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Abstract

Catheters are used in various clinical applications, and the ability to direct the catheter to the desired location is critical
for clinical outcomes. Steerable catheters assist clinicians to access targeted areas, notably the vascular bundles and
major vessels, while causing no damage to the surrounding tissue. A novel catheter actuation technology for catheter
steering is presented in this study. The technique is simple and relies on three magnetic couples interacting with one
another to generate steering motions. A proof-of-concept catheter prototype demonstrated the capacity to remotely
steer a catheter over 100 mm of distance and *=45° of angular positioning, showing the potential manoeuvrability for
clinical applications. It is feasible to steer a catheter using this three-magnet pair approach with the great potential to be
used for catheterisation procedures. The presented mechanism’s kinematics and a near-form solution for catheter steer-
ing regardless of design factors will be studied in the future.
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Introduction catheter guidance still has significant limitations, particu-
larly for deep-seated tumours where the catheter must be
inserted deep into the body. Additionally, catheter steer-
ing becomes much more difficult when nearby tissues are
delicate and might be punctured if clinicians push overly
forcefully.

Precision in manual catheter navigation and place-
ment is complex and requires considerable training for
the surgeon. For this issue, robotic navigation and
steering are possible solutions that can be integrated
with current equipment and processes.

An easily steerable catheter would allow clinicians to
reach target organs accurately'® and effectively avoid
damage to surrounding tissue.!” Many researchers have
developed various catheters. For example, a unique

According to the World Health Organization, 19.3 mil-
lion new cancer cases were discovered, and 10 million
cancer deaths occurred worldwide last year." Lung can-
cer is the second leading cause of cancer death and the
second most prevalent cancer in the world. Early detec-
tion and diagnosis and accurate localisation in lung
intervention are essential to reducing lung cancer
fatalities. >

Bronchoscopic treatments have been used to treat
lung cancer for decades, including methods such as
ablative technology in which a catheter uses an energy
source to burn cancerous tissue.*> Despite their long
history, ablative technologies are still being developed
today. Some recent examples are a three-dimensional
(3D) kinematic steerable ablation catheter in which the
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technologies to navigate custom-designed catheters.®® .
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multi-steerable catheter with four degrees of freedom
was designed, resulting in increased steerability.'® An
external magnetic field was also applied to actuate a
catheter capable of steering and unclogging actions,
which increased its therapeutic mobility and function-
ing in blood vessels.'”” MRI was also used to guide a
catheter using magnetic gradients to maximise
deflections.?”

Magnetic fields are used to actuate and guide cathe-
ters in many clinical applications using an electromag-
netic coil and permanent magnets. As an example, the
external force from electromagnetic systems is used to
guide and actuate the magnetic drilling catheter, which
is remotely guided with high torques towards curved
paths, and the catheter can be fully inserted into the
body to achieve access to all abdominal quadrants.?!*
In addition, a permanent magnet is used to actuate and
manipulate a five-degrees-of-freedom wired robot to
perform laparoendoscopic single-site surgery. It is also
used to produce the same degree of control over uncon-
strained microscale devices to increase magnetic field
and gradient strength.”>**

The conventional method of catheter steering relies
on the operator controlling the catheter at the proximal
end and has a limited range of steering motion
and flexibility. As a catheter is a long, flexible tube,
manoeuvring a catheter relies heavily on the experience
and visual-motor coordination of the operator.
Furthermore, the accuracy and safety of catheter steer-
ing are influenced by the complexity of the route and
target location. Reduced force feedback from the cathe-
ter tip to the catheter handle could lead to tissue per-
foration since the operator may push the catheter too
hard. In cardiac procedures, perforation with resulting
tamponade is a major complication. Therefore, a new
method for catheter steering is presented in this paper
based on the principle of directly moving the catheter
tip as opposed to controlling the catheter tip remotely
through the catheter handle. This method could poten-
tially increase the motion and flexibility capabilities of
catheters and avoid excessive force during catheter
steering.

