5-9A (00:15). The guidewire was then further advanced up to the superior

M2 segment under attractive steering at the ICA bifurcation (A1-M1 junction) to

direct the distal tip to-ward the M1 branch, as shown in Figures 5-9A (00:24∼00:27).

The guidewire was then retracted back to the MCA bifurcation while flipping and

repositioning the magnet for repulsive steering to reorient the guidewire tip toward

the inferior M2 segment, after which the guidewire was advanced until it reached the

end of the inferior M2 segment, as shown in Figures 5-9A (00:40∼00:48). Again,

the C-arm and the human patient models in the robot’s virtual task space (Figures

5-9C) helped to ensure that the robot could be operated without collisions.

This set of demonstrations with realistic in vitro phantoms verifies that magnetic

steering and navigation in intracranial arteries can be achieved with minimal motion of

the actuating magnet through teleoperation of the system under visual feedback from

real-time imaging and visualization in the presence of realistic workspace constraints.

The experimental results presented from Sections 5.1.1 to 5.1.3 demonstrate the

capability of our telerobotically controlled magnetic guidewire to selectively reach the

distal branches of cerebral arteries under magnetic steering, despite the presence of

complex angulation and large aneurysms at the acute-angled corners in the models.

5.1.4 Compatibility with Standard Biplane Fluoroscopy

The demonstrations presented above were based on single-plane fluoroscopy. While it

was possible to perform each task under single-plane imaging, we found that having

two different projections under biplanar imaging could be beneficial for better state
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observation of the guidewire in complex angulations of intracranial vessels. Figure

5-10 illustrates this point by showing the same path demonstrated in Figure 5-3A

under two different C-arm configurations—one with CRA 23∘ and RAO 19∘ for semi-

anteroposterior view and the other with CRA 6∘ and RAO 80∘ for semi-lateral view,

where the two projections are complementary to each other. For example, the semi-

anteroposterior projection provided a better view of the guidewire tip around the

small aneurysm at the ICA bifurcation, whereas the semi-lateral projection allowed

better observation of the wire tip orientation at the MCA bifurcation (Figure 5-10).

To experimentally verify our system’s compatibility with the standard biplane

fluoroscopy in terms of the available workspace for the robot arm, we also performed

the navigational task demonstrated in Figure 5-9 (from the left ICA to the M2 seg-

ments with the human head phantom) in a neurointerventional biplane angiography

suite, as shown in Figure 5-11. Based on the reconstructed 3D vessel model from

rotational angiography (Figure 5-8A), two different projections were determined to

provide clear view of all the important anatomical landmarks in the targeted path in

the model vasculature, as shown in Figure 5-11, A and B.

The semi-anteroposterior projection (with CRA 19∘ and RAO 40∘) showed the left

ICA bifurcation (A1-M1 junction) more clearly, while the semi-lateral projection (with

CRA 6∘ and RAO 118∘) showed the aneurysm at the carotid siphon and the MCA

bifurcation more clearly, as shown in Figure 5-11, C and D, respectively. During

the navigation, the semi-lateral projection helped to better identify the guidewire

tip orientation at locations where the semi-anteroposterior projection alone might

not suffice, allowing for safer manipulation of the guidewire with reduced potential

risks of the aneurysm present on the path being touched or struck by the guidewire.

Throughout the entire navigation under biplane fluoroscopy, the actuating magnet

approached the head space most closely when steering the magnetic guidewire at

the carotid siphon with an aneurysm in the left ICA. The corresponding magnet

position and robot configuration are visualized and shown from different perspectives

in Figure 5-11, E and F, respectively. This reveals that there was a sufficient gap

between the magnet and the head surface even when the magnet was closest.
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Figure 5-10: Simulated biplane fluoroscopy based on combination of two mono-
plane results and C-arm configurations. (A-C) When the guidewire tip is at the
internal carotid artery (ICA) bifurcation (A1-M1 junction), the semi-anteroposterior (AP)
projection can best visualize the tip movement. For effective steering of the guidewire tip at
the ICA bifurcation, the actuating magnet is positioned mostly sideways with its movement
in the lateral direction, and the magnet would not block the view of the guidewire tip on
the semi-AP projection. (D-F) When the guidewire tip reaches the middle cerebral artery
(MCA) bifurcation (M1-M2 junction), the semi-lateral (LAT) projection provides a clearer
view of the guidewire tip deflection, which is now driven by the magnet moving mostly in
the vertical direction. Therefore, the magnet would not block the view of the guidewire
tip on the semi-LAT projection. (G) Semi-AP and (H) semi-LAT monoplane fluoroscopic
images of magnetic navigation in the same vascular path are combined and synchronized to
simulate biplane settings with simultaneous projections. As illustrated in (C) and (F), the
available workspace is sufficient for the robot arm to manipulate the magnet.
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Figure 5-11: Experimental demonstration of magnetic steering and navigation
under biplane x-ray fluoroscopy. (A) Semi-anteroposterior (AP) view of the targeted
path from the left ICA to MCA providing clear view of the ICA bifurcation (A1-M1 junc-
tion). (B) Semi-lateral (LAT) view providing clear view of the aneurysm at the carotid
siphon and the superior and inferior M2 segments at the MCA bifurcation. (C-D) Fluoro-
scopic images of the magnetic guidewire navigating in the target vasculature from the two
different projections (semi-AP with CRA 19∘ and RAO 40∘ and semi-LAT with CRA 6∘ and
RAO 118∘). (E-F) Real-time visualization and actual view of the teleoperated robot arm
under the biplane fluoroscopy setting. The available workspace between the two C-arms was
sufficient for the robot arm to manipulate the magnet around the head phantom.

Overall, the available workspace between the two C-arms was sufficient for the

robot arm to manipulate the magnet around the head phantom (or equivalently the

virtual patient’s head shown in Figure 5-11E) without collisions while steering the

guidewire in the intracranial vessels. This validates that our telerobotic neuroint-

erventional system is also compatible with standard biplane fluoroscopy based on a
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pair of C-arms for simultaneous projections from two different angles. This result

also suggests that our platform based on a compact, lightweight robot arm could be

a cost-efficient alternative to the existing magnetic navigation systems in realizing

robotic telesurgery for stroke intervention.

While single-plane imaging sufficed for most of the navigational tasks demon-

strated, biplanar imaging offered benefits when identifying complex angulations of

intracranial vessels. In this light, standard biplane fluoroscopy may be used when

our system is operated in comprehensive stroke centers or tertiary hospitals that are

equipped with biplane angiography suites. It is worth noting, however, that primary

care centers in rural areas are not necessarily equipped with biplane systems due

mainly to higher acquisition and maintenance costs. Recent studies [155, 156, 157]

have shown that experienced neurointerventionalists can perform complex endovas-

cular procedures such as mechanical thrombectomy equally safely and effectively on

monoplane systems by utilizing angulation or rotation of the C-arm as they do the

same procedures on biplane systems. For these reasons, in the context of telerobotic

stroke intervention, we envision that our system could allow the experienced inter-

ventionalists at large institutions to perform surgical tasks remotely on patients at

their local hospitals equipped with monoplane fluoroscopy systems.

5.2 Steering and Navigation Performance Evaluation

5.2.1 In Vivo Verification with Porcine Artery Model

The series of in vitro phantom studies allowed us to assess the physical and me-

chanical properties of the magnetic guidewire, such as radiopacity, stiffness, lubricity,

and durability, in addition to the steering performance in the simulated human neu-

rovascular anatomy with clinically challenging tortuosity and disease states. While

indispensable, performance evaluation in vitro based on anatomical models in gen-

eral does not fully characterize all clinical experiences, outcomes, and risks [16]. To

verify our system’s performance under realistic in vivo conditions while assessing

the viscoelastic and physiological responses of blood vessels during the endovascular
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manipulation, we conducted animal testing using a porcine model.

Although pigs have been considered as excellent experimental animals for medical

research because of the similarities between human and porcine biology [168], their

head and neck geometry and intracranial arterial anatomy are quite different from

those of humans (Figure 5-12A). For example, in the pig exists a small and dense

network (i.e., plexus) of interconnected vessels called rete mirabile, from which the

internal carotid artery originates intracranially. In addition, the porcine intracranial

arteries are much smaller in diameter (1 mm or less) than the human intracranial

arteries (2 to 5 mm), and two middle cerebral arteries (MCAs) emerge from the

internal carotid artery (ICA) in each hemisphere of the pig unlike human anatomy.

In a pivotal paper, Carniato et al. reported an animal model for in vivo evalua-

tion of neuroendovascular devices based on the porcine brachial artery in the flexed

forelimb position (Figure 5-12B), which is to replicate the clinically challenging

tortuosity of the human ICA at the carotid siphon [169]. Following the reported

protocol for the porcine brachial artery tortuosity model, we evaluated our system’s

steering and navigation performances in the porcine brachial artery with accentuated

tortuosity in the maximally flexed position, as presented in Figure 5-13.

Figure 5-12: Porcine brachial artery tortuosity model for testing neuroendovas-
cular devices. (A) Porcine neurovascular anatomy with a network of small, interconnected
vessels called rete mirabile and two branches of middle cerebral artery emerging from the
internal carotid artery in each hemisphere [168]. (B) Porcine brachial artery in the extended
and fully flexed forelimb positions and the change in tortuosity of the brachial artery [169].
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In vivo animal testing setup: A female Yorkshire swine of 56 kg was used for our

animal testing. All procedures were conducted in accordance with the protocol ap-

proved by the Institutional Animal Care and Use Committee (IACUC) of University

of Massachusetts Medical School and the Committee on Animal Care (CAC) of Mas-

sachusetts Institute of Technology. Following the previously reported protocol [169],

the swine was anesthetized and maintained with mechanical ventilation under contin-

uous monitoring of its physiologic status. A 10-Fr hemostatic introducer (Check-Flo

Performer® Introducer, Cook Medical) was placed in the right femoral artery by

using a modified Seldinger technique. A 0.035-inch diagnostic guidewire (Glidewire,

Terumo) was manually manipulated under x-ray fluoroscopy to reach the brachial

branch of the right subclavian artery, and a 7-Fr guide catheter (Destination® Guid-

ing Sheath, Terumo) was advanced manually over the diagnostic guidewire to be

placed in the proximal brachial artery for contrast injection and angiography. After

removing the diagnostic guidewire, the magnetic guidewire was then advanced up to

the proximal brachial artery to initiate the preclinical evaluation of magnetic steering

and navigation through real-time teleoperation of the system.

