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Magnetic navigation systems are used to precisely manipulate magnetically
responsive materials enabling the realization of new minimally invasive
procedures using magnetic medical devices. Their widespread applicability
has been constrained by high infrastructure demands and costs. The study
reports on a portable electromagnetic navigation system, the Navion, which
is capable of generating a large magnetic field over a large workspace. The
system is easy to install in hospital operating rooms and transportable through
health care facilities, aiding in the widespread adoption of magnetically
responsive medical devices. First, the design and implementation

approach for the system are introduced and its performance is characterized.
Next, in vitro navigation of different microrobot structures is demonstrated
using magnetic field gradients and rotating magnetic fields. Spherical
permanent magnets, electroplated cylindrical microrobots, microparticle
swarms, and magnetic composite bacteria-inspired helical structures

are investigated. The navigation of magnetic catheters is also demonstrated in
two challenging endovascular tasks: 1) an angiography procedure and 2) deep
navigation within the circle of Willis. Catheter navigation is demonstrated in

a porcine model in vivo to perform an angiography under magnetic guidance.

1. Introduction

Over the past two decades, significant
progress has been made in magnetic
micro- and nanomaterials for applications
in health care, ranging from nanoparti-
cles, nanowires, and composites, to more
sophisticated assemblies and architec-
tures, such as magnetic microrobots and
microcatheters.!3] These small-scale de-
vices hold significant potential in minimally
invasive medicine, especially for targeted
drug delivery and cell manipulation.[**!
The key principle involves leveraging
the ability of these materials to navigate
within biological fluids, tissues, and con-
fined areas within the human body using
externally generated magnetic fields.’™!

The advantage of magnetism over other
navigation approaches, such as light or
ultrasound, is that the body is essen-
tially transparent to magnetic fields. These
fields are biocompatible across various
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frequencies and strengths, and offer diverse ways to propel
small-scale devices. Their motion mechanisms can be tai-
lored by designing an appropriate magnetic architecture and
applying suitable magnetic inputs, such as field gradients or
rotational fields.['**] Magnetic navigation’s remote manipula-
tion capabilities hold substantial benefits for procedures such
as neurovascular and endocardial interventions. By operating
directly within the vasculature, craniotomies and open-heart
surgeries can often be avoided, reducing the risk for patients.
This approach is especially appealing for compliant tools, such
as flexible catheters, endoscopes, and untethered robots, across
different sizes and applications. The use of flexible instruments
lessens the risk of internal lesions!!®18] and perforations while
offering superior functionality compared to rigid counterparts.
Furthermore, magnetic navigation enables remote procedures,
minimizing medical personnel’s exposure to ionizing radiation
hazards. Among these hazards, fluoroscopy contributes the
most to the annual radiation dose in medical settings.[19-23]

Despite substantial advancements in magnetic tools, signifi-
cant hurdles exist in effectively transitioning these devices into
clinical applications. A main challenge is the realization of a
MNS that allows actuation of diverse magnetic devices at differ-
ent scales, while also being compatible with health care facilities
and imaging equipment, such as CT scanners and fluoroscopes.
An MNS consists of magnets located around the body of the pa-
tient. These are either permanent magnets, which are rotated
and/or translated in order to modulate the generated magnetic
field, or electromagnets in which the magnetic fields are regu-
lated by the amount of electrical current that circulates through
conductive windings. The only three commercial MNS that have
transitioned to the operating theater are from Stereotaxis Inc.,
Magnetecs, and Aeon Scientific AG. Stereotaxis’ systems have
performed over 100 000 procedures to date,?*] with 123 Niobe
units installed worldwide as of 2019.151 All three systems are
large and heavy, and demand extensive hospital infrastructure,
which poses challenges for many health care institutions.

These systems are not designed for generating magnetic field
gradients or rotating magnetic fields, limiting their utility to
specific tasks, such as manipulating magnetic tools for selected
procedures, such as electrophysiology studies or endocardial
ablation. Stereotaxis’ dependence on permanent magnets pre-
vents the deactivation of the generated magnetic fields, thus
constantly posing risks including the unintended attraction of
tools, interference with nearby equipment, and the creation of
magnetic fields surpassing regulatory limits. These hurdles un-
derscore the need for strategies to enhance the feasibility and
safety of magnetic navigation within medical settings. Recent
electromagnetic navigation systems have been proposed!?¢?’]
to address some of the current limitations. While these sys-
tems represent a significant improvement over previous setups,
they do not fulfill all requirements for a clinical setting. The
main limitation of these systems is that they significantly re-
strict the available imaging modalities, for example, the range
of angles achievable by the fluoroscope. These limitations are
often linked to the system’s geometry, which affects the fluoro-
scope’s image view. Additionally, the easy integration of the MNS
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into an operating room is important. Modern operating rooms
house a multitude of equipment, and any newly introduced sys-
tem must be compatible while imposing minimal infrastructure
requirements.

Understanding the present capabilities of magnetic navigation
technologies and their future prospects will aid specialized re-
searchers engaged in the engineering of small-scale magnetic
devices, especially those focused on the fabrication and design
of magnetic materials. This entails understanding the range of
magnetic fields that can be effectively applied, as well as the antic-
ipated operational forces and torques within realistic workspaces,
such as the human head, abdomen, and extremities. Both mag-
netic force and torque depend on the material’'s magnetization
at a given applied magnetic field. By considering these aspects
and the limitations and capabilities of realistic magnetic naviga-
tion systems, researchers can align their efforts more effectively,
optimizing the design and functionality of tiny magnetic devices.

We present an advanced electromagnetic navigation system
(eMNS), the Navion (Figure 1). The system is portable and
tailored for magnetically-assisted minimally invasive surgery.
Navion is designed to seamlessly integrate into clinical work-
flows as a self-contained mobile unit. The system is built upon
a mobile platform that incorporates all necessary subsystems for
generating magnetic fields in diverse spatial directions. With a
weight of ~400 kg, it can generate a magnetic field ranging be-
tween 5 and 50 mT. The workspace spans up to 400 mm from
the surface of the electromagnets. Gradients of 250 mT m™' and
rotating magnetic fields of up to 10 Hz are also possible. We
have designed the system to be positioned at the head of the pa-
tient bed, where the electromagnets align with the patient’s head.
Navion utilizes a triangular arrangement of three high-current
electromagnets, creating a plane that accommodates a ceiling-
mounted monoplanar fluoroscope C-arm. This arrangement pre-
serves fluoroscope image quality in various orientations, which is
particularly advantageous for neurovascular procedures requir-
ing this imaging approach. We initially demonstrate the manip-
ulation of small-scale robotic structures, such as spherical hard-
magnetic robots, walking tubular soft-magnetic robots, particle
swarms, and hard-magnetic artificial bacteria flagella (ABFs).
Untethered magnetic-responsive structures are promising can-
didates for future minimally invasive procedures. The system’s
capabilities are subsequently demonstrated using both conven-
tional and custom-made catheters in a controlled in vitro setting
using a silicone model mimicking the human neurovasculature.
The custom catheter is based on a custom hydrogel-coated distal
tip. Finally, operating room (OR) integration-validation is carried
out in an in vivo porcine model, showcasing the system’s perfor-
mance and potential for practical applications.

While we showcase a single unit, the system offers the flex-
ibility to integrate supplementary modular assemblies of elec-
tromagnetic systems including additional Navions. This feature
has the potential to amplify the magnetic forces and torques that
can be applied within practical working environments. We envi-
sion that this system will facilitate the full realization of magnetic
micro- and nanorobotic platforms for treating a number of con-
ditions in the near future.
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Figure 1. Schematic illustration of a magnetically guided neurovascular procedure using Navion and a fluoroscope in a clinical setting. In this config-
uration, A) Navion is placed at the head of the fluoroscope bed. The fluoroscope approaches the OR bed from the side and is able to move and rotate
in the space around the patient. B) A variety of magnetic structures can be used in conjunction with Navion spanning from traditional tethered devices
such as magnetic catheters to future untethered medical devices such as magnetic microrobots. C—E) Detail of the yoke coil unit on the Navion system
from the outside cover to the magnetic field generated in space. F) Isosurfaces of maximum magnetic field magnitudes achievable in front of the yoke

coil unit.

