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Abstract: Minimally invasive endovascular procedures rely heavily on catheter devices. However,
traditional catheters lack active steering requiring considerable skill on the surgeon’s part to accurately
position the tip. While catheter tips could be made steerable using tendon-driven and Pneumatic
Artificial Muscle (PAM) approaches, remote magnetic actuation is uniquely suited for this task due to
its safety, controllability, and intrinsic miniaturization capabilities. Soft composite magnetic materials
feature embedding distributed magnetic microparticles compared with attaching discrete permanent
magnets proving beneficial in steerability and control. This work demonstrates the fabrication of
a soft hollow magnetic tip that can be attached to a catheter to make the assembly steerable. The
catheter tip is extensively characterized in terms of bending hysteresis, bending force, and dynamic
response. The catheter showed average hysteresis between 5% and 10% and bending forces up to
0.8 N. It also showed a good dynamic response by changing its bending angle in <200 ms under a
step response.

Keywords: endovascular; soft catheter; magnetic catheter; bending hysteresis; robot-assisted control;
surgical robots

1. Introduction

Minimally invasive procedures through endovascular interventions carried out using
catheters have been reported to confer lower morbidity than open surgical techniques while
preserving the efficiency [1]. The use of catheters is becoming increasingly common to ac-
cess deep and remote anatomic regions through the body lumina for clinical procedures [2]
like stent placement [3], laser ablation [4], and imaging [5] among others. However, such
catheters remain difficult to use in tortuous paths due to limited tip control. When the oper-
ator rotates a 150 cm long traditional catheter, the distal tip should also rotate accordingly
despite being looped around the body [6]. However, the distal tip may not always respond
as expected which may possibly lead to inaccurate positioning of the catheter tip. This hur-
dle can be overcome by having catheters with steerable tips usually by using technologies
like cable or tendon driven steering [7–9], shape memory effect [10], Pneumatic Artificial
Muscles (PAMs) [11], hydraulic [12], and pre-curved concentric tubes [13]. Cable or tendon
driven steering remains the most widely used catheter actuation technology because of the
simplicity it offers in design and fabrication. However, such catheters tend to be stiff due to
the need for a backbone to prevent buckling and due to the presence of tensioned cables,
and are difficult to miniaturize and control precisely [14].

An alternative way of actuating the catheter tip is by using magnetic fields which
could help in performing complex coordinated motion in Three Dimensional (3D) space
in a safe, highly controllable, and remote fashion [15–18]. Magnetically actuated catheters
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have been reported in the literature as far back as 1951 using custom electromagnetic
navigation systems [19]. In 2002, researchers attached a single permanent magnet to the tip
of a 7 French (F) ablation catheter that was used to perform navigation and ablation in dogs
and pigs. A commercial magnetic navigation system (Telstar; Stereotaxis, Inc., St. Louis,
MI US) consisting of an array of superconducting electromagnets surrounding the torso
of the animal was used to generate magnetic fields that try to align the catheter parallel
with it [20]. However, there were some misalignments and navigation to a particular
target required multiple adjustments of the magnetic field. Nonetheless, the positional
accuracy was reported to be <1 mm and the feasibility of using magnetic fields as a means
of remote actuation of a catheter was established [20]. However, using bulky magnetic
navigation systems significantly affects quick access of the patient to the surgeon in case of
an unforeseen emergency. Further, bulky magnetic navigation systems, like MRI machines,
would require specialized surgical rooms to avoid any unwanted interactions with other
metallic tools typically used in the surgical room and would increase equipment capital
and infrastructure costs.

Taking the idea forward, multiple-point magnetic actuation over the length of the
catheter was reported [21]. Multiple permanent magnets embedded along the length of
the catheter give the option of distributed control. By controlling how each of the magnet
interacts with the external magnetic field, patient-specific magnetic catheters could be
designed. While using distributed magnets along the length has its advantages, it is also
limited in terms of miniaturization due to the finite size of the embedded magnets required
to deflect the catheter under applied magnetic fields. There are also concerns that the
embedded rigid magnets at the tip of catheters and guidewires could break off leading to
undesired clinical problems like blockage of arteries [22].

