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Abstract

Endovascular navigation is one of the significant barriers to stroke treatment. Due to
its geometrical complexity, navigation inside the cerebral arteries becomes challeng-
ing as the destination moves further toward the distal region of the brain. Magnetic
manipulation is one solution that can resolve this di [culity. By utilizing magnetic
force and torque, magnetic manipulation enables active steering of the distal tip of
the guidewire, thereby enhancing navigation capabilities. As a platform for magnetic
manipulation, a single robot arm equipped with a permanent magnet has advantages
over other magnetic field generators in terms of their footprint and cost. However,
the manipulation of the permanent magnet attached to the end of the robot arm is
not a trivial task. During the operation, a neurosurgeon has to consider the relative
position and orientation of the end el[edtor with respect to the current position of
the guidewire. Moreover, the user must avoid collision between the robot and the
patient in order to secure the patient’s safety. Without any assistance, these consid-
erations leave the cognitive burden on the user’s side. In order to solve this problem,
this thesis presents a semi-autonomous magnetic manipulation system for the single
robot arm platform. In the system, an appropriate position and orientation of the
magnet are obtained by aligning the desired field direction with the center axis of the
magnet. For the calculated position and orientation, a corresponding robot configu-
ration is obtained by solving the inverse kinematics problem of the robot arm. The 3
step motion planner is applied to find a valid robot trajectory to the optimal robot
configuration while securing the patient’s safety. The system is integrated into an
interface, and the performance of the semi-autonomous system is verified through an
experiment on an artificial cerebral artery model.
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Chapter 1

Introduction

1.1 Motivation

Stroke is one of the leading causes of death. According to the National Center for
Health Statistics, a total of 3,383,729 deaths were reported across the United States in
2020, and stroke accounted for 4.7% of the total deaths [1]. Following heart disease,
cancer, COVID-19, and unintentional injuries, stroke has become the fifth leading
cause of death, claiming 159,993 lives in 2020 [1]. In addition to mortality, stroke has
left serious long-term disabilities to patients, and the stroke-related costs were nearly
$53 billion between 2017 and 2018 in the United States [2].

Although 795,000 people in the United States suled from stroke every year [2],
the treatment for stroke is still limited by physical constraints. The standard method
for stroke treatment is an endovascular surgery that can perform the treatment in a
minimally invasive way [3], and the first step of the method is catheterization. After
paving the way to an artery with a catheter, a small diameter guidewire is inserted
through the arteries and advanced up to the location where the treatment is required.
During the navigation up to the final destination, the steering of the guidewire tip is
driven by rotating the pre-shaped tip. The distal tip of the guidewire is bent into a
j-shape so that it can be pointed toward the desired direction when a neurosurgeon
rotates the proximal end of the guidewire from outside of the patient body (Figure 1-

1 A). This passive steering can take the guidewire up to most of the cerebral arteries,
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Figure 1-1: Comparison between the two types of the guidewire (A) Guidewire
with the pre-shaped distal tip (B) Guidewire with the magnetized distal tip

but navigation becomes di cult as the tip goes further to the distal part of the brain.
Since the shape of the tip is xed into a pre-de ned shape, the guidewire cannot slip
through the next vessel branch if the tip shape is not compatible with the path to
the next branch. In this case, the neurosurgeon has to pull out the entire guidewire
and reshape the tip into a new shape that is compatible with the path. Moreover,

the shaping of the guidewire relies on the neurosurgeon's previous experience.

In order to overcome the limitation of the standard method, magnetic manip-
ulation is suggested as a solution for endovascular navigation [3, 4, 5]. Magnetic
manipulation utilizes magnetic force and torque as a steering method. In magnetic
manipulation, the distal tip of the guidewire is magnetized, whereas the standard
guidewire has a pre-shaped tip. Since the tip segment is magnetized, magnetic force
and torque are exerted on the tip as an external magnetic eld is applied. As shown
in Figure 1-1 B , this magnetic actuation deforms the distal tip, and the tip is bent
toward the desired direction by an appropriate magnetic eld. Active magnetic steer-
ing enhances the steering capability of the tip, thereby enabling better performance

of endovascular navigation.