2. Results

2.1. Electromagnet Design for Navion

In remote magnetic navigation (RMN), an eMNS generates mag-
netic fields that induce a magnetic force F and a magnetic torque
T on magnetically responsive components embedded in the
tool(?] to be steered as

F=(m-V)B (1)
T=mxB 2)
where m is the dipole moment of the magnetic object, and B

the magnetic field externally generated at its position. The mag-
netic moment linearly increases with the volume of the magnetic
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structure and its magnetization. For permanent magnets, as they
are usually at remanence, the magnetization can be assumed as
insensitive to the external magnetic field, while for soft-magnetic
materials, the magnetization is related to the external field by the
magnetic susceptibility of the material.[?%) In the case of a mag-
netic catheter and guide wires, the magnetically responsive com-
ponents are generally embodied by permanent magnets embed-
ded in a flexible tip segment mounted at the distal end of the
catheter or guide wire. The magnetic tip allows the external mag-
netic field to deflect the medical catheter tip, facilitating the guid-
ance of the catheter.3031]

The ability to magnetically deflect the tool tip is directly
related to the magnitude of the magnetic field that can be
generated by the eMNS in the volume where the magnetic
tool will be manipulated. The main challenge in providing a
high-magnitude magnetic field, resides in the magnetic field
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Figure 2. Different configurations in which the Navion system can be employed. A,B) The Navion is positioned at the head of the surgical bed allowing the
fluoroscope C-arm to fully rotate around the bed. This type of configuration is suitable for neurovascular and neurosurgical procedures. The fluoroscope
can continuously transition between the coronal and sagittal planes. In (C), the fluoroscope is rotated between the coronal and the axial plane, with a
range of +10 to -25 degrees with respect to the fluoroscope panel starting at the coronal plane. D) The Navion is positioned on the side of the bed. The
fluoroscope is capable of accessing the operating volume from two directions (bed head side and opposite of Navion). In all four configurations, the
patient is accessible from both sides, thus allowing the same access to the patient as in a standard manual procedure.

magnitude decay with the cube of the distance from the field
source.

If a solenoid is assumed as the field source, the magnitude B
of the magnetic field produced along its main axis at a distance
z from the source can be estimated using the Biot-Savart law as
follows:

IR’N
B(z) = —2

_ RN G)
2R +22)?
where y, is the magnetic permeability of free space. Three paths
can be followed to increase the magnetic field magnitude. One
can decrease the electromagnet radius R, increase the number
of windings N, or increase the current I. Decreasing the radius
limits windings poses constraints on the maximal size of the
workspace.[*?] Maximizing the workspace allows the system to be
used over large anatomical areas. Increasing the number of wind-
ings increases the size of the system and its footprint, limiting in-
tegration in a clinical setting. Increasing current generates more
heat, increasing the thermal stress on the system, which can lead
to catastrophic damage to the device if not removed accordingly.
In this work, the focus was on reducing the system’s footprint
to favor better OR integration. To achieve this, we concentrated
on increasing the current flowing in the electromagnets by ex-
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ploiting a custom winding technique. By increasing the current,
higher magnetic fields can be achieved without increasing the
electromagnet size.

Traditional electromagnets are wound around a solid core us-
ing a conductive wire. To maximize the resulting magnetic field,
the windings are wound as close as possible to each other on the
magnetic core. This winding strategy results in minimal gaps be-
tween the winding layers limiting the area accessible on the elec-
tromagnet to exchange the heat from the winding to a cooling
fluid (Figure S1, Supporting Information). The electromagnets
used on the Navion system utilize a new winding technique in
which the conductive wire cross section is formed during the
winding around the magnetic core. The pre-formed wire, once
fully wound along the core length, forms sets of cooling chan-
nels through the entire winding pack. These extra channels allow
the cooling fluid to flow through the volume of the electromag-
net winding. The increased wire surface exposed to the cooling
fluid allows for an increase in the heat removal from the elec-
tromagnet (Figure S1, Supporting Information). When compar-
ing an electromagnet with standard winding to a Navion elec-
tromagnet, assuming a current of 30 A, the steady state tem-
perature was 62 °C for the standard winding and 38 °C for
the new winding strategy. When supplied with 70 A, the stan-
dard winding reached 100 °C causing the coolant to boil, while
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Figure 3. Magnetic performance of the Navion. A) Boundaries of the magnetic-feasible workspace as defined in ref. [*2], for the generation of magnetic
field magnitude of 10, 20, and 30 mT in any direction in space, and maximum currents of 50 A in each coil. The front of the coils are represented by the
white circles. B) Maximum magnetic field magnitude achievable at three different heights.

the new winding strategy reached a steady-state temperature
of 62 °C. The magnetic field difference on the surface of the
electromagnets between the two winding strategies was 0.9 %.
Given the same operating temperatures of the electromagnets,
the new winding strategy allows for an increase in current that
results in a power 5.4 times greater than the traditionally wound
electromagnet.

Since the magnetic field amplitude increases with the current
in the electromagnet (Equation 3), an increase in the allowable
current allows for the use of smaller electromagnets while main-
taining the same generated magnetic field. Each electromagnet
has a diameter of 186 mm, a length of 115 mm, and can operate
with a power of 10 kW.

2.2. Electromagnet Configuration

The Navion utilizes three electromagnets positioned in a flat tri-
angular arrangement (Figure 1C-F). This solution was chosen
to reduce the volume occupied by the system around the pa-
tient bed which could impede patient access and hinder the in-
corporation of a C-arm fluoroscope. The chosen arrangement
results in a trade-off between magnetic performance and ac-
cessibility for other medical equipment and personnel. While
electromagnets configured in a spherical geometry are optimal
for magnetic field performance,!*)] this arrangement must sur-
round the patient, complicating the integration of other medi-
cal equipment. For the applications that Navion was designed
for, fluoroscopy is of paramount importance. The main chal-
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lenge in integrating with a fluoroscopic C-arm is the range of
motion of the C-arm itself. Depending on the C-arm, rotations
of up to 90 degrees are possible, for example switching be-
tween the coronal plane and the sagittal plane. To maximise the
compatibility with current C-arms, lower magnetic performance
was accepted to increase the achievable angles of a compatible
C-arm.

With respect to the fluoroscope positioning, the planar elec-
tromagnet arrangement allows for different configurations and
angles of the C-arm. Figure 2 shows four example positioning of
the C-arm and the Navion system. In configurations (A) and (B),
the Navion is positioned at the head of the patient bed allowing
the fluoroscope C-arm to freely transition between imaging the
coronal plane and the sagittal plane. In Configurations (C) and
(D), the Navion is positioned at the side of the patient bed allow-
ing the C-arm to move between the coronal plane and the axial
plane. Depending on the type of minimally invasive operation ei-
ther Navion position was beneficial.

2.3. Magnetic Field Performance

Navion is able to control the direction and amplitude of the mag-
netic field at any chosen position in a calibrated volume of 40 x
40 x 40 cm in front of the coils. Practical constraints, such as
power consumption and maximum achievable currents in the
electromagnets, limit the magnitude of the magnetic field that
can be achieved at these positions. Using the approach described
in ref. [32] and a linear model of the system using the approach
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Figure 4. Magnetic field lines and magnetic field amplitude for different field references at 20 cm in front of the coils and at 10 mT amplitude. The
desired magnetic field is depicted by the orange arrow at the center of the reference frame. The color scale represents the magnetic field magnitude.

described in ref. [34], we computed the workspace of Navion to
generate a magnetic field of a desired amplitude in any direc-
tion in space. This workspace, known as the magnetic-feasible
workspace, was then evaluated for different amplitudes as de-
picted in Figure 3A. Additionally, the magnetic performance of
the system was evaluated at three different heights (xy-planes
with different offsets along the z-axis, Figure 3B).