To overcome these limitations, magnetically actuated soft catheters have been pro-
posed by Kim et al. [23], among others. Instead of using discrete magnets, magnetic
microparticles were uniformly dispersed throughout their soft polymeric body. The use
of magnetic microparticles as distributed actuation sources enables the miniaturization of
magnetic catheters and guidewires to sub-millimeter scale. While soft bodied catheters
could provide less traumatic navigation, even at acute angles, and could reduce injury re-
lated complications due to their inherent compliance [24], so far only magnetic guidewires
for cerebrovascular applications have been shown [23]. In contrast, a hollow catheter
gives the ability to introduce other functionalities such as drug delivery, Intravascular
Ultrasound (IVUS), stents or coils which may be needed to perform specific tasks during
the surgery. The hollow lumen can also help in introducing localization and shape sensors
like Fiber Bragg Grating (FBG) and Electro-Magnetic (EM), which can accurately determine
the pose of the catheter tip and therefore may be needed for accurate positioning and for
providing feedback for better control. The characterization in this paper could be helpful
for developing magnetic catheters for other endovascular applications as well.

The main contributions of this paper are:

• Custom fabrication of a soft hollow magnetic catheter tip using mold-free extrusion.
• Numerical modeling of the steerable tip bending and its verification, required for the

prediction of its bending.
• Characterization of bending hysteresis and bending forces. Through such characteri-

zations, a control strategy can be developed.

This paper is organized as follows: Section 2 explains the design and fabrication of
the custom magnetic catheter tip and its design. Section 3 details the magnetic actuation
theory and the numerical modeling of the catheter bending. Section 4 describes the bending
characterization of the magnetic catheter tip with respect to its hysteresis, bending forces it
can apply, and its dynamic response. Section 5 concludes the paper summarizing the main
results and possible future directions.
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2. Fabrication of the Magnetic Catheter

A custom made magnetic catheter (MC) was developed combining a catheter body
with a hollow magnetic tip which is composed of a soft polymer (UV electro 225-1, Mo-
mentive, Cologne, Germany) embedded with Neodymium Iron Boron (NdFeB) magnetic
particles (MQP-15-7-20065, Magnequench GmbH, Tüubingen, Germany). It was prepared
by extruding a mixture of the polymer and magnetic particles through a custom nozzle
and curing it using high intensity Ultra-violet (UV) light (Figure 1). The preparation of the
magnetic mixture is described in detail in [25]. The extruded structure was then magne-
tized along the axial direction using an Impulse Magnetizer (T-Series, MAGNET-PHYSIK,
Cologne, Germany). A UV-curable polymer is used because it gives the option for fast
curing which is necessary to extrude hollow structures without the extruded material
collapsing on itself. NdFeB is selected as the material for providing magnetic capabilities
because it is hard magnetic, and has the highest remanent magnetization, and as such
provides the strongest magnetic actuation.

Figure 1. (a) Schematicof the extrusion based fabrication method used and (b) a section view of
the nozzle used for extrusion showing the annular space through which the material is extruded.
(c) Fabricated magnetic catheter tip attached to a medical catheter (Scale bar: 10 cm). The attachment
point between the magnetic catheter tip and the medical catheter is raised from the surface below
which makes the magnetic catheter tip cast a shadow on the surface. (d) A closeup of a part of the
fabricated magnetic catheter tip (Scale bar: 2 cm).

The resulting bendable catheter tip is a hollow cylinder of 7 mm length, 2.3 mm (6.9 Fr)
outer diameter and 0.9 mm (2.7 Fr) inner diameter lumen. An internal lumen of ≈1 mm
is important to allow the introduction of other functionalities like guidewires, IVUS, or
targeted medicines through it. Because of the extremely high viscosity of the magnetic
mixture, it becomes difficult to extrude it through orifices of less than 500 µm. Therefore,
the overall diameter of the magnetic catheter turns out to be 2.3 mm. The fabricated catheter
tip is glued to the distal end of a 4 Fr (1.4 mm) medical catheter. The magnetic particles give
the catheter tip a distributed axial magnetization which enables remote magnetic actuation.