As a platform for magnetic manipulation, the single robot arm system has been
suggested [6, 7]. In the platform, the standard passive guidewire is replaced with a
ferromagnetic soft continuum robot [8] to further enhance the steering and navigation
capabilities required for endovascular navigation. As a source of the magnetic eld,

the platform has a permanent magnet attached to the end e ector part of the 7 DOF
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robot arm. By manipulating the robot arm, the position and orientation of the perma-
nent magnet are controlled, and an external magnetic eld is applied to the patient's
head. This single robot arm platform has advantages over other magnetic manipula-
tion platforms [9, 10, 11] in terms of their footprint. However, the manipulation of the

7 DOF robot arm is not a trivial task. During the operation, a neurosurgeon has to
track the relative position and orientation of the permanent magnet with respect to
the current position of the guidewire tip. Moreover, the neurosurgeon must consider
the collision between the robot and the patient to secure the patient's safety. These
considerations leave a cognitive burden on the neurosurgeon's side and complicate the
manipulation process. In order to solve this problem, this thesis proposes a method
that can reduce the cognitive burden on the users by automating robot's movement.
In particular, the magnet positioning problem is converted to the adjustment of eld
direction at the guidewire distal tip, and robot motion to the corresponding perma-
nent magnet position and orientation is automated. An integrated interface for the
semi-autonomous system is developed, and system's performance is veried on an

arti cial cerebral artery model.

1.2 Single Robot Arm Platform for Endovascular Nav-
igation

The main objective of this thesis is to propose a system that can reduce cognitive
burden in a single robot arm platform illustrated in Figure 1-2. The platform consists
of 3 parts, 1. uoroscopy machine, 2. ferromagnetic soft continuum robot and mo-
tor assembly, and 3. robot arm equipped with a permanent magnet. A uoroscopy
machine is used for the pre-operative imaging process to obtain the geometrical in-
formation of the cerebral arteries. During operation, the uoroscopy machine takes
a real-time x-ray image that can visualize the situation inside the patient's head.
The magnetic tip segment is also visualized in the x-ray image since the magnetic

tip segment of the guidewire is radio-opaque. After identifying the current state of
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Figure 1-2: A single robot arm platform for endovascular navigation [6]

the guidewire by the x-ray image, the motor assembly initiates navigation inside the
vessels. The proximal end of the guidewire is connected to the motor assembly, and
the entire guidewire is advanced or retreated when the motor assembly pushes or
pulls the guidewire. Once the distal tip of the guidewire reaches a point where active
steering is required, then magnetic manipulation is performed by the last component,
a 7 DOF robot arm equipped with a permanent magnet. By manipulating the robot
arm, a user can change the position and orientation of the permanent magnet and
control the corresponding magnetic eld around the patient's head. The magnetic
eld applies magnetic force and torque on the magnetic tip, thereby deforming the

tip into the desired shape.

This thesis proposes a semi-autonomous system that can partially automate the
abovementioned platform. In the following chapters, the detailed discussion about
the key components of the semi-autonomous system is discussed. First of all, chapter
2 rst explains how the magnetic tip behaves under an external magnetic eld in order
to understand the behavior of the ferromagnetic soft continuum robot. Based on the
analysis of the behavior, an appropriate magnetic eld direction is suggested, and
the corresponding position and orientation of the permanent magnet are calculated.
Chapter 3 illustrates how to obtain the corresponding robot con guration for the

given magnet position and orientation. The kinematic redundancy is considered in
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the inverse kinematics problem, and an optimal solution is obtained by applying a
custom cost function. Chapter 4 explains the autonomous motion planning to the
goal robot con guration. Finally, in chapter 5, an integrated interface for the system

is presented, and the system's performance is veri ed through an experiment.
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Chapter 2

Control of Ferromagnetic Soft

Continuum Robots

2.1 Control Strategy for Magnetic Manipulation

The control of the ferromagnetic soft continuum robots di ers from the conventional
control tasks of rigid body robots. First of all, the deformation of the guidewire
induced by the external magnetic eld is nonlinear. The guidewire makes contact
with the surface of the vessel wall, and the number of contact points changes over
time. As we advance the guidewire, the contact points move in three-dimensional
space, and the overall deformation of the guidewire is dependent upon the location of
contact points. The friction between the vessel wall and the guidewire can generate
tension along the guidewire, which can eventually cause the buckling of the guidewire
at some time. All these nonlinear behaviors are di cult to be measured or predicted
accurately.