Figure 4 illustrates the magnetic field lines for different di-
rections of the desired magnetic field specified at the center of
the reference frame represented by the orange arrow. The cur-
rents in the electromagnets required to generate the desired
magnetic field at the target position were computed using the
inverse of the actuation matrix determined via the model of
the system.[?°l The actuation matrix was in turn used to evalu-
ate the magnetic field at the other positions in the considered
plane.

The unique topological arrangement of the electromagnets
enables unprecedented fluoroscope positioning and a more ac-
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cessible area. The planar triangular arrangement combined
with the high power density electromagnets allows for a large
area of accessibility around the patient while maintaining a
magnetic field magnitude and homogeneity sufficient to mag-
netically steer magnetically responsive biomaterials and med-
ical devices in the human body, as demonstrated in the next
sections.

2.4. In Vitro Navigation of Untethered Magnetic Devices

We assessed the capabilities of the Navion to navigate unteth-
ered magnetic structures within conduits comparable in size to
those of human vessels while maintaining a workspace com-
patible with imaging modalities and at human scales. As the
Navion can generate both gradients and rotating magnetic fields,
several prototypical microrobotic structures with different sizes,
shapes, anisotropies and materials were tested: a hard-magnetic
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millisphere (Figure 5A), two micro-tubular soft-magnetic struc-
tures, each with a distinct composition (Figure 5B,C), a hard-
magnetic composite microhelix (Figure 5D), and a swarm of
hard-magnetic isotropic microparticles (Figure SE). These archi-
tectures were selected as they represent typical shapes commonly
employed in the area of magnetic microrobotics. The manipula-
tion experiments were conducted in a fluidic model that repro-
duces human vasculature in a large workspace. The navigation
was conducted with no flow, simulating the scenario in which
a balloon catheter would be used to stop or reduce the blood
flow for a short time. The vascular geometry in the lower sec-
tion of the model closely adheres to human anatomy, includ-
ing key components such as the aortic arch, carotid artery, sub-
clavian artery, and brachiocephalic artery. In contrast, the up-
per section of the model has been intentionally altered to in-
troduce varying degrees of branch tortuosity (Figure 6A). This
tortuosity is visually differentiated using a color-coded scheme:
blue represents easy, red signifies medium, and black indicates
hard levels of tortuosity. In the context of our navigation tech-
nique, two control strategies were used. The spherical perma-
nent magnet was navigated using pulsed gradients, while the two
tubular structures, the particle swarm, and the artificial bacteria
flagella (ABF) were maneuvered using rotating magnetic fields
(Figure 5F).

2.4.1. Navigation of a Spherical Permanent Magnet

Spherical microrobots have been proposed as embolic agents
or targeted drug delivery agents. We evaluated the motion of a
commercially available hard-magnetic sphere of 2 mm in diam-
eter made of a gold-coated neodymium-iron-boron using pulsed
magnetic field gradients. The spherical robot was initially posi-
tioned at the entry point of the aortic arch, simulating its deliv-
ery via a catheter through the standard femoral-to-aorta access
commonly employed in neurovascular procedures. From this ini-
tial location (Video S1: 22 s, Supporting Information), the robot
was steered using pulsed magnetic gradients to navigate through
the model vasculature. In the first demonstration, the spherical
robot was guided from the end of the aorta toward the brachio-
cephalic artery by generating a gradient aligned parallel with the
fluidic model’s long axis (Video S1: 34 s, Supporting Informa-
tion). The robot was subsequently navigated into the common
carotid artery. A gradient pointing to the left was then generated
to allow the spherical robot to hop towards the left of the model.
The magnetic field gradient was then rotated so that the spherical
robot was pulled into the right bifurcation (Video S1: 69 s, Sup-
porting Information). A combination of right, straight, and left
gradients was then employed to navigate through the S-shaped
features (Video S1: 80 s, Supporting Information). Finally, a mag-
netic gradient aligned similarly to the initial one was used to
move the spherical robot towards the goal marked with a black
dot at the end of the model. In the second demonstration, the
spherical robot began on the right side of the aorta, just before
the aortic arch. Using a combination of straight and left gradi-
ents, the sphere was directed into the left common carotid artery
(Video S2: 29 s, Supporting Information). A right-pointing gra-
dient was applied to enter the right branch at the bifurcation
(Video S2: 38 s, Supporting Information). After entering the right
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branch, a sequence of right, straight, right, left, and straight gra-
dients was used to navigate the spherical robot toward a target
marked with a red dot (Video S2: 45 s, Supporting Information).
The magnetic gradients used in these demonstrations were ~200
mT m™.

2.4.2. Navigation of Electroplated Cylindrical Microrobots

Magnetic tubular meso- and microstructures have emerged as
promising candidates for microrobotic drug delivery. This shape
is not only appealing for magnetic actuation close to surfaces,
but also for functional purposes as their internal and external
surfaces can integrate various compounds such as drugs or cells.
Here, we navigated two compositionally distinct cylindrical struc-
tures using a rotating magnetic field generated by the Navion
system. The structures are made of cobalt-nickel (CoNi) alloys
(Figure S2, Supporting Information). In the first demonstration,
we manipulated a commercially available Ni-rich microtube. The
navigation started on the right side of the aortic arch, as if the de-
vice had been deployed in the aorta by a catheter (Video S3: 22 s,
Supporting Information). Next, a counter clock-wise (CCW) in-
plane rotating magnetic field of 5 mT and a frequency of 2Hz
was applied. The cylindrical robot initially moved toward the left
side of the aorta until it contacted the aorta walls. Upon estab-
lishing contact, the robot followed the aorta wall in an upward
direction, progressing towards the carotid artery (Video S3: 37 s,
Supporting Information). To navigate the cylindrical robot into
the anatomical space between the brachiocephalic artery and the
left carotid artery, we tilted the axis of rotation from a vertical ori-
entation to a 20-degree angle (Video S3: 44 s, Supporting Infor-
mation). From this intermediate position, we guided the robot
towards the right subclavian artery by inclining the rotating field
axis 20 degrees to the left (Video S3: 55 s, Supporting Informa-
tion). We then reversed the direction of the rotating magnetic
field to a clockwise (CW) rotation, enabling the robot to traverse
the right internal carotid artery (ICA) until it reached the bifurca-
tion. The rotating magnetic field vector was further tilted 20 de-
grees to the right, facilitating the navigation of the tube through
the right bifurcation (Video S3: 72 s, Supporting Information).
Subsequently, we continued to guide the cylindrical microrobot
until it reached the end of the branch, using an in-plane mag-
netic field. The average speed of this navigation process was ap-
proximately 3.5 mm s7!. In a second demonstration, we used
a custom-made electroformed Co-rich CoNi microtube.®! Sim-
ilarly, we began the navigation in the aorta (Figure 6B). A CW
in-plane rotating magnetic field of 5 mT at a frequency of 1 Hz
was used to navigate the cylindrical robot toward the left subcla-
vian along the aorta wall (Video S4: 31 s, Supporting Informa-
tion). Upon entering the left subclavian artery, the rotation of the
magnetic field was ceased, and then reversed into a counterclock-
wise (CCW) rotation (Video S4: 59 s, Supporting Information).
This reversal allowed us to navigate the cylindrical robot through
the left bifurcation and beyond, extending past the second bifur-
cation (Video S4: 98 s, Supporting Information). Halfway along
the branch, we pivoted the rotating magnetic field by 90 degrees,
aligning the rotation vector parallel to the model plane (Video
S4: 110 s, Supporting Information). To return the cylindrical
robot to the bifurcation, we employed an out-of-plane walking
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Figure 5. In vitro demonstration of untethered devices navigation. A) NdFeB gold coated spherical magnet with a 2mm diameter and a 1.17T bulk
remanence (Scale bar 2 mm). B) Tubular structure realised by electroplating (Scale bar 3 mm), C) Tubular structure realised by electroplating (Scale bar
4 mm), D) FDM 3D printed ABF (Scale bar 8 mm). E) MQP-S-11-9-20001 powder (Scale bar 2 mm). F) Five modalities of locomotion were investigated
in the demonstration. The gold spherical magnet is guided forward with pulses of the magnetic field gradient. The Nicoloy and CoNi tubes are navigated
with in-plane and out-of-plane rotating magnetic fields. The NdFeB Helix ABF is navigated with a magnetic rotating field along the ABF long axis. The
MQP powder is navigated with in-plane rotating magnetic fields. Unique to the MQP powder, linear structures are formed by the particles aligning under
the external magnetic field. The formed lines rotated and created a swarm of lines that rotate and move together in the external rotating field.
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Figure 6. In vitro demonstration of untethered devices navigation. A) Annotated setup for magnetic structures navigation. B) Navigation of the tubular
structure using rotating magnetic fields with a 1 Hz frequency and 5 mT field. The model height Dy is 35 cm and 26 cm in width. The channels have
a 6 mm depth. The navigation image is obtained by superimposing 15 images with reduced opacity of the model during navigation. A combination
of in-plane and out-of-plane rotating fields are used to navigate the tubular robot in the topmost left target vascular branch. C) Swarm navigation of
MQP-S-11-9-20001 particles. The navigation image is obtained by superimposing 10 images with reduced opacity of the model during the navigation.
The particles are navigated using a combination of in-plane rotating fields with the rotation vector declinated by 20 degrees with respect to in-plane
normal, to determine the direction of movement. As an example, to move the swarm to the left of the image the rotation vector is declinated 20 degrees
to the left from the vasculature model plane normal. D,i-ix) Sequence of the ABF navigation. The navigation is a combination of fluid propulsion and