3. Mathematical Modeling of Catheter Bending

As the position of the External Permanent Magnet (EPM) changes with respect to the
magnetic catheter, the magnetic fields experienced by it also vary both in direction and
intensity. Therefore, the magnetic fields were numerically modeled to predict their intensity
and direction in space around the EPM. This information was used to predict the bending
behavior of the magnetic catheter through numerical modeling when the EPM is moved
along an arc around it.

3.1. Fields Around an External Permanent Magnet

The EPM is cylindrical in shape (7 cm length and 6 cm diameter), diametrically
magnetized with a 1 cm through hole along its axis which is used for mounting it on
supporting structures. As reported in the literature [26], a permanent magnet can be
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approximated as a magnetic point dipole when the working distance is beyond the radius
of its minimum bounding sphere. In this case, the radius of the minimum bounding sphere
is 4.6 cm. For endovascular applications the working distance should be more than ≈15 cm
to take into account the chest anatomy of the patients. Hence, we have chosen 15 cm as our
working distance which is bigger than the radius of the minimum bounding sphere and
therefore, the EPM can be assumed to be a point dipole for the purpose of calculating the
fields at a point in space given by:

BBB(rrr) =
µ0

4π

[
3rrr(m1 · rm1 · rm1 · r)
|rrr|5 − m1m1m1

|rrr|3

]
(1)

where µ0 is the vacuum permeability constant, BBB is the magnetic flux density, rrr is the
position vector of the point in space from the EPM, m1m1m1 is the magnetic moment of the
point dipole, and ··· represents the dot product of two vectors. This equation gives us the
magnitude and the direction of the magnetic field around the EPM.

The magnitude of the magnetic field drops considerably with distance from the
EPM. Not only the field magnitude itself but also the field gradient magnitude increases
considerably when getting closer to the EPM. When the catheter is placed close to the
EPM, the magnetic field applies a torque on the catheter tip to align it with itself, and the
magnetic field gradient pulls the catheter tip towards the EPM. A dipole with moment m2m2m2
at a position vector rrr where the magnetic field is BBB will experience a force given by (2) and
a torque given by (3).

FFF = ∇(mmm2 · BBB) (2)

τττ = mmm2 × BBB (3)

3.2. Modeling the Soft Magnetic Catheter

The magnetic steerable tip was divided into 1mm segments length-wise which were
modeled as in-extensible cantilever beams on which the magnetic field applies a force
and a torque as formulated in (2) and (3). Only a planar model was considered as the
deflections of the magnetic catheter lie in the X-Y plane and the EPM could also be modeled
as a point dipole in this plane. There are a few assumptions in the developed model. The
magnetic catheter is assumed to have a uniform cross-section. It is assumed that each
segment is slender and its deflection minuscule. Each segment is also modeled as a straight
line. The Free-Body Diagram of each segment is shown in Figure 2a with the cantilever
being anchored at the proximal end. The magnetic force was modeled as a distributed load
along the length of the segment. Torque was modeled to be acting at the middle of the
segment. Further, each segment i exerts a reaction torque τr and force Fr on the segment
i − 1 immediately preceding it. For each force F and torque τ acting on the segment of
length L at a point at a distance a from the anchored end, the deflection δ at the free end is
calculated using (4), or (5). For each distributed force w, the deflection at the free end is
calculated using (6).

δF =
Fa2

6EI
(3L− a) (4)

δτ =
τa2

2EI
(5)

δw =
wL2

8EI
(6)

argmin
I

=
16

∑
i=1

√
∑N

n=1(Θn,10i −Θ f bg,n,10i)2

N
/16 (7)
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Figure 2. (a) The forces and torque acting on each segment of the modeled magnetic catheter. The
deflection due to each of the components is calculated and added to give δtotal,i. Assuming the
segment length remains the same, the angle of deflection θtotal,i is then calculated after which the
updated shape of the segment is approximated as a straight line with the updated angle. (b) The
magnetic catheter at three different angles of the EPM. Reconstructed shape from the FBG fiber
described in Section 4.1 is superimposed in red and the corresponding modeling result is drawn in
blue (Scale bar: 1 cm).