This paper presents a new catheter actuation
approach inspired by the tractor beam, a fictitious
device used to move items remotely, such as in the Star
Wars films. Our idea is based on three magnetic couples
interacting with each other to generate two-dimensional
motions. Tests of the proposed actuation approach
indicate that it can guide a catheter with the needed
manoeuvrability for a variety of clinical applications.

Mathematical magnetic equations

The symbols of notation can be found in Table 1.

Table I. Symbols of notation.

Symbol Description

Le Effective length

o Origin of magnet

N North pole

S South pole

L Length from origin to one of the poles
Pp Magnetic flux

B Magnetic field

A Surface area

1) Magnetic moment / Magnetic dipole moment
Brpax Maximum residual flux density

14 Volume of the magnet

[T Permeability of a vacuum

The effective length of a magnet

Permanent magnets typically create powerful and long-
lasting magnetic fields. A magnet’s shape and size deter-
mine the strength and dispersion of its magnetic field.
According to Figure 1(a), the magnetic length (4,) is
defined as the distance between two of the magnetic
poles in which the centre of the magnet is the origin
(0). According to Figure 1(a):

L, =0ON=0S=1L

Magnetic flux (P p)

Magnetic flux is often called the ‘lines of force’
(Figure 1(b)), which have a definite direction from the
North to the South pole, never cross each other, and are
continuous. It is a static region around a magnet in which
the magnetic force exists, and the magnetic field is stron-
gest near the pole of a magnet since the lines of force are
closer together. The magnetic flux can be calculated as:

(I)B = HB -dA
A
Magnetic field (B)

The number of lines of force within a given unit area is
referred to as the magnetic field or magnetic flux den-
sity. It expresses the intensity of a magnetic field at a
specific region in force per unit length. It can be calcu-
lated as:

The two poles of a magnet behave differently. The
attraction of two magnets is more robust than their
repulsion due to the magnet’s molecular magnets
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Figure |. Magnet principle of a bar magnet: (a) magnet’s effective and geometric length and (b) magnetic field line of flux.

becoming aligned when two different magnetic poles
attract each other; one magnet promotes the parallel
alignment of the molecular magnets in the other mag-
net. In contrast, when two equal magnetic poles repel
one other, both magnets are weakened, as one magnet
interrupts the parallel alignment of the molecular mag-
nets of the other magnet.

Magnetic moments and dipoles

The magnetic moment (), also known as the magnetic
dipole moment, is a vector that quantifies the torque
encountered by a particular magnet in an external
magnetic field. This magnetic property is frequently
depicted as radiating from the north and south poles.
The magnetic dipole moment can be calculated by:

14
n = Brmax>< —
L)

where Br,,,,, indicates the maximum flux output from
the magnetic material and is the point at which the

hysteresis loop crosses the B axis at zero magnetising
force and

o = 4mx1077 N/ p2

Method and procedures

List of magnets used and their properties

This paper uses nine magnets categorised into three
experiments with three positions: Lead magnet, Co-
lead magnet and Follower magnet. A list of magnets
and their properties are provided in Table 2.

Idea verification experiment

A tractor beam magnet, also known as an inverter
magnet, consists of a set of magnets. A single magnetic
field is produced, and another magnet, known as the
follower magnet, is positioned at a specified distance.
The follower magnet, as the title implies, follows the
movement of the inverter magnet. A simple experiment

Table 2. List of magnets used in the experiment and their properties.