However, the control problem of the magnetic guidewire allows an in nite number
of solutions. For example, an in nite number of permanent magnet positions and
orientations can steer the guidewire tip in the right direction. The tip does not need
to be bent exactly toward a speci ¢ direction. Depending on the environment, both
small de ection and large de ection of the tip can successfully guide the remaining

guidewire body to the desired vessel branch. In addition, the timing of the advance
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Figure 2-1: An example of endovascular navigation

and retreat of the guidewire also has an in nite number of solutions. The guidewire
can be advanced while the robot is moving or after the robot's motion is completed.
Taking into account this freedom, this thesis suggests one control strategy that can
guide the wire along the desired path.

In order to nd an appropriate strategy, let us consider an example shown in
Figure 2-1 . In this endovascular navigation task, the guidewire is placed at P1,
and the task is to bring the guidewire up to the destination marked in the gure.
First, the navigation from P1 to P2 does not require magnetic manipulation. If
we advance the guidewire without applying an external magnetic eld, the tip will
move to the P2, making contact with the vessel wall. However, navigation from P2

to P3 requires magnetic manipulation. Simple advance of the guidewire will take
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the tip to the aneurysm located at the end of the white arrow shown in the gure.
In this case, we need to apply a magnetic eld that can pull down the guidewire
tip back to the planned path marked as the green line. The path between P3 and
P4 also requires magnetic manipulation. The bifurcation between the P3 and P4 is
challenging to be overcome without applying an external magnetic eld. In order to
pass this bifurcation point, we need to pull up the tip toward P4 by applying the

magnetic eld.

This example shows that we do not need to apply magnetic eld throughout
the entire navigation. If there is no aneurysm or bifurcation along the path, the
guidewire can follow the targeted path with pure advance. With this point of view,
The navigation procedure is divided into three steps: 1. advance the guidewire until
its tip reaches a critical point, 2. place the permanent magnet at an appropriate
position and orientation, and 3. advance the guidewire again and repeat the process.
In this process, advance of the guidewire can be performed by simply clicking a
button. However, the determination of an appropriate position and orientation of the
permanent magnet is not trivial. In order to solve this problem, this chapter suggests

an method that can nd the appropriate position and orientation.

2.2 Repositioning of the Guidewire Tip Using a Sin-

gle Permanent Magnet

The working principle behind the endovascular navigation of the system is based
on the deformation of the magnetized guidewire induced by an external magnetic
eld. When an external magnetic eld is applied, magnetic force and torque deform
the guidewire. If the deformation repositions the tip of the guidewire toward the
next desired vessel, then the whole wire can slide into the next branch by simply
advancing the guidewire from the motor assembly. The key here is the repositioning
of the guidewire tip. In order to make the guidewire fall into the desired branch,

the tip should be already inside or properly bent toward the desired branch before
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Figure 2-2: De ection of the tip under uniform magnetic eld (A) Initial state
before applying magnetic eld. (B) Deformation generated by the magnetic torque.

advance. Otherwise, the guidewire can fall into the wrong branch or even push the

wall of an aneurysm which might lead to a catastrophic consequence.