First, a series of images of the target vasculature in the right forelimb was ob-

tained from 3D rotational angiography while injecting the contrast agent through

a 7-Fr guide catheter positioned in the brachial branch of the subclavian artery in

the flexed forelimb position (Figure 5-13A). The acquired images were then recon-

structed into a 3D vessel model (Figure 5-13B), which allowed for a detailed view of

the vascular structure from different perspectives for preprocedural planning. Based

on the reconstructed 3D vessel model, a semi-anteroposterior projection was chosen

to provide clear view of all the side branches (numbered in Figure 5-13, B and D)

present along the target path in the brachial artery, through the C-arm configuration

with CRA 4∘ and LAO 34∘ (Figure 5-13C). Then, digital subtraction angiogra-

phy was performed to visualize the target vasculature on the live fluoroscopy images

from the chosen projection. The vessel roadmap taken from the angiography was

graphically overlaid on top of the fluoroscopic images for clear representation, and

the guidewire was highlighted to make it clearly visible in Figure 5-13D.
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Figure 5-13: In vivo demonstration of telerobotically controlled magnetic navi-
gation in porcine brachial artery. (A) 3D rotational angiography of the porcine brachial
artery with accentuated tortuosity in the maximally flexed forelimb position to replicate the
tortuosity of the human carotid siphon. (B) Reconstructed 3D model of the target vascu-
lature viewed from a semi-anteroposterior (AP) projection with all the side branches along
the path clearly shown and numbered. (C) Graphical representation of the experimental
setup with the C-arm configuration for the chosen semi-AP projection with CRA 4∘ and
LAO 34∘). (D) Fluoroscopic images of the magnetic guidewire navigating in the target
vasculature under telerobotically controlled magnetic steering avoiding entering undesired
branches (1 and 2) at the acute-angled corners (00:06∼00:20). The guidewire was steered
to selectively reach the side branches (4 and 5) present on the path (00:45∼01:04) and
then reach the goal after negotiating the tortuous region with 360-degree and 90-degree
turns (01:33∼01:37). (E) Real-time visualization of the robot arm in a virtual environment
simulating the physical testing setup including the C-arm and the anesthetized pig on the
operating table. The target vasculature and the magnetic field lines around the actuating
magnet are also visualized in real time to enable preprocedural planning of the robot arm’s
motion for spatial positioning of the magnet relative to the target vasculature. (F) Actual
view of the robot arm positioning the magnet based on the prescribed magnet position and
orientation for the steering and navigational task upon the operator’s command from the
remote-control console. Out of respect for the animal and to comply with the Institutional
Animal Care and Use Committee (IACUC) policy on photography of research animals, the
pig was covered during the video recording.
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The first two side branches (1 and 2 in Figure 5-13, B and D) in the proximal

brachial artery were located at the acute-angled corners, into which the straight tip

of the guidewire would have naturally been directed if it were not steered by the

externally applied magnetic fields. To prevent the guidewire tip from entering the

undesired branch at each corner, the position and orientation of the actuating magnet

were identified such that the guidewire tip could be steered toward the desired path,

using the 3D vessel model implemented in the virtual task space of the robot arm for

real-time visualization and motion planning (Figure 5-13E).

The corresponding end-effector pose and the configuration of the robot arm were

prescribed so that the actuating magnet could readily be positioned upon the oper-

ator’s command from the remote-control console to steer the magnetic guidewire, as

shown in Figure 5-13, D to F (00:06∼00:20). To demonstrate selective navigation

in different branches in the distal area, the magnet pose was prescribed such that the

guidewire tip could be steered to selectively reach branches 4 and 5 consecutively, as

shown in Figure 5-13, D to F (00:45∼01:04). Lastly, the guidewire tip was advanced

into the tortuous area with a 360-degree turn followed by another sharp turn before

the goal location. The guidewire tip was initially directed toward the entering curve

of the 360-degree turn, repelled sideways at the 90-degree corner to make its shape

favorable for the sharp turn, and then advanced until it reached the goal, as shown in

Figure 5-13, D to F (01:33∼01:37). It is worth noting that the x-ray fluoroscopy was

intermittently stopped while repositioning the robot arm to minimize the radiation

exposure to the animal as well as the staff present in the catheterization laboratory.

One noticeable difference observed from the in vivo testing above was that the

guidewire in the proximal area tended to deviate more greatly from the vessel roadmap

as it proceeded more distally along the path, as shown in Figure 5-13D, which was

rarely observed in the silicone vessels during our in vitro phantom studies presented

earlier. This can be attributed to the deformation of the soft blood vessels due to the

stiff guidewire, which normally occurs during endovascular navigation with standard

guidewires. Nonetheless, the deformation of the proximal vessels had no effect on the

steering of the distal tip of the magnetic guidewire. Except for this apparent deviation
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of the guidewire from the roadmap, the behavior of the magnetic guidewire in the

tortuous porcine brachial artery during the steering and navigational task in vivo was

close to that observed in the silicone phantoms, in terms of the device performance

and characteristics such as steerability, lubricity, and durability. Notably, no adverse

biological or physiological responses such as thrombosis or hemorrhagic complications

due to endothelial injury such as vessel dissection or perforation were observed during

the demonstrated steering and navigational task in vivo. In addition, no adverse

events were observed due to the presence of the magnetic field during the setup, use,

and completion of the experiment. These results validate the safety and effectiveness

of the telerobotically controlled magnetic steering and navigation in complex and

tortuous vasculature in realistic in vivo conditions.

5.2.2 Usability Testing and Learning Curve Assessment

Our system allows the operator to remotely control the magnetic guidewire by ma-

nipulating the actuating magnet through the robot arm while advancing or retracting

the guidewire along with the microcatheter for endovascular navigation and interven-

tion. Although the primary role of the magnetic guidewire is the same as that of

conventional ones, in terms of enabling access to the target lesion to initiate inter-

ventional procedures, the way in which the magnetic guidewire is manipulated for

steering purposes is quite different from the manually controlled passive guidewires

based on the twisting maneuver. Hence, new users must be trained to learn how to

drive the robot arm and the advancing units with the given teleoperation interface

to be able to manipulate the magnetic guidewire and microcatheter under feedback

from real-time imaging and visualization.

To assess the learning curve and evaluate the user experience, we conducted a

pilot study with 6 participants who had no prior experiences with the developed

telerobotic manipulation platform. The novice group consisted of 2 engineers with

expertise in robotically assisted image-guided therapy and 4 experienced neurointer-

ventionalists. For this learning curve assessment, we use the same 3D neurovascular

phantom demonstrated in Figure 5-3 and conducted the experiment in the catheter-
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ization laboratory equipped with a standard neurointerventional angiography suite

(Figure 5-14, A and B). The given task for learning curve assessment was endovas-

cular navigation from the left proximal internal carotid artery (ICA) to the inferior

M2 segment of the left middle cerebral artery (MCA), as shown in Figure 5-14C.

Figure 5-14: Learning curve assessment for magnetic steering and navigation
through real-time teleoperation of the system under fluoroscopic imaging. (A-
B) Experimental setup for the usability testing and learning curve assessment using a 3D
neurovascular phantom under single-plane x-ray fluoroscopy. (C) Defined navigational task
for the learning curve assessment from the left internal carotid artery (ICA) to the infe-
rior M2 segment of the middle cerebral artery (MCA). (D) Time it took for experienced
users to complete the defined task versus the number of completed trials (15 trials each
from 2 experienced users). (E) Average learning curve for the novice group (2 engineers
and 4 neurointerventionalists with no prior experience with the developed system) based on
the average procedural time (mean ± standard deviation) for each trial. The mean values
are fitted with a logarithmic curve, and the standard deviation is given as the shaded area
below/above the curve. The individual learning curves are presented in Figure 5-15. Com-
parison of the navigational performance of an experienced neurointerventionalist with the
manually controlled passive guidewire and the telerobotically controlled magnetic guidewire
(after training) for the same navigational task is available in Figure 5-16.

Learning curves were obtained by tracking procedural time taken for the defined

task as a metric for performance over 15 consecutive trials for each participant. Prior

to data collection from the novice group, procedural time was measured from 2 expe-

rienced users (over 15 consecutive trials for each) for comparison. As shown in Figure

5-14D, the experienced group displayed relatively consistent performance with small
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deviations over the repeated trials. On average, it took 47.8±12.2 s (mean± standard

deviation) for the experienced group to complete the given task. The novice group

was trained by the experienced users to learn the magnetic steering principles. As

part of the training curriculum, each novice performed 3 practice runs to familiar-

ize themselves with real-time teleoperation of the system under the guidance of the

experienced users before starting to track the procedural time.

The average learning curve of the novice group is presented in Figure 5-14E,

with the individual learning curves presented as well in Figure 5-15, where each

dataset was fitted with a logarithmic curve. The average learning curve was short,

exhibiting fast decay of the measured time over the number of completed trials. On

average, the novice group was able to reduce the procedural time by half after around

5 trials and reach the similar proficiency level of the experienced group after around

12 trials (Figure 5-14E). The average of the entire trials (𝑛 = 90; 15 trials from each

of the 6 novices) was 92.8± 61.7 s, which was almost double that of the experienced

group with much greater deviations.

Figure 5-15: Individual learning curves for novices performing magnetic steering
and navigation through real-time teleoperation of the system under fluoroscopic
imaging. The average time it took for each participant in the novice group (2 engineers and
4 neurointerventionalists with no prior experience with the developed system) to complete
the defined task in Figure 5-14C versus the number of completed trials (fitted with a
logarithmic curve), which is compared with the average procedural time for the experienced
group (𝑛 = 30; 15 trials from each of the 2 experienced users) as well as the total average
of the novice group (𝑛 = 90; 15 trials from each of the 6 novices).
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One of the main difficulties faced by the novices while performing the given task

was the presence of the large aneurysm at the acute-angled corner in the carotid

siphon, which imposed a navigational challenge that turned out to be the main rate-

limiting factor. Even though the guidewire tip was seemingly directed correctly to-

ward the desired branch (C4; see Figure 5-1A), it tended to exit the desired branch

and inadvertently fall into the aneurysm upon further advancement of the guidewire

when the actuating magnet was wrongly positioned or oriented, producing insufficient

repulsive steering torque. This navigational challenge, however, became certainly

manageable after a few trials and could eventually be overcome by every participant,

leading to the time reduction. The average of the last 5 trials of the novice group

(𝑛 = 30; last 5 trials from each of the 6 novices) was 50.1± 17.4 s, which was close to

the average procedural time (47.8±12.2 s) of the experienced group (𝑛 = 30; 15 trials

from each of the 2 experienced users). We found no statistically significant difference

between the two datasets from Welch’s t-test (two-sample t-test assuming unequal

variances). These results verify that our designed system requires a relatively short

period of time for new users to learn how to navigate clinically challenging anatomy

with the magnetic guidewire through real-time teleoperation of the system.