Experiment Position Size Grade Magnetic flux  Magnetic
density (B) dipole
(gauss) moment
(1) (Am?)
Idea Verification Experiment Lead 25 mm diameterX5 mm thickness N42 2451 2.58
Co-lead 10X5X4 mm N42 4807 0.210
Follower 14 mm diameterX4 mm thickness N42 3274 0.647
COMSOL Concept Simulation  Lead 20 mm diameterX 10 mm thickness ~ N52 5233 3.70
Co-lead and Follower 6 mm diameter X |10 mm thickness N52 7088 0.333
Proof of Concept Experiment  Lead 25 mm diameterX 10 mm thickness  N42 4123 5.16
Co-lead 10X5X10 mm N42 6143 0.525
Follower 3 mm diameter X6 mm thickness N42 6403 0.0445
Magnetic Tractor Beam’s Lead 20 mm diameterX 10 mm thickness  N52 5233 3.70
Distance Experiment
Lead 17 mm diameterX 10 mm thickness ~ N52 5638 2.67
Co-lead and Follower 8 mm diameterX |0 mm thickness ~ N52 6871 0.592
Co-lead and Follower 6 mm diameterX |0 mm thickness N52 7088 0.333
Catheter Model Lead 50%x50X25 mm N52 4933 73.6
Co-lead 40%20%20 mm N52 7190 1.88
Follower 5 mm diameterX20 mm thickness N42 6549 0.413
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Figure 2. Magnet diagram of the magnetic inverter: (a) front view of inverter magnet concept, (b) side view of inverter magnet
concept, (c) diagram of the idea verification experiment and (d) idea verification experiment setup.

was carried out to test this phenomenon. To begin, an
inverter magnet and another magnet (the follower mag-
net) were set on opposing sides of a table. Then, the
inverter magnet was moved closer to the follower mag-
net until it began to move. Typically, depending on
their orientation, two magnets would resist or collide.
The inverter magnet and follower magnet, on the other
hand, maintained a constant distance. Even though the
magnets only interacted through magnetic forces, when
the inverter magnet was moved over the table’s surface,
the follower magnet followed as if they were attached
to each other with a hard chain.

Based on the current design of the inverter magnet,
which employs a cylindrical magnet, a catheter actua-
tion principle was developed. Moving the co-lead mag-
nets closer together causes the follower magnet to travel
farther away from the inverter magnet, and moving the
co-lead magnets farther apart causes the follower mag-
net to move closer to the inverter magnet. It is assumed
that with this setup (Figure 2), the user will be able to
regulate the distance of the follower magnet. Three
magnets were placed on a table to demonstrate the con-
cept (Figure 2(c)). The lead magnet was taped to the
table, and the two co-lead magnets were moved by hand

to see whether the magnetic couples could manipulate
the follower magnet or not.

COMSOL concept simulation

A magnetic simulation was constructed in COMSOL
(Stockholm, Sweden) to understand the concept’s rela-
tionship between magnets. By setting up a ‘Magnetic
Fields, No Currents (mfnc)’ with the ‘Stationary’ stud-
ies, a set of magnets made from the ‘N52 (Sintered
NdFeB)' magnet material was modelled in COMSOL
to see their magnetic flux density and force
diagram. The magnets’ material properties can be seen
in Table 3. The result simulation studies are created in
a 3D plane, and a 2D plane is cut in the middle of all
the magnets to determine the magnetic density.

Proof of concept experiment

In order to prove that the follower magnet is able to be
manipulated in the y-axis by our set of magnets, an ini-
tial simple prototype was developed and built. An
acrylic sheet, chopstick, shielding sheet, and magnets
made up the prototype. First, the acrylic sheet was cut
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Table 3. Material properties of magnets used in the simulation.

Property Expression
Relative permittivity |

Recoil permeability 1.05

Thermal conductivity 9 Wm~'K~!
Density 7.55gcm ™3
Heat capacity at constant 440 Jkg~'K!
Electrical conductivity 1/1.5uQ - m
Relative permittivity |

Remanent flux density norm 144 T

into pieces, and a glue gun was used to adhere them to
the magnet. The shielding sheet was then attached to
two acrylic sheets connected to the co-lead magnets to
minimise the magnetic strength when moving the mag-
nets by hand. To mock a catheter during surgery, the
follower magnet was connected to the tip of the chop-
stick. The follower magnet was examined to see if it
could move up and down the Y plane.