Θ f bg are the angles derived from the reconstructed shape of the catheter using an FBG
fibre (Section 4.1) and are taken as the ground truth. Initially, the catheter was assumed
to be straight horizontally and aligned with the axis of the EPM (rest state). The global
reference frame is defined such that the X-axis is along the catheter at rest state. All the
deflections occur in the X-Y plane with the Z-axis out of the plane. The global angle
Θi for each segment is tracked from the X-axis of the global coordinate frame. Since
all the segments are aligned horizontally initially, Θi for i = 1:N is 0◦. The deflections
from each force/torque component are summed to obtain δtotal,i, which was then used to
calculate the angle of deflection θtotal,i. The Young’s modulus E of the magnetic catheter
was experimentally measured [25]. Assuming the segment length remains constant, the
segment shape was then updated to be a straight line deflected by θtotal,i from the previous
shape. EPM angles (α) starting from 0◦ and in steps of 10◦ were considered. For each α,
the modeling starts with the most distal segment, i.e., i = N for which τr,N and Fr,N are
0, as there is no segment beyond it to exert any reaction torques and forces. θtotal,N was
calculated and added to ΘN . Similarly, θtotal,i was calculated for each subsequent segment
moving inwards from the most distal segment. Before moving to (i− 1)th segment, θtotal,i
was added to Θj for j = i to N. Continuing until i = 1, the first iteration was completed
and the shape of the magnetic catheter updated. Since the magnetic field produced by the
EPM is non-uniform, the forces and torques acting on the magnetic catheter will now be
different in the new configuration and hence an iterative computation is needed until the
system converges below a certain threshold. In this work, iterations were repeated until
the greatest change across all Θi for i = 1 to N between iterations was <0.1◦. Since during
fabrication, the magnetic catheter tip becomes deformed from a round shape to a slightly
flattened shape more resembling an ellipse due to gravity, the cross-section of the hollow
space and the magnetic catheter was assumed to be ellipse and area moment of inertia
I was calculated as Ic = 2.3× 10−12. Since this is just an approximation, a more fitting
value was calculated by optimizing I around Ic. The RMSE of Θ with respect to Θ f bg for
each α was calculated and its mean was taken as the minimization cost function (7). While
the resulting mean RMSE with Ic was 18.2◦, it was reduced to 5.0◦ with the optimized
Io = 3.4× 10−10 and the results of this parameter optimization are shown in Figure 2b for
three different α—30◦, 90◦, and 160◦.

The magnetic catheter is assumed to have a uniform cross-section in this model, which
may not be true. Further, the assumptions of the cantilever beam theory that the beam has
to be slender and the deflections minuscule may not necessarily be true for each segment.
The representation of each segment as a straight line is also not true whenever there is
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any bending involved. Despite these assumptions, the proposed model works well for
predicting the shape of the magnetic catheter for each EPM angle.

4. Bending Characterization of the Magnetic Catheter

The magnetic catheter was characterized for its bending response when the EPM was
moved along a circular arc of fixed radius around and in the vertical plane containing the
catheter. The characterization test system is shown in Figure 3. The EPM was attached to
a hinge using an arm on each side such that it could move in an arc around that hinge.
The magnetic catheter was clamped at the hinge such that a section of it (free length)
towards the EPM becomes actuated by it. The EPM was manually moved along the arc
which resulted in bending of the magnetic catheter. The angular position of the EPM and
the response of the magnetic catheter were recorded and analyzed to derive its bending
characteristics. To characterize the bending force of the magnetic catheter, its tip was
restrained by a Force/Torque (F/T) sensor from bending while the EPM was moved along
an arc and the forces applied by the magnetic catheter were recorded.

Figure 3. (a) The top view of the characterization test system where the EPM and magnetic catheter
which carries within its lumen a FBG fiber can be seen. When measuring the bending forces, the F/T
sensor was placed as shown. The black arrows at the EPM and at the magnetic catheter represent
their magnetization directions. (b) From the side view the motion of the EPM in an arc can be seen
which also bends the catheter along with it. A representative image of a bent catheter when the EPM
is moved in an arc is also shown. When the F/T sensor is placed, it constraints the movement of the
magnetic catheter which will apply a force on it when trying to follow the EPM. The free length of
the magnetic catheter which could be varied can also be seen.