5.2.3 Comparison with Conventional Passive Guidewires

We further evaluated the steering and navigational performance of our telerobotically

controlled magnetic guidewire in comparison with that of a manually manipulated

conventional guidewire by an experienced neurointerventionalist as shown in Figure

5-16A. For this comparison of the steering and navigational performance, the in-

terventionalist performed the same navigational task demonstrated earlier in Figure

5-13C using a standard 0.014-inch neurovascular guidewire (Synchro 2, Stryker) with

a shapeable distal tip for steering purposes (Figure 5-16, B and C). The procedu-

ral time it took for the interventionalist to complete the task was measured over 10

consecutive trials (Figure 5-15D). Before measuring time, the interventionalist was

given several practice trials to familiarize himself with the given vascular anatomy

and to produce steady-state performances for fair comparison.
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Figure 5-16: Clinician’s performance with a telerobotically controlled magnetic
guidewire in comparison with that with a manually controlled passive guidewire.
(A) An experienced neurointerventionalist manually manipulating a conventional neurovas-
cular guidewire with pre-bent distal tip for twist-based steering under real-time x-ray fluo-
roscopy. (B) Defined navigational task for the performance comparison from the left internal
carotid artery (ICA) to the inferior M2 segment of the middle cerebral artery (MCA). (C)
Conventional neurovascular guidewire (Synchro 2, Stryker) with an outer di-ameter of 0.014
inches (360 m) and pre-bent (shapeable) distal tip. (D) Comparison of the procedural
time (average ± standard deviation) for the trained neurointerventionalist to complete the
defined navigational task using the manually controlled passive guidewire and the telerobot-
ically controlled magnetic guidewire over 10 consecutive trials (𝑛 = 10) for each experiment.
Error bars with whiskers indicate the standard deviation of the measured time, and statis-
tically significant differences are indicated with asterisks (*𝑃 < 0.05). The interventionalist
has +4 years of training and experiences in endovascular neurointervention based on con-
ventional guidewire manipulation and was trained with the telerobotic manipulation system
for less than 1 hour (see Novice 3 in Figure 5-15). (E) The number of incidents with unde-
sirable guidewire behavior such as the distal tip colliding with or looping inside aneurysms
or falling into undesired branches during the given navigational task.

One of the navigational challenges encountered was the acutely angled left carotid

siphon with a large aneurysm (Aneurysm 1 in Figure 5-16B), where the 90∘-angled

tip of the guidewire frequently failed to pass the sharp corner due to the presence

of large open space inside the aneurysm. Crossing this corner with the pre-shaped

guidewire was successful only in 5 trials (Trials 3, 4, 5, 6 and 10) out of the 10

consecutive trials. In those 5 successful trials, however, the guidewire’s pre-bent tip

was prone to fall into the posterior communicating artery (PCoA; see Figure 5-1A)
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upon further advancement after passing the aneurysm, which was unintended. When

the guidewire continuously failed to cross the corner (Trials 1, 2, 7, 8, and 9), the

interventionalist chose to loop the guidewire in the aneurysm to access the desired

branch. However, this guidewire looping maneuver can be potentially dangerous,

especially in ruptured or in partially thrombosed aneurysms due to the risk of bleeding

or displacement of thrombus [170], which can lead to undesirable situations due to

hemorrhagic or thromboembolic complications.

We also noticed that the pre-bent tip of the guidewire occasionally latched onto

a small aneurysm (Aneurysm 2 in Figure 5-16B) located at the distal end of the

supraclinoid (C4) ICA, as can be seen in Figure 5-17A (00:42). At the MCA bi-

furcation with another aneurysm (Aneurysm 3 in Figure 5-16B), the pre-shaped

guidewire also frequently failed to access the desired inferior M2 branch, encounter-

ing a similar navigational challenge due to the presence of an aneurysm at the acutely

angled corner in 6 trials (Trials 3, 4, 5, 7, 8, and 10). In these 6 trials, accessing the

desired branch required another potentially risky looping maneuver to pass the corner

with the aneurysm, as shown in Figure 5-16F (00:58∼01:14). Overall, the manu-

ally controlled passive guidewire showed unpredictable behavior in those clinically

challenging areas, causing several unintended or undesirable incidents such as the

guidewire tip colliding with aneurysms, looping inside aneurysms, or falling into un-

desired branches. The number of such undesirable events encountered while manually

manipulating the guidewire was counted for each trial as presented in Figure 5-16E.

Unlike the manually controlled passive guidewire, the telerobotically controlled

magnetic guidewire enabled access to the clinically challenging branches without re-

quiring a dangerous looping maneuver in the aneurysm sac and obviated unexpected

or unintended guidewire tip movements, as can be seen in Figures 5-16E and 5-17B.

Overall, the average time to complete the given task was shorter with the teleroboti-

cally controlled magnetic guidewire (42.9±10.5 s) when compared with the manually

controlled passive guidewire (63.7± 22.4 s), and we found statistically significant dif-

ference in the procedural time between the two approaches (𝑃 < 0.05) during the 10

consecutive trials.
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Figure 5-17: Comparison of the steering and navigational performances of the
manually controlled passive guidewire and the telerobotically controlled mag-
netic guidewire. (A) The pre-bent tip of the conventional guidewire tended to undergo
unpredictable and undesirable motion while making frequent contact with the aneurysms
present along the path due to the limited steering capability based on twisting maneuver.
(B) The magnetic guidewire demonstrated smooth navigation in the narrow and tortuous
pathways without any unintended distal tip movement or contact with the aneurysms along
the navigated path due to its active steering.

Figure 5-18 illustrates one of the inherent limitations with the conventional pas-

sive guidewires with pre-shaped tips. In this demonstration, the same path demon-

strated in Figure 5-5 from the right ICA to the aneurysm at the right M1-M2

junction was navigated using the standard neurovascular guidewire with its 90∘ tip

initially. This single-angled tip, however, was not ideal for the given path and failed to

cross the wide-neck aneurysm at the corner, as can be seen in Figure 5-18A. In the

second trial after reshaping into a double-angled tip, the modified tip was still unable

to cross the large gap within the aneurysm, as shown in Figure 5-18B. Successful

crossing was made possible only after another reshaping maneuver to make the distal

tip triple angled, as can be seen in Figure 5-18C (00:00∼00:10). The increased

radius of curvature, however, resulted in greater resistance due to the dragging of the

bent tip on the vessel wall, causing the guidewire to buckle to form a loop inside the

wide-neck aneurysm at the corner, as observed in Figure 5-18C (00:14∼00:34). To
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circumvent these seemingly contradicting situations, in practice, multiple reshaping

of the distal tip as well as repetitive retraction and advancement of the guidewire and

microcatheter are necessary, which inevitably increases the overall procedural time

and hence the radiation exposure to the patient and interventionalists.

Figure 5-18: Illustration of the functional limitations inherent in manually con-
trolled passive guidewires with shapeable distal tips. (A) Initial trial of navigation
in the right ICA with a wide-neck aneurysm at the 90∘ corner of the petrous (C2) segment
with a conventional neurovascular guidewire with a single-angled (90∘) distal tip which was
not ideal to cross the wide-neck aneurysm. (B) Second trial after reshaping into a double-
angled tip, which also failed to cross the large gap within the aneurysm. (C) Third trial
after another reshaping maneuver to make the distal tip triple angled, which resulted in
greater resistance due to the dragging of the bent tip on the vessel, causing the guidewire
to buckle to form a loop inside the wide-neck aneurysm at the corner (00:14∼00:34).
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While conducting the experiments to compare the steering and navigational per-

formance of our telerobotically controlled magnetic guidewire and that of the man-

ually controlled passive guidewire in Figures 5-16 and 5-17, we also assessed the

operator’s workload in each trial using the NASA Task Load Index [171] as presented

in Figure 5-19. We found statistically significant (𝑃 < 0.05) reduction in the op-

erator’s workload in terms of the mental demand, temporal demand, performance,

effort, and frustration with the telerobotically controlled magnetic guidewire when

compared with the manually controlled passive guidewire.

Figure 5-19: Workload assessment during the comparison of performances with
the manually controlled passive guidewire and with the telerobotically controlled
magnetic guidewire. Mental demand indicates how much mental and perceptual activity
was required. Physical demand indicates how much physical activity was required. Temporal
demand indicates how much time pressure the operator felt due to the rate or pace at which
the tasks occurred. Performance indicates how successful the operator thinks he/she was
in accomplishing the goals of the task. It should be noted that a lower score indicates that
the operator was more satisfied with his/her performance during the task. Effort indicates
how hard the operator had to work both mentally and physically to accomplish his/her level
of performance. Frustration level indicates how discouraged and stressed the operator felt
during the task. Error bars indicate standard errors of the mean scores from the 10 trials
(𝑛 = 10). Statistically significant differences are indicated with asterisks (*𝑃 < 0.05).

These experimental results with quantitative comparison data demonstrate that

the telerobotically controlled magnetic guidewire can help to reduce the procedural

time as well as the potential risk of vascular perforation or aneurysm rupture while

allowing for the operator to work remotely to minimize the radiation exposure. The

results also indicate that the telerobotically controlled magnetic navigation could be
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more predictable and less dependent on the experience and skill of the operator when

compared with the manually controlled passive guidewire. This performance compar-

ison was conducted by only one interventionalist and hence further studies based on a

multiuser trial will be required to confirm the comparison results. Nonetheless, given

the technical challenges and functional limitations inherent in conventional guidewires

with shapeable or pre-shaped distal tips, we believe that the demonstrated steering

and navigational capabilities of our telerobotic neurointerventional system suggest its

potential for improving the quality of endovascular neurosurgery by enabling safer

and quicker access to hard-to-reach lesions in the complex neurovasculature.

5.2.4 Comparison with Magnet-tipped Guidewires

Lastly, we compared the steering and navigational performance of our magnetic soft

continuum guidewire with that of the conventional magnet-tipped design based on

a rigid, finite-sized magnet attached to the distal end of a flexible guidewire. The

magnet-tipped guidewire for comparison was fabricated by attaching a cylindrical

NdFeB magnet (axially magnetized) with diameter of 400 𝜇m and length of 4 mm

at the distal end of a 0.016-inch neurovascular guidewire (Headliner, Terumo). The

potted magnet was coated with a thin layer of soft composite based on TPU mixed

with tungsten powder, where the tungsten particles were used as nonmagnetic ra-

diopaque fillers. For fair comparison, other mechanical properties and the dimension

of the magnet-tipped guidewire were designed to be close to those of our magnetic

guidewire except for the distal portion with the embedded rigid magnet. The outer

diameter of the distal tip of the magnet-tipped guidewire was approximately 600 𝜇m,

due to the presence of the finite-sized magnet within the polymer jacket, and further

miniaturization was practically infeasible as the potted NdFeB magnet was prone to

brittle fracture during the fabrication process when even thinner magnets were used

to reduce the diameter.