model wall interaction.

motion. At the bifurcation, the rotating magnetic field vector was
once again adjusted to an out-of-plane orientation, guiding the
cylindrical robot into the right branch (Video S4: 117 s, Support-
ing Information). The robot was then rolled along this branch
until it reached the designated blue target (Video S4: 130s). The
average navigation speed during this phase was ~5.6 mm s
Note that the Co-rich device could be maneuvered at 1Hz in
contrast with the Ni-rich, which displayed a slightly lower speed
and required 2 Hz. Below this frequency, the Ni-rich device
wobbles.

Adv. Mater. 2024, 36, 2310701 2310701 (9 of 20)

2.4.3. Navigation of a Particle Swarm

Magnetic swarms have recently been investigated as potential
microrobotic platforms for biomedical applications. The swarms
have the ability to reconfigure their shape as a function of the
applied magnetic input. The swarm model used in this demon-
stration comprises hard-magnetic microparticles with an average
size of 50um. The starting point for the swarm navigation is at the
entry of the aortic arch, simulating a deployment of the swarm
via a catheter (Figure 6C). A magnetic field rotating CCW at 1 Hz
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5 mT in the plane of the vascular model was then generated, and
the swarm started to rotate (Video S5: 37 s, Supporting Informa-
tion). By actively adjusting the angle of the magnetic rotating field
vector the swarm was guided towards the center of the vascula-
ture model (Video S5: 66 s, Supporting Information). The swarm
was subsequently split into two smaller swarms upon colliding
against the bifurcation ridge between the left carotid artery and
the left subclavian artery (Video S5: 79 s, Supporting Informa-
tion). By tilting the magnetic field vector towards the top of the
vasculature model the two smaller swarms were navigated for-
ward along the left branch after the subclavian entry and on the
left branch after the left carotid artery entry (Video S5: 86 s, Sup-
porting Information). In the left branch after the subclavian entry,
the swarm was navigated forward along the straight branch up to
the blue target (Video S5: 119 s, Supporting Information). In the
left branch after the carotid entry, the swarm accumulates in the
S-shape turn. To move this swarm ahead, the vector of the rotat-
ing magnetic field was first rotated towards the left and then to
the right to navigate along the wall of the branch (Video S5: 143 s,
Supporting Information). The magnetic field vector was declined
to the right to complete the navigation to the black target (Video
S5: 154 s, Supporting Information).

In the second demonstration, the particle swarm was posi-
tioned at the entry of the aortic arch. An in-plane CW magnetic
field of 5 mT rotating at 1Hz was applied (Video S6: 33 s, Support-
ing Information). By declinating the rotating field by 20 degrees
toward the left subclavian entry, the swarm was maneuvered in
that direction. At the entry to the subclavian artery, the field was
again declinated towards the bottom of the model, navigating
the swarm back into the aortic region (Video S6: 69 s, Support-
ing Information). Once back at the aorta, the rotating magnetic
field vector was declinated toward the right subclavian artery lead-
ing the swarm toward the brachiocephalic artery (Video S6: 104
s, Supporting Information). At the entry to the brachiocephalic
artery, the vector of the magnetic field was declinated toward the
front of the model (Video S6: 159 s, Supporting Information).
The swarm was navigated along the right ICA up to the bifur-
cation where the magnetic field was declinated toward the left
upper corner of the model to navigate the particle swarm inside
the left branch toward the red target (Video S6: 280 s, Supporting
Information).

The influence of the magnetic field properties on the behavior
of the swarm was evaluated by testing different magnetic field
rotation frequencies and magnitudes. Variation of the angular
velocity of the magnetic field were found only to determine the
speed of the swarm. Above 3 Hz, the swarm could no longer be
adequately controlled.[*! Changes in magnetic field magnitude
play a role up to 5 mT, which was found to be ideal for navigat-
ing the swarm. There was no significant impact observed above 5
mT. Neither parameters seemed to improve the swarm cohesion.

2.4.4. Navigation of a Magnetic Composite Helical Device

A common magnetic microrobot design is the helical swimmer,
also known as an artificial bacterial flagellum (ABF), because of
the ability of these devices to mimic the swimming corkscrew
mechanism of flagellated microorganisms, such as E. coli. ABFs
present interesting navigation abilities in a multitude of differ-
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ent fluid viscosities. Propulsion is achieved by rotating the ABF
around its longitudinal axis resulting in a net translational mo-
tion. Here, a 3D printed magnetic composite ABF was navigated
inside the vasculature model (Figure 6D). A rotating magnetic
field of 5 mT at a frequency of 2 Hz was applied in the direc-
tion of the longitudinal axis of the ABF. The ABF started to ro-
tate with the same rotation frequency as the external field (Video
S7: 20 s, Supporting Information). The ABF navigation started
at the right side of the aorta. The ABF propelled itself along the
wall of the vasculature model (Video S7: 32 s, Supporting Infor-
mation). The wall of the model provided additional stability to
the ABF and prevented lateral drifting. The ABF advanced to the
entry of the left subclavian branch (Video S7: 38 s, Supporting
Information). By readjusting the rotating field vector toward the
subclavian branch, the ABF could then access it. At the next bi-
furcation, the ABF was navigated toward the left branch until it
reached the blue target at the end of the model (Video S7: 50 s,
Supporting Information). The speed of the ABF in its entire path
was on average 4 mm s~' and exhibited a step out frequency above
5 Hz.