4.1. Sensors

The angle of the EPM was recorded using a six-Degrees of Freedom (DOF) real-time
optical tracking system (fusionTrackTM 500, Atracsys®, Puidoux, Switzerland). An optical
marker (Figure 3a) was fixed to the EPM so that the angle of the EPM could be measured
as the difference in roll angle with respect to the starting pose. The bending response of
the magnetic catheter was recorded using a multi-core FBG fiber (FBGS®, Geel, Belgium)
placed inside the lumen of the magnetic catheter and attached to it at the distal end so as to
prevent it from sliding within the magnetic catheter. The shape of the magnetic catheter
was reconstructed using the FBG fiber [27] and the tip angle was calculated from it, as can
be seen in Figure 2. When recording bending forces, a six-Degrees of Freedom (DoFs) force
sensor (Nano17, ATI®, Apex, CA, USA) was used. Data from all sensors were synchronized
and captured at 30 Hz using Robotic Operative System (ROS) [28]. Where required, distance
between the magnetic catheter and the EPM were also measured using the same optical
tracking system.

4.2. Bending Hysteresis

The bending response, i.e., the tip angle of the magnetic catheter vs. the EPM angle
was recorded for different free lengths of the magnetic catheter (7 cm, 6 cm, and 5 cm)
while maintaining a 15 cm distance of the clamped part of the magnetic catheter from the
magnet. Depending on the target anatomy, the magnetic catheter may be restrained in
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bending only a section of it. Therefore, recording the bending response for different free
lengths is necessary. The EPM was manually moved in an arc until the magnetic catheter
reached a maximum bending angle, at which point the EPM was brought back to the initial
state with the magnetic catheter following it. The resulting response is shown in Figure 4.
With decreasing free length of the magnetic catheter, not only does the magnetic catheter
tip become further from the EPM, but the magnetic volume available to be actuated also
becomes reduced as only a portion of the 7 cm magnetic catheter is not constrained and is
allowed to bend under the EPM field. As a result, as the free length of the magnetic catheter
decreases, so does the maximum bending angle that the magnetic catheter can reach as
observed from the bending response. The magnetic catheter is able to reach a bending
angle of 180◦ with a free length of 7 cm, 140◦ with a free length of 6 cm, and 90◦ with a
free length of 5 cm. The five repetitions for each free length almost overlap with each other
which shows the good repeatability of the bending response of the magnetic catheter. For
each loop, hysteresis was calculated as the percentage ratio of the area between the forward
curve and the backward curve with respect to the area under the forward curve. The mean
hysteresis was calculated by taking a mean of the hysteresis observed for five repetitions
and was found to be 5.74%, 5.37% , and 9.87% for 7 cm, 6 cm and 5 cm free lengths,
respectively. One factor contributing to the hysteresis could be the movement of the FBG
fiber inside the lumen. While the FBG fiber was attached to the distal end of the magnetic
catheter, it could still change position and slide from side-to-side within the lumen. While
this could affect the bending angle as measured by the fiber, the mean hysteresis observed
is low and therefore this curve could still be used for planning controlled actuation of the
magnetic catheter without the need for any hysteresis compensation.

Figure 4. (a) Cartesian plot and (b) polar plot of magnetic catheter tip bending angle measured by
FBG in response to varying EPM angle measured by optical tracking system for different catheter
free lengths (7 cm, 6 cm, and 5 cm). The dotted line in (a) represents the 45◦ line y = x. For each free
length, 5 repetitions are plotted. The 5 lines generally overlap showing good repeatability. For a view
on the actual shapes of the magnetic catheter tip, please refer to Figure 2.