We hypothesized that the rigid and stiff distal tip of the magnet-tipped guidewire

could make it difficult to navigate narrow and winding pathways in the distal cerebral

vasculature as it lacks the ability to conform to the given environment. To validate
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this, we chose to navigate the distal branches of cerebral arteries in the 2D neurovascu-

lar model, which was shown earlier in Figure 5-6, using our magnetic guidewire and

the magnet-tipped guidewire. For fair comparison of their navigational performances,

both were manipulated using our telerobotic neurointerventional platform.

Figure 5-20: Comparison of steering and navigational performance with the
conventional magnet-tipped design. (A) The magnetic soft continuum design with a
soft and flexible distal tip and (B) the conventional magnet-tipped design with a rigid and
stiff distal tip. The flexible distal tip of the magnetic soft continuum robot enables smooth
navigation in the tight and tortuous areas in the ACA, whereas the rigid and stiff tip of
the magnet-tipped guidewire prevents it from working through the target vasculature due
to the lack of ability to conform to the given environment, which leads to the buckling and
herniation of the guidewire in the middle of the navigated path upon further advancement.
ACA: anterior cerebral artery, MCA: middle cerebral artery, PCA: posterior cerebral artery.

As demonstrated in Figure 5-20B, the magnet-tipped guidewire tended to buckle

in the middle of the navigated path upon further advancement and herniate into

the open space of an undesired branch, as the rigid distal tip did not allow the

guidewire to pass the sharp corners in the tight areas of the ACA. This undesirable

event was repeatedly observed in other similarly narrow and winding pathways in the

model neurovasculature, validating the above-mentioned hypothesis. On the contrary,

our magnetic soft continuum guidewire demonstrated the ability to conform to the

environment using its soft and flexible distal tip and smoothly navigated the narrow

and winding pathways of the model cerebral vasculature, as can be seen in Figure

5-20A. This result illustrates the unique advantage of our magnetic soft continuum
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design over the conventional magnet-tipped guidewires in realizing structurally simple

yet effective means of magnetic steering at submillimeter scales for neurovascular

applications.

Figure 5-21: Comparison of the behavior of a magnetic continuum guidewire and
a magnet-tipped guidewire in attractive and repulsive steering modes with a sin-
gle actuating magnet. The magnetic continuum guidewire exhibits relatively symmetric
behavior in the attractive (A) and repulsive (B) steering modes, whereas the magnet-tipped
guidewire shows largely asymmetric behavior due mainly to the strong attractive force acting
on the embedded magnet at the end towards the actuating magnet in both steering modes.

Another key difference between our magnetic soft continuum design and the con-

ventional magnet-tipped design lies in their steering principles. We know from Equa-

tion (2.46) that the magnetic force can be suppressed by minimizing the effect of

field gradients while reducing the strength of the object’s magnetic moment. By

reducing the strength of the overall magnetic moment through dispersing small mag-

netic particles instead of embedding finite-sized permanent magnets, magnetic forces

acting on our magnetic soft continuum guidewire can be effectively suppressed. In

other words, our magnetic guidewire with uniformly distributed magnetic particles

have much diluted magnetization across the device, whereas the conventional magnet-

tipped design with a finite-sized magnet attached to its end has highly concentrated

and localized magnetic moment at the distal tip. Because the magnetic force always

tends to attract the embedded magnets toward the actuating magnet, steering control

of the magnet-tipped devices using a single magnet can be easily complicated by the

coupled interaction from the magnetic torques and forces, exhibiting largely asym-

metric behavior between the attractive and repulsive steering modes, as illustrated

in Figure 5-21. On the contrary, our magnetic soft continuum guidewire can utilize
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the magnetic torque as the primary source of actuation in steering control while ex-

periencing negligible influence from the magnetic force to maintain almost symmetric

behavior in both attractive or repulsive steering modes.

5.3 Telerobotically Assisted Therapeutic Procedures

As demonstrated in Section 5.1, the primary role of our magnetic guidewire is to

provide safe and fast access to target lesions in the complex neurovasculature. Once

the guidewire reaches the target lesion, a microcatheter is advanced over the guidewire

along the navigated path, after which the guidewire is withdrawn. Then, the micro-

catheter serves as a physical channel through which the therapeutics can be delivered

to the target lesion. For endovascular treatments of aneurysms or stroke, therapeu-

tic devices such as embolization coils or a stent retriever need to be delivered to

the target lesion through a microcatheter. In this section, we further demonstrate

our system’s capability to telerobotically assist therapeutic procedures that are com-

monly performed in endovascular neurosurgery such as coil embolization for treating

intracranial aneurysms and clot retrieval thrombectomy for treating ischemic stroke.

5.3.1 Endovascular Treatment of Cerebral Aneurysms

Aneurysms are localized points of vessel-wall weakening that create saccular or fusiform

dilatations of the vessel wall leading to risk of rupture [172]. Intracranial aneurysms

are typically treated endovascularly by deploying coils through a microcatheter to

promote thrombosis within the aneurysm to eliminate blood flow into the dilated

area, thereby reducing the risk of rupture [173]. To demonstrate robotically assisted

aneurysm coiling with our developed telerobotic neurointerventional platform, we

used the same 3D neurovascular phantom with multiple aneurysms (Figure 5-1)

that was used for benchtop verification in Section 5.1 and 5.2. The most distal

(and hence most difficult-to-reach) aneurysms at the left and right MCA bifurcations

(M1-M2 junctions) were chosen for demonstration of coil embolization through our

telerobotic neurointerventional platform.
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Figure 5-22: Demonstration of telerobotically assisted aneurysm coil emboliza-
tion in the middle cerebral artery. (A) Magnetic steering and guidewire navigation up
to the target aneurysm in the left middle cerebral artery (MCA) (00:00∼00:38) and micro-
catheter placement in the target aneurysm sac while retracting the guidewire (00:46∼00:55)
through real-time teleoperation of the system under x-ray fluoroscopy. (B) Coiling of the
target aneurysm by delivering embolization coils into the aneurysm sac through the placed
microcatheter under joystick teleoperation of the advancing unit.

To reach the target aneurysm at the left MCA bifurcation, the magnetic guidewire

was first steered in the left internal carotid artery (ICA), where a large saccular

aneurysm (with an inner diameter of 9 mm) was present in the carotid siphon (Figure

5-1). To cross the large gap within the aneurysm while avoiding contact with the

inner wall of the aneurysm, the guidewire was manipulated under repulsive steering

and advanced to the ICA bifurcation (A1-M1 junction) as shown in Figure 5-22A

(00:00∼00:12). Then, the guidewire was directed toward the left M1 segment to

make a 90∘ turn under attractive steering, without touching the small aneurysm

(with an inner diameter of 5 mm) located at the distal ICA (C4 in Figure 5-1A),

and then advanced up to the target aneurysm (with an inner diameter of 7 mm)

at the left MCA bifurcation (M1-M2 junction) as shown in Figure 5-22A (00:24).

The guidewire was then directed toward the inferior M2 segment through repulsive
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steering to avoid touching the target aneurysm upon further advancement, as shown

in Figure 5-22A (00:34∼00:38).

Then, the microcatheter was advanced up to the M1-M2 junction, after which

the magnetic guidewire was retracted so that the microcatheter’s distal tip could be

placed inside the target aneurysm, as shown in Figure 5-22A (00:46∼00:55). After

full retraction and withdrawal from the microcatheter, the magnetic guidewire was

replaced by an embolization coil device with its push wire engaged with the guidewire

advancing unit. After the device exchange, the coil was advanced and delivered

through the microcatheter into the target aneurysm under the joystick control of

the advancing unit, as shown in Figure 5-22B (00:04∼00:30). The real-time x-ray

fluoroscopy confirmed successful coil placement in the target aneurysm.

We performed another aneurysm coiling with our telerobotic neurointerventional

system in the most distal aneurysm at the right MCA bifurcation, as presented in

Figure 5-23A. Two large aneurysms were present in the neurovascular phantom

(Figure 5-1), one with an inner diameter of 9 mm at the corner in the right ICA

(C2) and the other with an inner diameter of 7.5 mm at the carotid siphon (C3-

C4). Both of them were imposing navigational challenges due to their presence at the

acute-angled corners. The C-arm configuration was determined to provide a semi-

lateral projection with caudal angulation of 18∘ (CAU 18∘) and right anterior oblique

rotation of 60∘ (RAO 60∘).

Starting from the proximal ICA, the guidewire was magnetically steered using the

oblique repulsion mode to cross the first aneurysm without touching its inner wall and

then advanced up to the second aneurysm as shown in Figure 5-23A (00:00∼00:10).

Then, the guidewire tip was directed toward the distal ICA (C4) using repulsive

steering to avoid contact with the second aneurysm, after which the guidewire was

advanced until its distal tip reached the right MCA bifurcation (M1-M2 junction),

as shown in Figure 5-23A (00:30). The guidewire was then further advanced to

reach the inferior M2 segment under repulsive steering, as shown in Figure 5-23A

(00:37∼00:39), which was to ensure that sufficient distance from the target aneurysm

to the guidewire tip was reserved for smooth microcatheter advancement over the
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guidewire. The microcatheter was then advanced up to the target aneurysm while

retracting the guidewire so that the microcatheter tip could be placed in the aneurysm

sac, after which the guidewire was completely withdrawn, as shown in Figure 5-23A

(00:39∼00:56). An embolization coil was delivered through the microcatheter under

the joystick control of the advancing unit until the aneurysm became densely packed

with the coil, as shown in Figure 5-23B.

Figure 5-23: Telerobotically assisted aneurysm coiling in the right middle cere-
bral artery. (A) Guidewire navigation under magnetic manipulation up to the target lesion
in the right middle cerebral artery (MCA) through real-time teleoperation of the robot arm
(00:00∼00:39) and microcatheter placement in the targeted aneurysm upon the retraction of
the guidewire (00:46∼00:56). (B) Endovascular coiling of the target aneurysm by delivering
embolization coils into the aneurysm sac through the microcatheter.