2.5. In Vitro Navigation of Tethered Magnetic Devices
2.5.1. Aortic Arch and Supra-Aortic Vessel Navigation

Dexterous and reliable navigation in the aortic arch is critical for
performing digital roadmaps in neuroradiology.l’’! Navigation
can be challenging due to the anatomy of the supra-aortic vessels
connected to the aortic arch, which are subject to various anoma-
lies and patient variability.*®*] The complexity of navigation is
mainly due to the acute angles between the vessel origin and the
aortic arch.3%1 As these angles approach and surpass 90°, naviga-
tion with a standard manual catheter becomes significantly more
challenging due to the inability to properly steer the tool within
the supra-aortic vessel. The problem is usually addressed using
multiple tools with different curved tips. However, this can result
in multiple attempts to successfully perform the task, thus lead-
ing to a substantially longer procedure. Here, we demonstrate
how a single magnetic catheter controlled with the Navion can
navigate the aortic arch and enter all the main supra-aortic ves-
sels.

The catheter was inserted via a 4 Fr introducer sheath into the
femoral artery. The initial insertion was performed by hand to
bypass the watertight seal on the introducer sheath with the flex-
ible catheter tip. Once the flexible tip had passed through the seal,
the catheter was placed inside the mechanical catheter advancer.
The control of the field orientation was then carried out using
a remote controller to steer the catheter. The magnetic catheter
was advanced along the aorta wall to heart height with a speed of
50 mm s~!. Upon reaching the beginning of the aortic arch, the
magnetic field was activated (Video S8: 16 s, Supporting Informa-
tion). Initially, the magnetic field vector was orientated so that the
tip of the catheter was parallel to the running tangent of the aortic
arch centerline, aligning the catheter tip with the aorta inner wall
surface. Aligning the tip with the wall reduces the sliding friction
and prevents the catheter from adhering to the soft silicone wall.
As the magnetic catheter slid along the aorta wall, the magnetic
field vector was rotated by the operator to continuously align the
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Figure 7. In vitro demonstration of the navigation necessary to perform a complete angiography procedure. The angiography catheter was navigated in
A) the right carotid artery, B) the right vertebral artery, and C) the left carotid artery. D) in vitro demonstration of navigation tasks in the circle of Willis.
The navigation of the neurovascular catheter is demonstrated starting from the vertebral artery and going through the basilar artery and into a basilar
neck aneurysm, E) from the internal carotid artery through the posterior communicating artery into a basilar aneurysm, and F) from the internal carotid
artery through the middle cerebral artery to a middle cerebral artery bifurcation aneurysm.
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catheter tip with the wall tangent. As the catheter reached the
entry to the brachiocephalic artery, the magnetic field vector was
rotated to point the tip at the entry. The combination of the tilted
tip, the contact with the wall, and the forward movement pushed
the catheter into the brachiocephalic artery (Video S8: 19 s, Sup-
porting Information). The magnetic catheter was then advanced
through the brachiocephalic artery to the subclavian artery, the
carotid artery (Figure 7A), and the vertebral artery (Figure 7B).
The magnetic catheter was first navigated through the vertebral
artery (Video S8: 23 s, Supporting Information), then through the
carotid artery (Video S8: 29 s, Supporting Information), and fi-
nally through the right subclavian artery (Video S8: 37 s, Support-
ing Information). To select which entry to take from the brachio-
cephalic artery, the magnetic field vector was oriented to point
the magnetic catheter tip towards the selected vessel (Figure 7A).
The catheter was subsequently retracted back to the aortic arch.
The magnetic catheter was then brought to the height of the left
carotid artery (Figure 7C and Video S8: 47 s, Supporting Informa-
tion). The field was projected in the direction of the carotid artery
and the catheter was then advanced, as with the brachiocephalic
artery. The video demonstrates the necessity to constantly adjust
the direction of the magnetic field to guarantee smooth move-
ment of the catheter inside the vessel. This is due to the softness
of the artery wall model, as the tip of the magnetic catheter tends
to pitch and become stuck (Figure 7B). The magnetic catheter was
then retracted back into the aortic arch and aligned with the en-
try of the left subclavian artery. By pointing the field first towards
the left vertebral artery (Video S8: 68 s, Supporting Information),
then toward the subclavian artery (Video S8: 76 s, Supporting In-
formation), the magnetic catheter was navigated through both ar-
teries. The magnetic catheter was then fully retracted from the
aorta in preparation for removal at the femoral entry point. The
entire procedure was performed in less than 6 min, averaging 1
min per blood vessel insertion, using a single magnetic catheter
(Figure 7C).

2.5.2. Navigation of Brain Arteries

The brain vasculature is an intricate network of blood vessels that
can range from millimeters to micrometers in diameter, with a
blood flow that can reach 42 cm s7! for the larger arteries.[*0#1]
This network is often afflicted by life-threatening aneurysms or
thrombi formation that require challenging endovascular man-
ner navigation. Approximately 85% of aneurysms are located in
the anterior circulation of the Circle of Willis,[*?] which supplies
blood to the brain and the surrounding structures. The circle of
Willis is terminated by the basilar, vertebral, and internal carotid
arteries (Figures 7D-F). The navigation of this structure and of
the adjacent arteries is demanding due to the convoluted paths
that the endovascular tool must travel. Here we demonstrate the
ability of the Navion to steer a custom hydrogel coated magnetic
catheter to reach different aneurysms and blood vessels in the
vicinity of the Circle of Willis (Figure 8).

Navigation was conducted from either the beginning of the ver-
tebral arteries or the carotid arteries. The catheter was manually
inserted through a Luer—Lock valve and subsequently locked in
the mechanical advancer. In this set of experiments, the mechan-
ical advancer control strategy differs from the previous case of

Adv. Mater. 2024, 36, 2310701 2310701 (12 of 20)

www.advmat.de

aortic navigation. The rotating speed was set to the maximum
level for the mechanical catheter advancer resulting in a move-
ment that mimics the pushing movement of the neuroradiol-
ogist’s hand. This rocking motion improves navigation around
narrow corners of the model. In the first experiment (Figure 7D),
the catheter was advanced through the common carotid artery
up to the branch between the external and internal carotid arter-
ies. In the initial step, the magnetic field was projected towards
the external carotid artery, and the catheter was advanced a few
centimeters into it before retracting the catheter back to the com-
mon carotid artery (Video S9: 10 s, Supporting Information). The
magnetic field was then projected towards the internal carotid
artery, and the catheter advanced through this to reach the Circle
of Willis area. The internal carotid artery has two turns of ap-
proximately 90 deg before the branching point with the middle
cerebral artery can be reached. To successfully navigate these two
consecutive turns, the magnetic head of the catheter was oriented
parallel to the center axis of the vessel allowing the magnetic head
of the catheter to follow the natural contour of the blood ves-
sel. In doing this, the catheter surface could freely slide along
the blood vessel walls allowing the catheter to advance (Video
S9: 28 s, Supporting Information), if the catheter head had not
been turned, the catheter would have pinched the blood vessel
walls and become stuck. Once the two turns were successfully
navigated, the catheter reached the first of two aneurysms near
the junction with the middle cerebral artery. At this position, the
vascular model had a narrow passage of 2.1 mm OD around the
first aneurysm. As the vessel diameter was comparable in size to
the outer diameter of the magnetic catheter, this posed an addi-
tional challenge when aiming for the entry to this blood vessel. As
shown in the video, it was necessary to advance the catheter while
constantly adjusting the magnetic catheter head direction using
the external magnetic field. After passing the first aneurysm, the
catheter was steered into the second aneurysm (Video S9: 41 s,
Supporting Information). The field was then pointed toward the
middle cerebral artery (Video S9: 60 s, Supporting Information).
The catheter was advanced until it reached the bifurcation for the
superior and inferior trunk of the middle cerebral artery, where
an additional aneurysm was present (Video S9: 73 s, Supporting
Information). The catheter then returned to the common carotid
artery by reversing the direction of the mechanical catheter ad-
vancer and without applying an external magnetic field.