4.3. Bending Forces

To measure the bending forces of the magnetic catheter, the F/T sensor was fixed just
above the tip of the magnetic catheter such that it constraints movement and the magnetic
catheter will apply a force on it while trying to follow the EPM. The EPM angle was
increased until a continuous decrease in maximum bending force was observed and then
the angle was brought back to zero. This process was repeated 5 times for each magnetic
catheter free length. A moving average low pass filter (n = 10) was applied to the resulting
data to filter out the noise, and plotted in Figure 5. While the maximum bending force is
the highest for the magnetic catheter free length of 7 cm (0.78± 0.02 N, forward loop), the
values for the free lengths of 6 cm (0.27± 0.01 N, forward loop) and 5 cm (0.29± 0.02 N,
forward loop) are similar. The EPM angle at which the maximum bending force is exhibited
by the magnetic catheter is the lowest for the free length of 7 cm (17.42± 0.55◦, forward
loop), while the values for the free lengths of 6 cm (20.84± 3.10◦, forward loop) and 5 cm
(21.11± 2.37◦, forward loop) are similar. The maximum bending force applied by the
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catheter arose for the 7 cm free length case. The strength of the magnetic interactions
also depends on the volume of the magnetic material available, and, out of the three free
lengths, it is the highest for 7 cm free length case. A longer length also brings the distal
tip of the magnetic catheter closer to the EPM where the magnetic fields and gradients
are stronger. The similarity observed between the 5 cm and 6 cm free length cases could
be due to the non-uniformity of the magnetic catheter tip along its length resulting from
manufacturing defects.

Figure 5. Bending force measurement of the magnetic catheter. The bending force vs. EPM angle
for the different free lengths of the magnetic catheter is plotted. The line plot represents the mean
bending force, and the shaded regions represent their respective standard deviations (Sample size:
10). The catheter is constrained to move using a F/T sensor throughout these measurements.

4.4. Dynamic Response

A magnetic catheter with a slow response time would induce a latency between the
control signal given to it and the bending induced in it. The experimental setup to study
the dynamic response of the magnetic catheter tip is shown in Figure 6a. The magnetic
catheter was clamped on a horizontal surface such that the entire magnetic tip was free to
move and an EPM was mounted above it on a vertical rail so that it could be moved up
and down (in a manual fashion). The reconstructed shape of the magnetic catheter was
overlayed on images captured using an optical camera (Prosilica®). The EPM was brought
closer to the magnetic catheter as slow as manually possible (approximately 3 cm/min) and
the bending angle as observed from FBG was plotted against the EPM distance as observed
from the optical markers to generate a hysteresis curve, an example of which is shown
in Figure 6b. As the EPM is brought closer to the magnetic catheter, it is found that the
bending angle does not increase considerably until it reaches a point where the jump is
sudden from near 0◦ to near 90◦. This jump occurs when the distance between the EPM
and the magnetic catheter is approximately 15 cm in this setting.

This behavior can be understood when considering the distribution of magnetic fields
and gradients around the EPM. As explained in Section 3.1, the magnetic field applies a
torque on the magnetic catheter to align it with itself, and the magnetic field gradient pulls
it towards the EPM. When the magnetic catheter is lying flat on a surface below the EPM,
the fields are not strong enough to bend it. Once the EPM is brought closer, the catheter
starts bending towards the EPM and starts getting into the region of higher fields and
higher gradients. Both of these further help the catheter to bend more which takes it to the
region of even higher fields and gradients. Therefore, this acts like a multiplier effect and
the process stops when the catheter has reached its maximum bending angle which is 90◦

for this setup. Since the magnetic catheter gathers some momentum due to the sudden
jump and has limited damping, it fluctuates before settling at its final bending angle.

After reaching the maximum bending angle of the magnetic catheter, when the EPM
is moved away, the reduction in bending angle is less sudden. That is because the magnetic
catheter now is much closer to the EPM. Even as the EPM is moved away, the magnetic
catheter still is relatively close to it resulting in a gradual decrease in the bending angle.
When the fields and gradients are not strong enough, the magnetic catheter starts falling
down. As this happens, the magnetic catheter reaches regions with lower and lower fields
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and gradients, until they are not strong enough to overcome gravity and therefore the
magnetic catheter drops to 0◦. During these movements, it is possible that the FBG fiber
in the magnetic catheter changes its relative position which could result in it sensing a
non-zero bending angle even when the magnetic catheter has dropped onto a flat surface.
Nonetheless, the camera confirms that the magnetic catheter has gone back to a 0◦ bending
angle. Data points when the magnetic catheter is bent by 90◦ are missing as at this state the
bending is almost exclusively at the anchor point of the catheter. The single FBG grating at
that position is not designed to handle such a large bending and therefore gives an error
message and that data point is skipped. Nonetheless, the bent state of the magnetic catheter
can be confirmed from the camera images. The sampling frequency of the experiments was
30 Hz, which was the maximum we could have because of hardware constraints. Having a
higher sampling frequency could help us in having more data points during the sudden
jump and drop and, therefore, better resolve them. The magnetic catheter jumps from
near 0◦ to near 90◦ in <200 ms which confirms a good dynamic response of the developed
magnetic catheter.