Magnetic tractor beam (MTB) experiment

Magnetics with different sizes and field strengths were
tested out for the MTB effect. The distances between
two co-lead magnets were studied again as well as the
distances between the leading magnet and the following
magnet to understand the range of the MTB effect.
After that, different magnet holes and combinations of
pegboards were modelled according to the minimum
and maximum distance measured in SOLIDWORKS
and cut by the laser cutter machine (Figure 3). The
magnets were inserted into each hole, and the distance
between the lead magnet and follower magnet was mea-
sured. The measurement was repeated until all possible
distances were measured. Moreover, to see whether dif-
ferent arrangements of magnets could hold the magnet
in the air vertically upside down or not, the pegboard
was placed vertically. If the follower magnet could levi-
tate in the air, the distance between the lead magnet
and follower magnet was measured once again. After
that, to see whether the weight of the follower magnet
affected the distance between the lead magnet and fol-
lower magnet, grains of long-grain white rice were
added to the follower magnet and the distance was
measured once more. In this experiment, three grains of
rice (each 25 mg) were added one by one. All distances
were measured. Every measurement was repeated three
times, and the mean was calculated as a result.

Catheter model

The second prototype, pictured in Figure 4, was
designed in SOLIDWORKS. The objective for this
prototype was to move the follower magnet in the XY
plane. The follower magnet was moved in the X plane
manually, whereas it was moved in the Y plane by
moving the Co-lead magnets. As the magnet strength

Figure 3. Example of pegboard. Printed 3D model with
magnets inserted into the pegboard.

was powerful, seven small blocks (6X6X70 mm) were
designed to distinguish the Co-lead magnets to identify
each distance. A 3D printer was used to create each ele-
ment of the model, and then the elements were assem-
bled with the magnets. A small magnet was placed
inside a 5mm catheter above the prototype. Finally,
the distance enabling the tractor beam effect and the
distance between the lead magnet and the follower
magnet were measured.

Result and discussion
COMSOL simulation

Displaying the results of the COMSOL simulation,
Figure 5 shows that the lead magnet and follower mag-
net attract each other, whereas the co-lead magnets
repel the follower magnet. These opposing forces are
responsible for creating a gap between the follower
magnet and the lead/co-lead magnets.

Magnetic tractor beam distance

The MTB distance was subject to the size of the magnet
(Figure 6). The distance between the lead magnet and
follower magnet was first measured horizontally, and
the result is shown in Figure 7(a). However, only two
combinations of magnets could hold the follower mag-
net upside down. The distance between the lead and
follower magnet was measured for these two combina-
tions, and the results are shown in Figure 7(b). The dis-
tance that could hold the follower magnet most stably
was the maximum distance between the co-lead
magnets.

Figure 7 shows the curve fitting results of the experi-
ment. The distance between the lead magnet and fol-
lower magnet is inversely proportional to the distance
between the two co-lead magnets. Additionally, with
the pegboard placed horizontally, when the follower
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Figure 4. 3D printed catheter model experiment. The catheter is held by the magnets and is moved from position A to F by the co-
lead magnets. White arrows and lines denote the range of motion from 0° to 45°, where the solid line is the initial position (0°), and

the dashed line is the catheter position.

Surface: Magnetic flux density norm (T)
Arrow Surface: Magnetic flux density

Figure 5. COMSOL simulation of MTB plane cut’s magnetic
flux density norm. The arrows show the magnetic flux directions
between the four magnets.

magnet is bigger than the co-lead magnet, the distance
between the lead and follower magnet is smaller than
when the co-lead magnet and follower magnet are the
exact sizes. Furthermore, when the lead magnet is
17mm long, the distance between the lead magnet and
follower magnet is bigger than when the lead magnet is
20mm long. However, when the lead magnet is either
17 or 20mm long and the distance between co-lead
magnets is the minimum, the follower magnet cannot
be held vertically upside down, as the magnetic flux of
the co-lead magnets is overpowered by that of the lead
magnet. Moreover, as the systems have been placed
upside down, there was a gravitational force acting on