In the second experiment, the catheter was advanced in a sim-
ilar fashion to the previous experiment through the common
carotid artery to the junction with the middle cerebral artery
(Figure 7E). The catheter was then navigated to half the length of
the middle cerebral artery (Video S10: 52 s, Supporting Informa-
tion) before being reverse-navigated to the previous junction. At
the junction, the catheter was then aimed towards the posterior
communicating artery and advanced through it. While doing this
maneouver, the catheter performed two additional 90 deg turns in
addition to the two in the internal carotid artery, as previously de-
scribed. These four turns were in four different planes making
their navigation challenging using a normal guide wire (Video
S10: 72 s, Supporting Information). At the end of the posterior
communicating artery, the catheter was pointed towards the neck
of the basilar aneurysm. By continuously adjusting the field while
advancing the catheter in short pulses, the catheter head reached
the inside of the basilar aneurysm (Video S10: 134 s, Supporting
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Figure 8. A) Neurovascular prototype catheter. The body of the catheter is composed of a Yellow Pebax body in the rear (B) and a polyurethane tube (ii)
before the distal tip. To maintain buckling resistance a PTFE coated Nitinol wire is used. The Nitinol wire is smaller in diameter than the lumen inside
the catheter to allow fluid to be pumped through the catheter itself. The contact with the wall surface is a combination of mechanical interactions of the
Nitinol wire and the outer tubing. The distal tip of the catheter is based on a silicon tube covered with a hydrogel (C), the hydrogel is formed chemically
directly on the catheter surface and confers superior lubricity to the catheter tip. The magnetic tip (D) is composed of a set of cylindrical stacked NdFeB
magnets glued on the distal part of the silicon tube. When the tip is exposed to an external magnetic field B, a torque (a) is applied to the catheter head

redirecting the catheter tip.

Information). The duration of the experiment was 242 seconds.
In the third experiment (Figure 7F), the catheter started from the
vertebral artery where it encountered two subsequent 90° turns
(Video S11: 16 s, Supporting Information). Navigation past these
two turns was challenging due to the narrow inner diameter of
the vessels of 2.7 and 3.1 mm in the narrowest segments of the
second turn. After two turns, the catheter was advanced straight
towards the entry to the basilar artery (Video S11: 24 s, Support-
ing Information). During this movement, the magnetic field was
oriented parallel to the center axis of the blood vessel. Once the
catheter reached the neck of the basilar aneurysm, the catheter
was oriented first towards the left posterior cerebral artery (Video
S11: 41 s, Supporting Information), then toward the bottom (the
blue sheet) to enter the aneurysm mass (Video S11: 53 s, Support-
ing Information), and toward the other posterior cerebral artery
(Video S11: 62 s, Supporting Information). The catheter was sub-
sequently retracted to the beginning of the vertebral artery. The
duration of the entire experiment was 55 s.

Adv. Mater. 2024, 36, 2310701 2310701 (13 of 20)

2.6. In Vivo Navigation of Tethered Devices in a Porcine Model

The aim of the in vivo study is to validate the safety and feasibil-
ity of using Navion for magnetically-guided neurovascular pro-
cedures. Tasks performed in vivo included roadmapping and di-
agnostic angiographies in the aortic arch and the neck region of
a porcine model with a custom angiography magnetic catheter
(Figure 9). The navigation for these different tasks did not gener-
ate vasospasms, thus showing preliminary evidence of the safety
and feasibility of the approach.

The porcine model was chosen for the similarities in size and
geometry of their aortic vasculature to humans [l The proce-
dure began by placing the fluoroscope C-arm in the coronal plane
and positioning the Navion at the head of the bed. To ensure
proper placement of the Navion a 10 mm spacer was used be-
tween the Navion and the bed head. The electromagnet arrange-
ment was raised so that the height of the center would correspond
to the height of the pig’s nose. After the anesthetization of the pig,
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Figure 9. In vivo navigation of a neurovascular catheter in a porcine model. A) Navion installed in the animal lab with the fluoroscope C-arm aligned on
the coronal plane. The porcine model is already on the bed below the blue surgical blanket. B) View of the operating theater in the animal lab. Navion
is positioned at the bed head. The medical team operates from the left side of the porcine model. The mechanical catheter advancer was fixed using a
medical arm and the fluoro-monitor was placed on the right side across the bed. The Navion controller was placed at the surgeon’s discretion. C—E)
Fluoroscope view of the catheter while navigating past the porcine model aortic arch (Scale bars 10 mm).

a 4 Fr trocar was inserted into the pig’s common femoral artery.
Heparin was used to prevent thromboembolic events. A custom
magnetically responsive angiography catheter was inserted in the
trocar. The catheter was initially advanced manually by the neuro-
radiologist along the pig’s aortic arch. Once at the aortic arch, an
initial roadmap was collected using the fluoroscope by injecting
a contrast agent (Ultravist) directly through the catheter.
Following the roadmap acquisition, the Navion’s magnetic
field was activated and the magnetic control of the angio-catheter
was started. The catheter was advanced to the innominate artery
by deflecting the tip using the magnetic field generated by the
Navion. A Sony PS4 Dualshock 4 controller was used by the neu-
roradiologist to direct the magnetic field and advance the catheter.
The neuroradiologist used the video feed from the fluoroscope
as direct feedback for the navigation. The catheter was then di-
rected and navigated forward and backward into the right subcla-
vian artery. From the subclavian artery, the catheter was further
navigated towards the right proximal thyrocervical artery. The
catheter was then retracted from the ostial part of the thyrocervi-
cal artery and slowly navigated towards the bicarotid artery reach-
ing the middle area of the left common carotid artery. From the
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common carotid artery, the catheter was retracted into the bovine
arc and from there navigated into the right common carotid
artery. The catheter was then navigated to the left thyrocervical
artery passing the proximal aortic arc. From the left thyrocervi-
cal, the catheter was magnetically navigated into the middle of
the subclavian artery and from that point to the proximal part of
the left subclavian artery.

The catheter was then reverse-navigated into the aortic arch
and into the bicarid artery. From the bicarid artery, the catheter
was navigated into the left common carotid artery. With the dis-
tal tip of the catheter placed in the common carotid artery, a con-
trast agent was once more released to verify tip positioning and
normal blood flow in the pig. Following the catheter tip position
verification, a new projection for diagnostic angiography was es-
tablished, this new projection was centered on the pig’s head to
create a map of the pig’s brain neck and brain vasculature. Fol-
lowing the map acquisition, the magnetic catheter was advanced
once again into the upper right common carotid artery into the
proximal part of the right extracranial artery. The maxillary artery
was subsequently reached by passing the 90° turn between the
two. From the maxillary artery, the catheter was finally advanced
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to the endpoint of the navigation in the superior labial artery.
During the entire procedure, no evidence of vasospasm events
or thrombi formation was encountered and no further vessel oc-
clusion was detected.

3. Discussion

In comparison to existing eMNSs,["2#4] the Navion brings
three core innovations to advance RMN technologies for clin-
ical practice: 1) a new configuration of magnetic actuators,
2) high performance electromagnets, and 3) a single standalone
portable design that integrates all necessary subsystems in a sin-
gle mobile device. These three innovations allow Navion to pro-
vide the necessary patient accessibility while providing magnetic
field magnitudes sufficient to control microrobots within the hu-
man body at clinically relevant scales to conduct complex MIS.
The Navion planar triangular configuration of the electromag-
nets allows for the generation of magnetic fields suitable for mag-
netically guided neurovascular interventions while offering com-
patibility with fluoroscopic imaging modalities. Some configu-
ration limitations exist if the user would like to use a biplanar
fluoroscope. Depending on the degrees of freedom available in
the fluoroscope articulations, certain angles and configurations
are limited or not possible. This could limit the integration of
Navion systems in workflows that require biplanar fluoroscopy
support. The Navion geometry also allows the system to be posi-
tioned close to the patient’s specific treatment area, thus enabling
the use of magnetic navigation for different parts of the body with
tethered as well as untethered magnetic architectures.