Figure 6. Investigation of the dynamic behavior of the magnetic catheter. (a) The placement and
movement of the EPM with respect to magnetic catheter. The strength of the magnetic field is
qualitatively shown by red arrows. (b) The resulting bending angle of the magnetic catheter vs.
the distance of EPM from the magnetic catheter for 7 cm free length (Sample size: 5). (c) A sample
plot showing the bending angle against time showing the sudden jump and the sudden drop of the
magnetic catheter.

5. Conclusions

The fabrication of a custom soft hollow catheter tip based on extrusion is demonstrated.
The procedure reported is beneficial as it does not require the use of any mold during the
fabrication thereby simplifying the process. By choosing an appropriate nozzle through
which extrusion takes place, different sizes of the magnetic catheter can be produced. The
fabricated magnetic catheter can be attached to catheters to impart steering capabilities to
them using remote magnetic fields. Here, we demonstrated the steering of the magnetic
catheter using an EPM that is strong enough to manipulate the magnetic catheter but
lightweight enough to be robot-mounted. Having a small EPM like the one reported here
can be advantageous as having bigger magnets may require the future surgical rooms to be
well isolated like Magnetic Resonance Imaging (MRI) rooms. Unlike this, robot-mounted
magnets can be integrated into the current surgical rooms by redesigning the tools to be non-
magnetic. The magnetic field around the EPM was modeled along with the bending of the
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magnetic catheter in it when the EPM is moved along an arc around the catheter. Despite
the assumptions made in the modeling of the magnetic catheter bending, good predictions
of the bending angles (root mean square error (RMSE) = 5.0◦) could be made. The distance
of the EPM was kept constant at 15 cm from the catheter as it is an anatomically relevant
distance when targeting endovascular applications. The bending of the magnetic catheter
was also extensively characterized experimentally in terms of its hysteresis, bending force,
and dynamic response. It was found that the magnetic catheter tip angle vs. EPM angle
curve is repeatable with minimal hysteresis. Based on the mm-scale required accuracy for
target applications, like stent graft placement [29], hysteresis compensation is not needed
for the bending angle curve because of the low hysteresis. For further accuracy, localization
sensors like FBG and EM may be used for closed-loop control.

Further, the maximum tip angle achieved was 180◦ in case of 7 cm free length and
it reduced as the free length decreased. Depending on spatial constraints of the target
anatomy, a corresponding free length of the magnetic catheter can be selected to predict
its bending response. The maximum bending force of 0.8 N applied by the catheter was
with 7 cm free length and it decreased with decreasing free lengths. The sudden jump
observed in the bending angle of the magnetic catheter when the EPM was brought closer
to it indicate a good dynamic response which is crucial for its safe and controlled steering.
However, it also shows that a linear motion of the EPM is not ideal for control of the
magnetic catheter and therefore an arc motion is needed. Based on these characterizations,
a control strategy for the catheterization of coronary arteries could be developed in the
future. A robotic arm mounted EPM could be used to guide and orient the magnetic tip
while the magnetic catheter is being driven by a catheter driver. Shape reconstruction and
localization techniques using FBG and EM sensors could help in the closed-loop control.
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IVUS Intravascular Ultrasound

MC magnetic catheter

MRI Magnetic Resonance Imaging

NdFeB Neodymium Iron Boron

PAM Pneumatic Artificial Muscle

RMSE root mean square error

ROS Robotic Operative System

UV Ultra-violet
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