For the ferromagnetic soft continuum robots, the magnetic torque plays a primary
role in the deformation if the robot is under the in uence of a large-size permanent

magnet [6]. The magnetic torque is de ned by the following equation:

= B (2.1)

Since the magnetic torque governs the de ection, the reposition of the tip is mainly
determined by the tendency of the magnetic segment to align itself with the direction
of the external magnetic eld. The magnetic torque bends the tip toward the eld
direction, and the tip will be aligned with the eld if the magnitude of the magnetic
eld is strong enough, as shown irFigure 2-2 . One straightforward solution stem-
ming from this tendency is to align the center axis of the magnet with the direction
of the next branch, as shown irFigure 2-3 . The alignment between the two vec-
tors creates a magnetic eld along the direction, thereby bending the tip toward the
direction of the next desired branch. If the magnet is close enough to generate a

strong magnetic eld, then the tip can be perfectly aligned with the direction so that

16



Figure 2-3: Magnetic eld direction for a critical point (A) initial guidewire state.
(B) Applying magnetic eld in the direction of the next branch. ( C) Deformed guidewire
state.

it can slip toward the desired branch during advance. This approach simpli es the

nonlinear guidewire repositioning problem to a geometrical alignment problem.

2.3 Magnetic Field Direction Adjustment

However, the aforementioned strategy cannot cover all cases. If the nearest location
of the magnet is not close enough to a critical point due to a collision between the
permanent magnet and the patient, the strength of the magnetic eld might not be
enough. In this case, the magnet must be moved to the vicinity where the nearest
collision-free position is closer to the critical point, or the angle between the tip di-
rection and the magnetic eld is increased toward the desired branch so that higher
magnetic torque can be applied to the magnetic tip. An example is presented in
Figure 2-4 . At the initial state, the guidewire is pointing upward, whereas the next
desired path is the branch located on the left side of the guidewire. Following the
aforementioned strategy, we apply the magnetic eld in the direction of the tangent
line to the desired branch. If the strength of the magnetic eld is not strong enough,
the tip of the guidewire cannot be bent toward the next branch su ciently. In this
case, we over-steer the tip by increasing the angle between the tip and the magnetic
eld direction. This in-plane angle is de ned in the plane de ned by the two direction

vectors, the tangent vector from the current path and the tangent vector to the next
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Figure 2-4: Increasing in-plane angle (A) initial guidewire state. (B) Applying mag-
netic eld toward the tangent line is not su cient. ( C) Over-steering of the guidewire tip
by increasing the in-plane angle.
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desired path. This over-steering increases the magnetic torque generated at the mag-
netized tip segment, thereby bending the tip more toward the desired direction. The
e ector of over-steering is shown irFigure 2-4 C . The orientation of the magnet is
then tilted by the same amount as the in-plane angle applied for the eld direction
adjustment. The change of orientation and position of the magnet is visualized in
Figure 2-4 D . On the other hand, we can tilt the magnetic eld toward the perpen-
dicular direction to the plane de ned for the in-plane angle adjustmentFigure 2-5

A shows a case where this out-of-plane angle adjustment is required. The current
path bifurcates into two branches heading down in similar directions. In order to take
the guidewire to the green branch, the tip of the guidewire need to be attracted to
the left. However, applying the magnetic eld to the tangent direction might not be
su cient because tangent vectors to the next two branches are similar. In this case,
increasing the in-plane angle bends the guidewire downward, not leftward. Therefore,
adjusting the in-plane angle cannot solve the problem. One possible solution is tilting
the magnetic eld toward the direction which is perpendicular to the plane. This out-
of-plane adjustment will bend the tip leftward, as shown irFigure 2-5 C . The tip is
now relocated toward the next desired branch, and advancing the guidewire will push
the tip into the desired branch. The corresponding change in position and orientation
of the magnet is shown inFigure 2-5 D . The two types of eld direction adjust-
ment are manually performed by a neurosurgeon when the adjustment is needed. The

adjustment is performed via a graphical user interface discussed in chapter 5.

2.4 Determination of Position and Orientation of Per-

manent Magnet

Following the aforementioned strategy, we can determine an appropriate position and
orientation of the permanent magnet for each critical point. First, the orientation
of the magnet is determined by aligning the magnet's center axis with the eld di-

rection. Since we only constrained the direction of the center axis, the orientation
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