In the first set of experiments, we focused on the future of
minimally invasive treatment, demonstrating the navigation of
different meso- and micro-robots using magnetic field gradi-
ents and rotating magnetic fields. The demonstrations were con-
ducted on a human-scale vascular model in order to show the
navigation capabilities of different topological robots. Initial con-
trol of a spherical permanent magnet robot is demonstrated us-
ing gradient pulses. In this navigation mode, the currents were
pulsed in the electromagnets to generate gradients in specific di-
rections. The resulting gradient pulses generate instantaneous
pulling forces on the spherical robot along the vasculature and to-
ward the electromagnets.®® The magnetic gradient pulses were
0.5 s in duration, and the frequency of the pulses was determined
manually by the user pressing the gradient enable button on the
GUI (Figure S7, Supporting Information). One limitation unique
to this control strategy and not present in the other mode is the in-
ability to push the structures away. Due to the electromagnet ge-
ometrical arrangement, the gradients generated always pull the
structure towards Navion. The use of two Navions could mitigate
this limitation. The cylindrical robots and the particle swarms
were controlled and navigated using rotating magnetic fields. The
rotating magnetic fields generated by Navion allowed full con-
trol of the different magnetic structures in every direction of the
vascular model anatomy. To change the direction of the robot’s
trajectory, the strategy comprised declinating the vector of the
magnetic rotating field about 20 degrees in the desired direction.
The ability of the Navion to generate the required field on a large
workspace enabled the navigation of the robot within a space of
350 mm by 260 mm. ABF navigation demonstrated that Navion
is able to generate rotating fields for controlling ABFs within the
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Navion workspace. Navigation of an ABF can be challenging due
to gravity and the interaction between the vasculature model floor
and the rotating ABF. Using the wall of the model as an addi-
tional stabilizing constraint during motion proved necessary to
prevent side drift of the ABF during forward motion. The ABF
also presents a cutoff frequency above the 5 Hz, where the move-
ment becomes erratic and transitions to a long-axis rotation.

The focus of our experiments was to demonstrate con-
trol of tethered devices in vitro. We navigated a custom-made
three-magnet angiography catheter through the aortic arch and
neighboring vessels replicating a full angiography procedure
navigation.’!) The main challenge for this type of experiment
was the distance between the electromagnets and the magnetic
catheter tip, which can reach up to 400 mm.[**°2>3] At this dis-
tance, the field generated is between 5 and 15 mT for a total av-
erage power of 30 kW. Excluding the initial insertion, the entire
procedure was conducted remotely, with the catheter being con-
trolled through the magnetic field and the mechanical catheter
advancer, allowing the operator to complete the operation from
outside the OR. In comparison to the traditional manual method,
this approach allows the neuroradiologist to be completely iso-
lated from harmful ionizing radiation during procedures,>**°
making it not only safer but also less taxing as no lead protec-
tion equipment must be worn. The aortic arch experiments pre-
viously presented were less complex when compared to an ac-
tual operation, as the feedback was visible through the model
and not through X-ray images. However, we do not expect X-
ray images to be a limiting factor as the manual procedure is
currently performed in this manner, relying only on X-ray im-
age feedback.’®8] We also demonstrated navigation deep in
the brain vasculature by navigating a custom-made magnetic
catheter toward common aneurysm locations. The customized
magnetic catheter was coated with a hydrogel to reduce friction
between the catheter walls and the internal walls of the model.
This was necessary in order to pass through the many sharp turns
that are encountered while navigating the complex brain vascula-
ture. After the initial insertion of the magnetic catheter through
a trocar, navigation of the catheter was fully remote starting from
the common carotid artery to the bifurcation in the middle cere-
bral artery in ~2 min. In the second experiment, the magnetic
catheter was navigated from the common carotid artery to the
basilar artery, bypassing the posterior communicating arteries.
Using the same setup as for the second set of experiments, we
also navigated the catheter from the vertebral artery to the basilar
artery and into the basilar aneurysms. In all three of the second
set of experiments, the main challenges were the complexity of
the vasculature geometry and wall friction. In order to advance
the magnetic catheter, it was necessary to precisely steer the mag-
netic tip of the catheter by aligning it parallel to the vessel wall.
In addition, it was beneficial to advance the magnetic catheter
in a step-wise fashion rather than the constant “slow push” used
for angiography. The step-wise motion facilitated the magnetic
catheter to better navigate sharp turns.

We demonstrated the navigation of a custom angiography
catheter in vivo in a porcine model. Although the vessels nav-
igated in the porcine model were comparatively less tortuous
than the ones in the in vitro silicone model, we demonstrated
that Navion can be successfully integrated in an OR and used
in seamless combination with a fluoroscopic imaging modality.
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Figure 10. Concept image of the OR of the future. Robotic magnetic procedures are the standard of care. Navion is placed at the left of the fluoroscope
bed. Navion is integrated seamlessly into the room, with the ability to position the fluoroscope to the required angles and to freely place the anaesthesia
equipment around the bed. The reduced size of Navion also allows the medical personnel to freely move around the patient during the operation to
address any possible challenges. The Navion can be controlled either directly from the OR using a local controller or could be remotely controlled using

telesurgery.

During the animal trial, Navion was operated for 10 h continu-
ously, demonstrating system robustness for real procedures. In
these experiments, an off-the-shelf gaming controller was used
with custom mapping to steer the device. Navigation interfaces
for specific procedures in neuroradiology have already been de-
veloped for Navion, and have the potential to allow more efficient
and intuitive interaction with the user in future procedures.>*¢]

While we demonstrated the ability of the Navion to navigate
untethered microdevices in vitro, their in vivo navigation is still
to be investigated for specific clinical applications and lies beyond
the scope of the present paper. Additional challenges related to
the design of the devices themselves are still to be addressed,
such as their adequate radio-opacity for robust detection in flu-
oroscopic images.

In summary, Navion, with its core innovations, demonstrated
that large eMNSs are not required for navigating microbots and
micro guidewires and catheters at the human scale. We believe
that Navion possesses many necessary features for the success-
ful translation and implementation of magnetically tethered and
untethered devices for future medical procedures (Figure 10).
The future use of Navion in clinical settings will provide bet-
ter protection for the medical personnel in situ from ionising
radiations generated by fluoroscopes, and paves the way for
a wider adoption of precision telesurgery for emergency pro-
cedures performed from expert centers, such as mechanical
thrombectomies!® -4}l and fetal surgeries.[646]
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4. Experimental Section

System Architecture

The electromagnets and the related hardware were all contained inside a
wheeled cart. The cart has a footprint of 620

870 mm. The total weight of Navion was 400 kg and it had four 200 mm
diameter wheels. The system height was 1250 mm in total, and the elec-
tromagnet arrangement was adjustable in height and offered a 250 mm
elevation change to adapt to different heights of operating bed. Navion
required a 3-Phase 63 A plug and access to water as room installation
requisites. Key specifications of the system are provided in Table S5 (Sup-
porting Information).

The system was equipped with an industrial-embedded computer that
handles all low-level logic, including sensor signal conditioning and elec-
tromagnet drivers. The system was externally controlled via a control com-
puter that communicates with the embedded computer so that different
control input devices and graphical user interfaces could be used depend-
ing on the requirement of each specific procedure.