12
g U g 17 Co=6,
= 10 and F=6
] 9
o E g =20 Co-=6,
2 E 8 and F=6
S o 7 . _
g8 L=20, Co-L=6,
2 & and F=8
3 g s | FE3 +
g 4 E 5] L=20, Co-L=8,
e T _
S N 1 and F=6
2 3 e
a 2 l:l:l E;l L=17, Co-L=6,

1 1 and F=8

Figure 6. Distance between two Co-lead magnets that enable
the tractor beam effect, where L = Lead magnet, Co-L = Co-lead
magnets, and F = Follower magnet, and the values of L, Co-L, and
F are the diameter of the magnets in mm. All of the magnets are
in grade N52.

the follower magnet, resulting in the weight of the fol-
lower magnet affecting the distance between the lead
and follower magnets; as the distance increases when it
is measured vertically upside-down (Figure 7(c)).

Catheter model experiment

The two co-lead magnets were moved closer to and
farther away from each other during the experiment
with the catheter model. Figure 8§ shows that the MTB
effect is only possible for a certain range of distances
between the co-lead magnets; in this case, the distance
between co-lead magnets ranged from 6 to 36 mm. The
catheter model with an inserted following model
demonstrated the capacity to steer over 75-103 mm of
distance (in the vertical plane) and =45 degrees of
angular positioning (in the horizontal plane), showing
the potential manoeuvrability for clinical applications
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Figure 7. Distance between the lead magnet and follower magnet, where L = Lead magnet, Co-L = Co-lead magnets, and

F =Follower magnet, and the values of L, Co-L, and F are the diameters of the magnets in mm. The standard deviation is plotted in
the graph as an error bar. (a) pegboard placed horizontally, (b) pegboard placed vertically upside-down and (c) comparing distance
results when the pegboard is placed horizontally and vertically.
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The catheter can be manipulated in both vertical and
horizontal planes by the three-magnet pair approach
even if only certain distances enable the tractor beam
effect. Although the co-lead magnets control the dis-
tance between the lead and follower magnet, the lead
magnet still has a lead role in manipulating the magnet,
as it is the magnet that attracts the follower magnet.
When the magnetic field lines of the co-lead magnets
cancel out all of the magnetic field lines of the lead mag-
net, this breaks the tractor beam effect. If the co-lead
magnets are too far from each other, there will be no
repulsion between the co-lead magnet and the follower
magnet, and the tractor beam effect will not occur.

Traditional catheters have limited steering capabil-
ities, which is particularly problematic for deep-seated
tumours requiring the catheter to be inserted deep into
the body. Clinicians can easily apply too much force
and accidentally puncture tissue, especially when the
surrounding tissues are delicate. The presented method
will significantly improve catheter steering by allowing
clinicians to wirelessly steer the catheter from the tip in
the horizontal and vertical planes.

Conclusion and future works

This study illustrates the MTB magnet’s potential for
use in various purposes in medical applications.
According to our concept verification, a catheter
inserted with a follower magnet can be manipulated
spatially. The result shows that only specific distances
enable MTB, and some combinations of magnets are
not able to hold the follower magnet upside down.
Different sizes and combinations of magnets result in
different steering distances.

Mathematical modelling of the MTB effect in 3D is
recommended to study with how MTB magnets influ-
ence each other. Also, setting up a proof of concept
model for catheter steering and a model required for
the steering distance required according to the clinical
requirement need to be done. Future studies include
studies of the MTB effect in more depth, including
simulations and experimental studies on the magnetic
flux, force and distance of magnets in different sizes
and combinations. Follow up by the catheter position’s
characterisation and force studied, and a study on an
anatomical model. Establishing a closed-form kine-
matic solution for MTB-based steering under various
design conditions should be studied involved in an
additional study.
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