These experimental results presented in Figures 5-22 and 5-23 clearly suggest

the potential of our system for robotically assisted endovascular coiling of cerebral

aneurysms to treat or prevent hemorrhagic stroke with potentially reduced operative

time, perioperative risk, and x-ray exposure. These results also illustrate the versatile

applicability of our system to endovascular coiling for treating intracranial aneurysms

in more distal and hence more difficult-to-reach areas of the cerebral vasculature,

when compared with the existing vascular robotic systems that have been limitedly

applicable to intracranial aneurysms in relatively easy-to-reach areas (Figure 1-4).
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5.3.2 Endovascular Treatment of Ischemic Stroke

Next, we investigated the feasibility of our system for endovascular treatment of is-

chemic stroke due to cerebral infarction. For the feasibility test, we used a simulated,

nonbiological blood clot to create occlusion in the M1 segment—one of the most

common sites for a thrombus to lodge to cause cerebral ischemia [166]—in the right

middle cerebral artery (MCA) of the same neurovascular phantom we used for demon-

strating the aneurysm coiling procedures. The artificial clot used in our experiment

had similar mechanical and viscoelastic properties to a real blood clot [174]. Given

that the clot by itself was not visible under x-ray, the magnetic navigation and clot

retrieval procedures were initially performed under real-time optical imaging (x-ray

results will follow) to better visualize the process, as shown in Figure 5-24.

Steering control and manipulation of the magnetic guidewire to the occluded site

were similar to what was described for the previous demonstration of guidewire navi-

gation in the same path presented in Figure 5-23, until the distal tip of the guidewire

reached the clot, as shown inFigure 5-24A (00:00∼00:34). The guidewire was fur-

ther advanced so that the distal tip thrust itself into the tiny gap between the clot

and the vessel wall, under careful control of the guidewire advancing unit to avoid

touching the inner wall of the first aneurysm at the corner. The guidewire tended to

buckle inside the aneurysm upon further push, due to the high resistance from the

clot. To avoid buckling by adding more mechanical support to the guidewire, the mi-

crocatheter was carefully advanced up to the clot while at the same time controlling

the guidewire, after which the guidewire was advanced to pass through the artificial

clot, as can be seen in Figure 5-24A (01:35). With the aid of magnetic steering at

the MCA bifurcation, the microcatheter was placed across the occlusion such that its

distal end was positioned distal to the thrombus, as shown in Figure 5-24A (01:42).

After withdrawing the guidewire, mechanical thrombectomy was performed to

retrieve the clot using a commercially available revascularization device (i.e., a stent

retriever; Solitaire™ X Revascularization Device, Medtronic). Delivery of the stent

retriever was performed manually following the standard procedure after inserting

the stent introducer sheath into the hub of the microcatheter. The stent push wire
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Figure 5-24: Demonstration of telerobotically assisted clot retrieval thrombec-
tomy and revascularization in the cerebral vasculature. (A) Navigation up to the
simulated clot in the M1 segment of the right middle cerebral artery (MCA) with the teler-
obotically con-trolled magnetic guidewire (00:00∼00:34) and microcatheter placement across
the thrombus with the aid of magnetic steering at the MCA bifurcation (01:35∼01:42) under
real-time optical imaging to show the clot during the interventional process. (B) Deploy-
ment of a stent retriever across the thrombus (00:42∼00:48) and retrieval of the clot upon
withdrawal of the stent retriever and the microcatheter for revascularization of the occluded
site (00:50∼00:52). The same clot retrieval procedure performed under real-time x-ray flu-
oroscopy is also presented in Figure 5-25.

was advanced within the microcatheter until the distal markers of the stent retriever

lined up with the distal end of the microcatheter. Then, the microcatheter was

carefully withdrawn under the joystick control of the catheter advancing unit while

fixing the stent push wire to maintain the position of the stent until the distal end

of the microcatheter was just proximal to the thrombus, thereby fully deploying the

stent across the thrombus, as shown in Figure 5-24B (00:42). After confirming the

stent deployment from the real-time imaging, the microcatheter and the stent as a

unit were withdrawn to retrieve the clot and revascularize the occluded site (M1), as

shown in Figure 5-24B (00:48∼00:52).
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Figure 5-25: Telerobotically assisted clot retrieval procedure in the cerebral
vasculature performed under x-ray fluoroscopy. (A) Navigation up to the simulated
clot in the M1 segment of the right middle cerebral artery (MCA) with the teleroboti-
cally controlled magnetic guidewire (00:00∼00:37) and microcatheter placement across the
thrombus with the aid of magnetic steering at the MCA bifurcation (01:02∼02:04) under
real-time x-ray fluoroscopy. (B) Deployment of a stent retriever device across the throm-
bus (00:22∼00:34) and retrieval of the clot from the occluded site (00:42) through joystick
teleoperation of the guidewire/microcatheter advancing unit. The guidewire advancing unit
was used to advance or retract the stent retriever after device exchange upon the withdrawal
of the magnetic guidewire from the microcatheter. (C-D) Corresponding optical images of
the demonstrated clot retrieval process in (A-B) juxtaposed for showing the clot which is
not visible under x-ray by itself.
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We repeated the clot retrieval procedure under real-time x-ray fluoroscopy as

shown in Figure 5-25, A and B. It is worth noting that the infarcted right MCA

was missing on the digital subtraction angiography (i.e., roadmap) images due to the

occlusion in M1 blocking contrast flow (see corresponding optimal images in Fig-

ure 5-25, C and D), which is the same phenomenon observed in real stroke cases.

The overall procedure and the workflow were similar to the previous demonstration

in Figure 5-24. However, greater distal migration of the clot was observed while

advancing the guidewire and placing the microcatheter, as shown in Figure 5-24C

(01:02∼01:58), possibly due to the presence of pulsatile flow generated by the peri-

staltic pump. In contrast to the previous demonstration in which the stent retriever

device was manually manipulated, this time we used the advancing unit and the joy-

stick controller to manipulate both the stent retriever and the microcatheter when

deploying the stent and retrieving the clot (Figure 5-25, B and D) to avoid radia-

tion exposure during the procedures. Only the device exchange was done manually,

after removing the guidewire from the microcatheter, by engaging the stent push

with the guidewire advancing unit. The results presented in Figures 5-24 and 5-

25 demonstrate the potential of our system for telerobotically assisted clot retrieval

thrombectomy for treating ischemic stroke.

5.4 Summary

In Section 5.1, we presented a series of in vitro phantom studies using realistic

anatomical models, which clearly illustrated our system’s steering and navigational

performance in the complex and tortuous vasculature of the brain. We verified

that the single actuating magnet could effectively steer our magnetic soft continuum

guidewire with minimal motion of the robot arm by exploiting flipping of the magnet

to change the direction of the steerable tip of the guidewire. We also demonstrated

that the unique steering control principle of our magnetic guidewire guarantees the

visibility of its steerable tip on the real-time x-ray images during the steering and

navigational task. As an extension of our discussion in Section 4.1 on the com-

patibility of existing magnetic actuation platforms with biplane imaging for complex
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neuroendovascular procedures, we experimentally demonstrated that our proposed

system based on a single light-weight robot arm is fully compatible with standard

biplane fluoroscopy.

In Section 5.2, we evaluated the steering and navigational performance of our

system under realistic in vivo conditions using the porcine brachial artery tortuos-

ity model and verified the safety and effectiveness of our magnetic soft continuum

guidewire. We assessed the learning curves for a group of neurointerventionalists

with no prior experience of using our system and verified that our developed sys-

tem requires a relatively short learning curve. We also experimentally verified that,

When compared with manually controlled passive guidewires, the greater control-

lability and maneuverability of our magnetic soft continuum guidewire with active

steering capabilities helps to achieve safer and quicker access to hard-to-reach areas

in the complex neurovasculature with greatly reduced procedural time and number of

undesirable steering maneuvers. We also demonstrated that our unique soft contin-

uum design allows for smoother navigation in narrow and tight spaces when compared

with the conventional magnet-tipped guidewire with a rigid and stiff tip.

In Section 5.3, we demonstrated our system’s ability to guide telerobotically as-

sisted therapeutic procedures for endovascular treatments of cerebral aneurysms and

ischemic stroke using the realistic anatomical models with simulated disease states.

The experimental results also verified that our magnetic soft continuum guidewire is

compatible with standard devices in terms of its dimension and functions for neu-

rovascular intervention. The series of demonstrations have validated the determined

size of the actuating magnet is suitable for its use in realistic clinical settings. Further

increasing the size of the actuating magnet may allow greater safety margins in terms

of its working distance, but the use of a larger magnet would likely affect the flexi-

bility and dexterity of the robot arm due mainly to the greater constraints in terms

of the available workspace in cluttered environments. Because it is known that the

magnetic susceptibility of biological tissues in the human head causes negligible effect

(i.e., below 1%) on the actuating field strength [175], the magnet size verified from

the series of benchtop verification would likely be applicable to clinical scenarios.
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Chapter 6

Conclusions and Future Work

6.1 Summary of Contributions

Aimed at enabling robotic applications to endovascular neurosurgery for treating

stroke and aneurysms, we have introduced our telerobotic neurointerventional plat-

form that allows for precise robotic control of the magnetic soft continuum robot

for navigating the complex and tortuous vasculature of the brain. The active steer-

ing of our magnetic guidewire can be controlled remotely with a teleoperated robot

arm with an actuating magnet, and its advancement or retraction can be controlled

with a set of motorized linear drives under visual feedback from real-time x-ray flu-

oroscopy. Through the series of benchtop testing, we have shown that our system

performs as intended in simulated clinical environments representing the human neu-

rovascular anatomy with clinically challenging tortuosity and disease states such as

multiple aneurysms and vascular occlusions. Through the preclinical testing, we have

also demonstrated the safety and effectiveness of our developed system for its use in

realistic in vivo conditions as well. We have further demonstrated our system’s abil-

ity to assist therapeutic procedures for endovascular treatments of aneurysms and

ischemic stroke in cerebral arteries while negotiating complex anatomical structures.

To the best of our knowledge, this work is the first to demonstrate the feasibility

of telerobotically assisted aneurysm coil embolization and clot retrieval thrombec-

tomy in cerebral arteries with clinically challenging anatomies, although in a realistic
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anatomical model, among the previously reported vascular robotic systems in the

literature [17, 20, 21, 22, 23, 24, 25, 27].

It is worth noting that the concept of magnetically guided intravascular devices

has existed for decades [176, 177, 178, 179, 180, 181]. Despite the long and checkered

history of using magnetism to direct intravascular devices [17], there are currently no

viable magnetic guidewire/catheter products or commercially available robotic sys-

tems to magnetically manipulate such devices for neurovascular applications, where

the active steering capability is most needed. Several magnetic guidewire products

were introduced for coronary and peripheral interventions in the past by Stereotaxis

Inc., in the form of “magnet-tipped” guidewires with a small magnet attached to the

distal end tip [17, 126, 127, 128]. There have been some similar variants proposed

in the research domain, with a few magnets embedded in the distal portion of the

guidewire [99]. Such magnet-tipped guidewires, however, entail potential risks of em-

bolization because the magnet at the end could break off, as discussed in Section

3.1.1. Furthermore, lacking the ability to conform to the given environment, the

rigid and stiff tip of magnet-tipped guidewires could make it particularly challenging

to work through narrow and winding pathways in the distal cerebral vasculature, as

illustrated in Section 5.2.4. More importantly, the use of finite-sized, rigid magnets

in a thin, flexible device often leads to discontinuous dimensions or mechanical proper-

ties along the magnet-tipped guidewire [182], which could significantly compromise its

compatibility with other interventional devices (balloon catheters or microcatheters)

that are indispensable for the endovascular treatment of aneurysms or stroke.

It is also worth noting that magnetic actuation based on a multi-DOF robot arm

with a single magnet has been explored in previous studies for different applications

such as magnetic capsule endoscopes [73, 121, 122, 123, 183, 184, 155]. While the

underlying mechanism of using magnetic torques and forces for device control is simi-

lar, the hardware design and control strategies of the previously reported systems are

specific to their devices based on rigid, finite-sized magnets and hence not directly

applicable to steering control of our magnetic continuum guidewire, as discussed in

Section 5.2.4. When it comes to magnetic actuation systems of other types, there
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are commercialized platforms based on either a pair of large permanent magnets or a

set of multiaxial electromagnets, as discussed in Section 4.1, mostly exclusively for

cardiac electrophysiology to treat arrhythmia using magnetically controlled ablation

catheters. While these commercialized systems could be used to control our magnetic

soft continuum guidewire, the critical disadvantage of these systems is in their limited

compatibility with the standard imaging modality based on x-ray fluoroscopy due to

their bulky magnet/coil setups. Our compact single-arm-based platform allows much

wider C-arm rotation angles for better state observation and is fully compatible with

biplane angiography suites, as demonstrated in the series of benchtop and preclinical

evaluations in Chapter 5. We therefore believe that our proposed platform based on

a compact, lightweight robot arm could therefore suggest a cost-efficient alternative

to those existing systems in the context of telerobotic stroke intervention.

6.2 Biocompatibility for Clinical Translation

To ensure the safety and effectiveness of our magnetic soft continuum robot for its

preclinical applications and clinical translation, further studies will be required to

evaluate the biocompatibility of the device for its intended use. In the context of the

regulatory process for medical devices, different levels of biocompatibility are required

for the device materials depending on the level of interaction with the human body,

considering the type and duration of contact with biological materials (e.g., tissues,

cells, blood), following relevant standards such as the ISO 10993 series [185, 186,

187, 188] and the related Food and Drug Administration (FDA) guidance [189] for

510(k) premarket notification or premarket approval (PMA) processes depending on

the device classification for FDA regulatory pathways.

For intravascular guidewires, FDA’s 510(k) premarket clearance requires biocom-

patibility testing of all patient-contacting materials present in the device [16]. Ac-

cording to ISO 10993-1 [185], guidewires are classified as externally communicating

devices with limited (<24 hour) duration direct contact with the circulating blood,

for which the following end-points should be addressed in the biocompatibility evalu-
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ation: cytotoxicity and hemocompatibility (thrombosis, coagulation, hemolysis, and

complement activation). Although these tests have not been conducted in the current

thesis, there is ample evidence that the materials used for the proposed devices would

likely be biocompatible.

Cytotoxicity: First, both PDMS and TPU are known to be biocompatible with no

acute cytotoxicity, as reported in a large volume of literature [190, 191, 192, 193].

The hydrogel skin, which encapsulates the robot’s body, is also considered to be

biocompatible, given that both PDMAA polymers and hydrogels have been reported

to have no cytotoxicity [194, 195]. As discussed in Section 3.3.4, ferromagnetic

materials including iron and iron-based alloys can be cytotoxic due to their corrosive

nature [196, 197]. Although bare NdFeB materials are in general considered to be

moderately cytotoxic due mainly to their highly corrosive nature, NdFeB magnets

coated with noncorrosive metals or metallic alloys (e.g., tin, titanium, and nickel-

copper) are known to be biocompatible and hence are widely used in orthodontic and

orthopedic appliances [196, 198, 199]. It has also been shown from cell viability testing

that, for relatively short-term (i.e., 24 hours) exposure to aqueous environments,

magnetic soft composites based on silicone elastomers containing bare (uncoated)

NdFeB microparticles are biocompatible [200], which can be attributed to the fact

that the particles are contained within the polymer matrix. For our magnetic soft

continuum robots, the particles are encapsulated in the silica shell, PDMS or TPU

matrices, and hydrogel skin, and therefore we believe that the device would likely

be biocompatible with no acute cytotoxicity. We also expect that the anti-corrosion

coatings would be helpful to ensure sufficient shelf-life of the magnetic soft continuum

robots when they are commercialized as medical devices.

Hemocompatibility: For clinical applications that involve contact of the device

with circulating blood, hemocompatibility should also be evaluated to ensure that the

device materials cause no adverse responses such as thrombosis, coagulation, hemol-

ysis, and complement activation during their intended uses. For example, thrombosis

on the robot may not only impede the functionality of the magnetic soft continuum
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robot (e.g., increasing the mechanical rigidity) but also lead to thromboembolic com-

plications such as distal occlusions. Material-mediated complement activation is a

complex process that depends on multiple factors such as the physical and chemical

properties of the material and the surface area and surface architecture of the device

[189, 201]. Further studies will be required to evaluate such material-mediated biolog-

ical and physiological responses to evaluate both short-term and long-term systemic

responses and thereby to ensure the safety of magnetic soft materials and robots for

their applications to blood-contacting medical devices.

Particulate generation: Particulates generated during clinical use of intravascu-

lar guidewires, if any, may also lead to undesirable outcomes such pulmonary em-

bolism/infarction, myocardial embolism/infarction, or embolic stroke. Therefore, to

use our magnetic soft continuum robot as a neurovascular guidewire, it will need to

be evaluated for particle generation, in addition to the coating integrity assessment

presented in Figure 3-6J, to address potential safety concerns by verifying that the

embedded magnetic particles do not fall off even under continuous shearing. We have

not observed any particulate generated during or after the prolonged shearing test in

Figure 3-6J or the benchtop demonstrations with in vitro phantoms using our pro-

totyes. For more rigorous validation, however, we will need to use optical techniques

for particle detection (e.g., light obscuration, light refraction) under continuous flow

conditions to simulate blood flow.

6.3 Considerations for Future Developments

There are some potential technical and logistical issues to consider for further trans-

lation of our proposed telerobotic neurointerventional system into the clinic. Below,

we summarize some technical considerations for future developments of our system.

Low-latency telecommunications: First, communication delays are inevitable in

teleoperation systems due to signal propagation time and bandwidth constraints. Be-

cause our telerobotic system does not involve any dynamic motion of the robot arm,

communication delays are nearly imperceptible to a human operator teleoperating the
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system from the remote-control console, which is a few meters away from the robot

arm. For long-distance intervention in a robotic telesurgery scenario, however, the

increased latency may negatively affect the steering control and navigational perfor-

mance of our system. A recent study reported telerobotically assisted percutaneous

coronary intervention (PCI) in human patients that was performed remotely (32 km

away) using the CorPath® GRX system under reliable network connection [202]. The

measured network delay was around 50 ms, and the authors reported that the de-

lay did not result in any noticeable procedural or technical difficulties. We expect

that advances in low-latency telecommunications (e.g., 5G wireless network) and im-

provements in network connectivity [203, 204] would help to realize long-distance

telerobotic stroke intervention [13, 26] when combined with our system.

Contingency plans with teleproctoring: Contingency plans must also exist for

periprocedural complications to ensure the feasibility of remotely performed inter-

ventions through our proposed system. Even though the critical components of en-

dovascular procedures can be performed remotely by a skilled interventionalist (i.e.,

off-site expert) from another hospital, other personnel (i.e., on-site local intervention-

alist and/or staff) will need to be present in the operating room for perioperative

assistance from establishing vascular access and handling the C-arm machine to ad-

dressing any potential problems or complications that may arise before/during/after

the intervention [13, 14]. In this light, the emerging telepresence or teleproctoring

systems based on low-latency, high-resolution streaming technology, such as the Tegus

system [205, 206], will greatly benefit both the off-site and on-site interventionalists by

enabling bi-directional communication as well as high-resolution image transmission

for real-time fluoroscopic images and visualization of robot configuration.

Tactile and haptic feedback: Next, like other commercial vascular robotic systems

with linear drives for guidewire and catheter advancement, the advancing unit of our

system does not provide any tactile or haptic feedback. While the lack of tactile or

haptic feedback is often considered one of the major drawbacks of existing vascular

robotic systems [20], it should be noted that interventionalists rely mostly on visual
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feedback when manually manipulating a conventional guidewire. Some recent studies

support this standpoint reporting that the lack of tactile feedback in the CorPath®

GRX system did not result in any procedural challenges or adverse clinical outcomes

[24, 25], mainly because of the ability to detect obstacles and friction visually by

observing subtle changes in the shape and motion of the guidewire. Likewise, we be-

lieve that the tactile feedback may not be a critical factor for telerobotically performed

endovascular navigation as the system provides the ability to stop advancing or re-

tracting the guidewire and microcatheter immediately when the operator observes

any undesirable behavior of the device from real-time fluoroscopic imaging. Nonethe-

less, we believe the implementation of force-sensing and haptic feedback technologies

would help to improve the control interface and operator performance [14], which is

therefore an area for future exploration.

Pre-procedural planning and automation: From the presented in vitro and in

vivo studies in this thesis, we found that pre-operative imaging (i.e., 3D rotational

angiography and reconstructed 3D vessel models) can play a pivotal role in pre-

procedural planning of the robot arm’s motion, path, and configuration for spatial

positioning of the actuating magnet to steer the magnetic guidewire at critical loca-

tions such as branching points or sharp corners in the target vasculature. We envision

that pre-planned robot motion for spatial positioning of the actuating magnet based

on the pre-operative imaging data can help to make the system far easier for interven-

tionalists to use by reducing the operator’s workload in real-time teleoperation of the

robot arm with a joystick controller. This pre-procedural planning will also be crucial

for future developments of the proposed robotic neurointerventional platform towards

semi-autonomous or fully autonomous endovascular navigation in the complex neu-

rovasculature based on magnetic manipulation. In doing so, model-based estimation

and control of the magnetic soft continuum guidewire under the action of a single

actuating magnet will also be an important area for future development, given the

practical constraints on real-time 3D shape sensing and tracking capabilities due to

the projected challenges in miniaturizing sensors or reconstructing the 3D guidewire

shapes from the standard mono- or bi-plane x-ray fluoroscopic images.
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Appendix A

Magnetic Force and Torque from

Potential Energy

Here, we provide derivation of Equation (2.3) from Equation (2.2) using some relevant

vector and tensor identities. The first term on the right-hand side of Equation (2.2),

m · 𝛿B, can be calculated as follows:

m · 𝛿B = m ·
(︂
𝜕B

𝜕x
𝛿x

)︂
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(A.1)

On the right-hand side of Equation (2.2), 𝛿m denotes the infinitesimal rotation of

the magnetic moment vector m around an axial vector 𝛿𝜃 (the magnitude of which

indicates the angle of rotation) and is related to 𝛿𝜃 by 𝛿m = 𝛿𝜃 × m. Then, the

second term on the right-hand side of Equation (2.2) becomes (𝛿𝜃 × m) · B, which

can be expressed interchangeably as

B · (𝛿𝜃 ×m) = 𝛿𝜃 · (m×B) = m · (B× 𝛿𝜃), (A.2)

from the following relation involving the inner and cross products of three vectors:

u · (v ×w)=v · (w × u)=w · (u× v). This relation, also known as the scalar triple

product [207], can be shown to hold for all vectors u, v, and w using indicial notation:
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u · (v ×w) = 𝑢𝑖(𝜀𝑖𝑗𝑘𝑣𝑗𝑤𝑘) = 𝑣𝑗(𝜀𝑗𝑘𝑖𝑤𝑘𝑢𝑖) = v · (w × u)

= 𝑤𝑘(𝜀𝑘𝑖𝑗𝑢𝑖𝑣𝑗) = w · (u× v).
(A.3)

Then, Equation (2.2) can be written as

− 𝛿𝑢𝑚 = m · 𝛿B+ 𝛿m ·B = 𝛿x ·
(︀
gradB

)︀T
m+ 𝛿𝜃 · (m×B), (A.4)

where (gradB)T = gradB for irrotational (curl-free) magnetic fields, as discussed

in Section 2.3.6, to yield Equation (2.3), which leads to the expressions for the

magnetic force and torque presented in Equations (2.4) and (2.5), respectively.
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Appendix B

Conservation of Magnetic Charge

Here, we derive the transformation rule for the remanent magnetization vector of a

deformable magnetized body between its undeformed reference and deformed current

configurations in Equation (2.39) presented in Section 2.3.4. First, from Equation

(2.13), we can express the magnetic charge density of an ideal hard-magnetic soft

material in the current configuration as

𝜌m = −𝜇0 divMr = −𝜇0
𝜕𝑀r 𝑖

𝜕𝑥𝑖
, (B.1)

with divMr denoting the spatial divergence of the remanent magnetization Mr with

respect to x in the current (deformed) configuration. Correspondingly, the magnetic

charge density in the undeformed reference configuration can be expressed as

𝜌m = −𝜇0Div M̃r = −𝜇0
𝜕�̃�r 𝑖

𝜕𝑋𝑖

, (B.2)

with Div M̃r denoting the material divergence of M̃r with respect to X in the reference

configuration (Figure B-1).

Figure B-1: Kinematic relation for ideal hard-magnetic soft materials.
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Conservation of the magnetic charge during the deformation requires∫︁
ℬ
Div M̃r d𝑉 =

∫︁
ℬ𝑡

divMr d𝑣, (B.3)

where d𝑉 and d𝑣 denote the infinitesimal volume elements in the reference and current

configurations, respectively, which are related by d𝑣 = 𝐽 d𝑉 as discussed in Section

2.3.2. Applying the divergence theorem, Equation (B.3) can be expressed as∮︁
𝜕ℬ

M̃r ·N d𝐴 =

∮︁
𝜕ℬ𝑡

Mr · n d𝑎, (B.4)

where d𝐴 and d𝑎 denote the infinitesimal area elements in the reference and current

configurations, respectively, while N and n denote the unit normal vector of the

infinitesimal area elements in the reference and current configurations, respectively.

Applying the Nanson’s formula: n d𝑎 = 𝐽 F−TN d𝐴, Equation (B.4) is re-written as∮︁
𝜕ℬ

M̃r ·N d𝐴 =

∮︁
𝜕ℬ

Mr · 𝐽
(︀
F−TN

)︀
d𝐴. (B.5)

Then, applying the tensor identity, u · STv = (Su) · v, from the definition of the

transpose of a tensor S for all vectors u and v [208, 207], Equation (B.5) can be

re-written as ∮︁
𝜕ℬ

M̃r ·N d𝐴 =

∮︁
𝜕ℬ
𝐽
(︀
F−1Mr

)︀
·N d𝐴, (B.6)

from which we find the relation between M̃r and Mr as presented in Equation (2.39):

Mr = 𝐽−1FM̃r.

It is worth noting that Equation (B.3), along with Equations (2.29) and (2.39),

leads to the following kinematic relation for divergence of a vector field:

DivA = 𝐽 div
(︀
𝐽−1FA

)︀
, (B.7)

which generally holds for any vector field A [67].
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Appendix C

Derivation of Elastic and Magnetic

Cauchy Stresses

Here we provide detailed derivation of the specific forms of the elastic and magnetic

parts of the Cauchy stress presented in Equations (2.41) to (2.44).

Elastic part of the Cauchy stress: First, we start from the elastic part of the

Helmholtz free energy based on the neo-Hookean model in Equation (2.37). From

the hyperelastic constitutive relation in Equation (2.34), the elastic part of the Piola

stress can be calculated as follows:

Pelastic =
𝜕𝜓elastic

R

𝜕F
=
𝐺

2

𝜕

𝜕F

(︀
𝐽−2/3𝐼1

)︀
+
𝐾

2

𝜕

𝜕F

(︀
𝐽 − 1

)︀2
=
𝐺

2

(︂
− 2

3
𝐽−5/3 𝜕𝐽

𝜕F
𝐼1 + 𝐽−2/3𝜕𝐼1

𝜕F

)︂
+𝐾

(︀
𝐽 − 1

)︀𝜕𝐽
𝜕F

,

(C.1)

with 𝐽 = detF and 𝐼1 = tr
(︀
FTF

)︀
as defined in Sections 2.3.2 and 2.3.3. Then, the

partial derivatives can be calculated as

𝜕𝐽

𝜕F
=

𝜕

𝜕F

(︀
detF

)︀
=
(︀
detF

)︀
F−T = 𝐽F−T, (C.2)

𝜕𝐼1
𝜕F

=
𝜕

𝜕F

(︁
tr
(︀
FTF

)︀)︁
= 2F. (C.3)

Equation (C.2) is obtained from the standard formula for the derivative of the de-
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terminant a second-order tensor [63, 209, 210], while Equation (C.3) can be de-

rived using indicial notation, along with
(︀
FTF

)︀
𝑖𝑗

=
(︀
FT
)︀
𝑖𝑘

(︀
F
)︀
𝑘𝑗

= 𝐹𝑘𝑖𝐹𝑘𝑗 and

tr
(︀
FTF

)︀
=
(︀
FTF

)︀
𝑚𝑚

= 𝐹𝑘𝑚𝐹𝑘𝑚, as:

𝜕

𝜕𝐹𝑖𝑗

(︁
tr
(︀
FTF

)︀)︁
=

𝜕

𝜕𝐹𝑖𝑗

(︀
𝐹𝑘𝑚𝐹𝑘𝑚

)︀
= 2

𝜕𝐹𝑘𝑚

𝜕𝐹𝑖𝑗

𝐹𝑘𝑚 = 2 𝛿𝑘𝑖 𝛿𝑚𝑗𝐹𝑘𝑚 = 2𝐹𝑖𝑗, (C.4)

where 𝛿𝑖𝑗 is the Kronecker delta that is defined as

𝛿𝑖𝑗 =

{︃
1 if 𝑖 = 𝑗

0 if 𝑖 ̸= 𝑗
. (C.5)

Substituting Equations (C.2) and (C.3) to Equation (C.1), we obtain

Pelastic = 𝐺𝐽−2/3

(︂
− 1

3
F−T𝐼1 + F

)︂
+𝐾𝐽

(︀
𝐽 − 1

)︀
F−T, (C.6)

as presented in Equation (2.41). Then, from Equation (2.35), we obtain the elastic

part of the Cauchy stress as given in Equation (2.42):

𝜎elastic = 𝐺𝐽−5/3

(︂
FFT − 𝐼1

3
1

)︂
+𝐾

(︀
𝐽 − 1

)︀
1. (C.7)

Magnetic part of the Cauchy stress: From the magnetic part of the Helmholtz

free energy in Equation (2.40), the magnetic Piola stress can be calculated as follows:

Pmagnetic =
𝜕𝜓magnetic

R

𝜕F
=

𝜕

𝜕F

(︀
−FM̃r ·B

)︀
, (C.8)

which can be expressed using indicial notation as

𝑃 magnetic
𝑖𝑗 =

𝜕

𝜕𝐹𝑖𝑗

(︀
−𝐹𝑚𝑘(M̃r)𝑘𝐵𝑚

)︀
= −(M̃r)𝑘𝐵𝑚

𝜕𝐹𝑚𝑘

𝜕𝐹𝑖𝑗

= −(M̃r)𝑘𝐵𝑚 𝛿𝑚𝑖 𝛿𝑘𝑗 = −𝐵𝑖(M̃r)𝑗,

(C.9)

which is equivalent to Pmagnetic = −B⊗ M̃r, as presented in Equation (2.43). Then,

from Equation (2.35), we obtain the magnetic Cauchy stress in indicial form as

𝜎magnetic
𝑖𝑗 = 𝐽−1𝑃 magnetic

𝑖𝑘

(︀
FT
)︀
𝑘𝑗

= −𝐽−1𝐵𝑖(M̃r)𝑘𝐹𝑗𝑘 = −𝐽−1𝐵𝑖𝐹𝑗𝑘(M̃r)𝑘, (C.10)
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which is equivalent to

𝜎magnetic = −𝐽−1
(︀
B ⊗ M̃r

)︀
FT = −𝐽−1B ⊗ FM̃r = −B ⊗Mr, (C.11)

as presented in Equation (2.44).
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Appendix D

Justification of the Use of

Neo-Hookean Hyperelastic Model

Justification of hyperelasticity: Our continuum mechanical model for ideal hard-

magnetic soft materials in Section 2.3 was based on the hyperelastic constitutive

equations in Equations (2.34) and (2.35). In obtaining Equation (2.34) from Equation

(2.33), the underlying assumption was that the material is perfectly elastic so that

there is no internal energy dissipation during the magnetoelastic deformation of the

material. Particulate-filled polymer composites, however, typically undergo softening

of the matrices following the mechanical dissipation or hysteresis, which is also known

as the Mullins effect [211, 212]. The energy dissipated during the deformation of filled

elastomers can be attributed to the disruption of the interfacial binding between the

embedded particles and the surrounding polymer matrices.

Figure D-1: Energy dissipated during the deformation of particulate-filled elas-
tomers.
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The energy dissipation in filled elastomers and the consequent hysteretic macro-

scopic behavior can be explained with Figure D-1A, where the area between the

loading and unloading curves indicates the amount of energy dissipated during the

cyclic loading and unloading process. Our hard-magnetic soft composite (particle

volume fraction 𝜑 = 20%) also exhibits such hysteretic behavior upon cyclic load-

ing, as shown in Figure D-1B, and the amount of dissipate energy increases as the

stretch level increases. To quantitatively capture such dissipative macroscopic behav-

ior, other phenomenological constitutive models, such as the Ogden-Roxburgh model

[213], will need to be adopted. As shown in Figure D-1B, however, the dissipated

energy is not very substantial when the stretch level is small (i.e., 𝜆 ≤ 1.3). For our

hard-magnetic soft bending actuators, the maximum local strain even during their

large deflection is typically below 30%, for which the material can be safely assumed

to be nearly perfectly elastic to justify the use of hyperelastic constitutive equations.

Figure D-2: Justification of the use of the neo-Hookean model for hard-magnetic
soft bending actuators.

Justification of neo-Hookean solids: In Section 2.3.4, we adopted the simplest

neo-Hookean hyperelastic model in a generalized form given in Equation 2.37. Typical

elastomers exhibit stiffening behavior when deformed beyond a certain level of stretch

as the polymer chained are stretched to resist further elongation, as illustrated in

Figure D-2A. Such stiffening behavior at large stretch values can be modeled by

adopting the Gent or Arruda–Boyce hyperelastic constitutive model, but it cannot be

captured by the simple neo-Hookean model, as shown in Figure D-2A. However, as

discussed above, the maximum strain level during the torque-driven bending actuation
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of the hard-magnetic soft materials is limited below 30% (i.e., 𝜆 ≤ 1.3), under which

the neo-Hookean model can capture the material’s behavior (i.e., the stress-stretch

curve) quite accurately, as experimentally verified in Figure D-2B. Therefore, it

is reasonable to use the simplest neo-Hookean hyperelastic model for modeling the

hard-magnetic soft materials as torque-driven soft bending actuators.
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Appendix E

Derivation of Force and Torque from

Magnetic Cauchy Stress

As discussed in Section 2.3.5, the magnetic Cauchy stress in Equation (2.44) allows

us to treat the magnetic body force and torque as stresses in a homogeneous contin-

uum. Here we derive the magnetic body force and torque in Equations (2.50) and

(2.51) from the magnetic Cauchy stress. Substituting Equation (2.44) in its indicial

form, i.e., 𝜎magnetic
𝑖𝑗 = −𝐵𝑖 (Mr)𝑗, we can express the magnetic body force density

using indicial notation as(︀
f̄m
)︀
𝑖
= −

(︀
div𝜎magnetic

)︀
𝑖
= −

𝜕𝜎magnetic
𝑖𝑗

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗

(︀
𝐵𝑖 (Mr)𝑗

)︀
=
𝜕𝐵𝑖

𝜕𝑥𝑗
(Mr)𝑗 +𝐵𝑖

𝜕(Mr)𝑗
𝜕𝑥𝑗

=
(︀
gradB

)︀
𝑖𝑗
(Mr)𝑗 +�����(︀

divMr

)︀
𝐵𝑖,

(E.1)

where the second term vanishes with divMr = 0 for uniformly magnetized ideal hard-

magnetic soft materials with zero net magnetic charge (i.e., 𝜌m = 0). Then, Equation

(E.1) can be written equivalently as

f̄m = −div𝜎magnetic = (gradB)Mr, (E.2)

as presented in Equation (2.50).

Similarly, substituting Equation (2.44) in its indicial form into Equation (2.51),

183



we can express the magnetic body torque density using indicial notation as(︀
𝜏m
)︀
𝑖
= −𝜀𝑖𝑗𝑘 𝜎magnetic

𝑘𝑗 = 𝜀𝑖𝑗𝑘 (Mr)𝑗𝐵𝑘 =
(︀
Mr ×B

)︀
𝑖
, (E.3)

which is equivalent to

𝜏m = −ℰ :
(︀
𝜎magnetic

)︀T
= Mr ×B, (E.4)

as presented in Equation (2.51).

It is worth noting that, as discussed in Equation (2.52), the magnetic body force

in Equation (E.2) can also be expressed as the negative gradient of the magnetic

potential energy per unit volume in its indicial form as

(︀
f̄m
)︀
𝑖
= −

(︀
grad𝜓magnetic

)︀
𝑖
=
(︀
grad (Mr ·B)

)︀
𝑖

=
𝜕

𝜕𝑥𝑖

(︁
(Mr)𝑗𝐵𝑗

)︁
=
𝜕(Mr)𝑗
𝜕𝑥𝑖

𝐵𝑗 + (Mr)𝑗
𝜕𝐵𝑗

𝜕𝑥𝑖

=
(︁(︀

gradMr

)︀T)︁
𝑖𝑗
𝐵𝑗 +

(︁(︀
gradB

)︀T)︁
𝑖𝑗
(Mr)𝑗,

(E.5)

which is equivalent to

f̄m =������(︀
gradMr

)︀T
B+

(︀
gradB

)︀T
Mr, (E.6)

where the first term vanishes with gradMr = 0 for uniformly magnetized ideal hard-

magnetic soft materials. For irrotational (curl-free) magnetic fields with no free cur-

rent, the spatial gradient of B field is symmetric (i.e., gradB = (gradB)T), which

leads to
f̄m = (gradB)Mr, (E.7)

which is the same as Equation (E.2) above.
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Appendix F

Differentiation of A Rotation Tensor

For the rotation around the 𝑧-axis (e3-direction), the rotation tensor R is given by

R = cos 𝜃 e1 ⊗ e1 − sin 𝜃 e1 ⊗ e2 + sin 𝜃 e2 ⊗ e1 + cos 𝜃 e2 ⊗ e2 + e3 ⊗ e3, (F.1)

whose matrix form is given in Equation (2.56). The derivative of the rotation tensor

R(𝜃) with respect to 𝜃 can be expressed as the skew-symmetric matrix of the unit

axis vector (which is e3 in this case) multiplied by the rotation itself:

𝜕R(𝜃)

𝜕𝜃
= S(e3)R(𝜃), (F.2)

where the skew-symmetric matrix of a vector u, denoted by S(u), is defined as

S(u) = 𝑢3(e2 ⊗ e1 − e1 ⊗ e2) + 𝑢2(e1 ⊗ e3 − e3 ⊗ e1) + 𝑢1(e3 ⊗ e2 − e2 ⊗ e3). (F.3)

When operating on a vector v, the skew-symmetric tensor S(u) produces the cross

product of the two tensors: S(u)v = u × v, which transforms the first term on the

right-hand side of Equation (2.62) into

𝜕R

𝜕𝜃
M̃r ·B =

(︀
e3 ×RM̃r

)︀
·B = e3 ·

(︀
RM̃r ×B

)︀
=
[︀
RM̃r ×B

]︀
3
, (F.4)

as given in Equation (2.63).
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Appendix G

Equivalent Point Force in

Torque-driven Bending Actuation

Here, we consider a case in which a force, denoted by a vector Feq, is acting on the

free end of a beam in equilibrium in its deformed configuration, in the absence of

the influence of external magnetic fields (i.e., no magnetic body torque and force), as

illustrated on the right-hand side in Figure G-1. The force Feq is being applied to the

free end at an angle 𝜙 relative to the beam’s undeformed reference configuration (i.e.,

Feq = 𝐹eq cos𝜙 e1 + 𝐹eq sin𝜙 e2). Referring to Figure G-1, we can set the following

bending moment balance at the point on the beam 𝑃 (𝑥, 𝑦):[︀
ℳ+ r× Feq

]︀
3
= −ℳ(𝑥, 𝑦)− 𝐹eq cos𝜙 (𝛿𝑦 − 𝑦) + 𝐹eq sin𝜙 (𝛿𝑥 − 𝑥) = 0. (G.1)

Note that the horizontal component, 𝐹eq cos𝜙, should be negative when 𝜙 > 90∘.

Then, from the moment-curvature relation in Equation (2.55), we can obtain

ℳ(𝑥, 𝑦) = 𝐸𝐼
d𝜃

d𝑠
= −𝐹eq cos𝜙 (𝛿𝑦 − 𝑦) + 𝐹eq sin𝜙 (𝛿𝑥 − 𝑥). (G.2)

By differentiating Equation (G.2) with respect to the arc length s and applying the

differential kinematic relations in Equation (2.78), we obtain

𝐸𝐼
d2𝜃

d𝑠2
= 𝐹eq cos𝜙

d𝑦

d𝑠
− 𝐹eq sin𝜙

d𝑥

d𝑠

= 𝐹eq cos𝜙 sin 𝜃 − 𝐹eq sin𝜙 cos 𝜃 = −𝐹eq sin (𝜙− 𝜃).

(G.3)
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Figure G-1: Equivalent point force in torque-driven bending actuation.

Comparing Equation (G.3) with the governing equation presented in Equation (2.40)

in Section 2.4.3, we notice that the force acting on the free end of the beam is

equivalent to
𝐹eq=�̃�r𝐵𝐴. (G.4)

It is worth noting that the uniform actuating field B and the equivalent point force

Feq at the free end of the beam are applied at an angle 𝜙 relative to the beam’s

undeformed reference configuration. It is also worth noting that the two scenarios in

Figure G-1 share the same boundary conditions: 𝜃(0) = 0 and 𝜃 ′(𝐿) = 0.
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