Given the high energy density of the electromagnets, liquid cooling was
required to remove the Joule heat generated by the coil windings. Navion
utilized a submerged liquid—solid convection cooling system, where the
coolant was in direct contact with the electromagnet windings (Figure ST,
Supporting Information). To guarantee electrical isolation and low vis-
cosity, a perfluoroether oil was chosen as the cooling medium. This had a
dielectric strength range superior to 25 kV (0.254 mm gap) and a viscosity
of 0.71"mm?s™1. The three electromagnets were connected in a star pat-
tern, where the inlet and outlet of each electromagnet cooling loop joined
their respective common manifolds at the center rear of a yoke plate. The
inlet manifold was directly connected to a turbine pump, while the outlet
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manifold is connected to a heat exchanger hot input side. To compensate
for the heat expansion of the coolant in the primary loop, an expansion
vessel was connected immediately after the heat exchanger hot-side
inlet. The expansion vessel also doubled as a filling unit and coolant
reservoir. The hot coolant coming from the manifold outlet was then
passed through a plate heat exchanger before returning to the pump. In
the plate heat exchanger, the perfluoroether oil transfered the absorbed
heat through the secondary cooling loop. The secondary cooling loop
inlet and outlet were directly connected to a water tap and a water drain.
While operating at full power, the system utilized 30 L of water per minute
to cool the secondary loop. The secondary cooling could also be operated
in a closed-loop manner, utilizing, for example, a pre-existing internal
hospital cooling circuit.[66]

The electric current in each electromagnet was controlled using DC/DC
motor drivers (Gold Drum HV, ElImo Motion Control), which allowed a
current of up to 50 A continuous and a peak of 100 A across the inductive
load composed of the coil’s windings. The drives were supplied via a rec-
tified constant voltage DC bus (Tambourine 100 AC/DC converter, Elmo
Motion Control). The system was equipped with an industrial embedded
computer (CX 9020 PLC, Beckhoff) that communicated with dedicated
1/O terminals for interface with the sensors and actuators. The embed-
ded computer internally communicated with electromagnet drivers using
an EtherCAT fieldbus.

The embedded computer ran a customized TwinCat3 software that im-
plements the state machine of the system. The Navion was externally con-
trolled using a control computer running Linux OS (Ubuntu 18.04), and
a Robotic Operating System (ROS) interface that communicated with the
embedded computer via a TCP/IP protocol. The external computer con-
verted the magnetic field target to the current targets using the calibrated
magnetic model. The actual current to the desired current deviated by <1%
in magnitude, resulting in similar errors on the generated magnetic field.
The required current values were then sent via a TCP/IP protocol to the em-
bedded computer. The graphical user interface was based on customized
ROS visualization panels (Figure S7, Supporting Information). The mag-
netic field was input as a combination of rotation angles and field magni-
tude.

System Characterization for Magnetic Structure Design

The magnetic field produced by the electromagnet was measured by a
single sensor (THM1176, Metrolab) at different distances and for differ-
ent current magnitudes. Using the method described by Boehler et al.,[3?]
maps of the available workspace were created (Figure 3). This was neces-
sary to quantify the maximal magnitude of the generatable magnetic field
without having to measure every direction in each point of the workspace.
As shown in Figure 3, the minimum magnetic field that can be generated
in every direction in the workspace followed a hemispherical distribution.
The magnetic magnitude isolines shape changed with respect to the dis-
tance from the center of the Navion yoke. Below the center, the magnetic
magnitude isolines moved toward a circular shape, and above the center
of the yoke coil unit (Figure 1C-E), the magnetic magnitude isolines tend
toward a triangular shape. Using the workspace plane at the center of the
yoke, Navion was capable of generating 30 mT in every direction within
the first 12 cm of a roughly triangular area in front of the electromagnets.
The 10 mT magnetic isoline extended past 22 cm from the electromagnet
surface. The 5 mT magnetic isoline extended beyond 35 cm from the elec-
tromagnets’ surface. Using these isolines as a reference, it was possible
to design the magnetic structures with the correct amount of magnetic
material, based on the workspace size in which the magnetic structures
are supposed to operate. For example, if the Nicoloy structure is taken,
using the volume of 0.235 mm?3, the magnetization from the hysteresis
loop (Figure S3, Supporting Information) with an external 5 mT applied
field, the resulting torque on the structure would be 0.015 Nm.

To link the currents input in the electromagnets and the generated mag-
netic fields, Navion used a multi-source spherical multipole expansionl3*]
to model each electromagnet. This was needed in this case as electro-
magnets magnetize each other’s cores, and must thus be represented by
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multiple magnetic dipole sources. The validity of the magnetic model was
also subject to magnetic saturation effects,[67-6%] as the latter used the su-
perposition principle and provided a linear magnetic model, which did not
capture this effect.l’%] It was experimentally verified that the deviations of
the superposition of the magnetic fields do not significantly degrade the
linear magnetic model for manipulating magnetic structures.

Experimental Setup for in Vitro Navigation of Untethered Devices

A set of experiments was conducted to assess the capabilities of
the Navion for the manipulation of untethered microrobotic structures
(Figure 5). Four different magnetic architectures with different sizes,
shapes, and materials were tested: a magnetic millisphere, two types of
microtubular structures, a microhelix and magnetic microparticles. These
are representative shapes commonly used in the area of microrobotics.
The model used for the untethered device was 350 mm by 260 mm in base
size with a total thickness of 14 mm. The channels inside the model were
8 mm deep. The model was realized by laser cutting and stacking poly-
oxymethylene plates. The geometry of the vasculature was based on hu-
man anatomy for the portion comprising the aortic arch, the carotid artery,
the subclavian artery, and the brachiocephalic artery. The upper portion of
the model was modified to provide different levels of tortuousness of the
branches. The tortuosity was marked using three different colors, blue,
red, and black, being respectively easy, medium, and hard. The model was
filled with tap water to approximate the vessels being filled with blood. For
the ABF demonstrations, the model was filled with Rapseed oil. The spher-
ical permanent magnet was an NdFeB magnet with a N35 grade and a bulk
flux density of 1.17 T (Figure 5A). The NiColoy (NICOForm NCF-756-001)
tubular structure had a soft magnetic behavior and presented magnetic
saturation at 0.69 T. The robot had a total length of 3 mm and a diam-
eter of 0.35 mm. The inner tube diameter was 150 um (Figure 5B). The
cylindrical robot depicted in Figure 5C was produced by electroforming
nickel-cobalt (Figure SI2B). The device presented a soft-magnetic behav-
jor and had a saturation magnetisation of 1.53 T (Figure S3, Supporting
Information). The ABF (Figure 5D) was 3D printed using an FDM printer
and a custom NdFeB-PA12 filament.[”!] The helix was 8 mm in diameter
and 20 mm in length. The helix was magnetized along the diameter us-
ing an external 20 000 Oe magnetic field. The robot had a total length of 4
mm and a diameter of 0.35 mm. The inner tube diameter was 125 um. The
powder used for the swarm experiment (Figure 5E) was a hard-magnetic
alloy powder from Magnequench (MQP-S-11-9-200001-070). The powder
had an average particle size of 50 um with a distribution between 20 and
100 pm.

Experimental Setup for in Vitro Navigation of Tethered Devices

Navigation in the aortic arch and the supra-aortic vessels was also demon-
strated with a magnetically tipped catheter. The experimental setup is de-
picted in Figure 7. During this procedure, a magnetic catheter was inserted
from the femoral artery and navigated to the aortic arch. The magnetic
catheter was guided from there in subsequent movements through the
two subclavian arteries, the two common carotid arteries, and subsequent
ramification. The catheter used for this application had a 1.3 mm outer di-
ameter and featured a Pebax!”?] body with a flexible tip (Figure S9A, Sup-
porting Information). The flexible tip was composed of three cylindrical
magnets connected via flexible stainless steel springs. The catheter had
an inner lumen with a 0.8 mm diameter, that enabled the injection of a
contrast agent used in angiography. The two distal magnets were 2 mm
in length, and the proximal one was 4 mm. The flexible section contain-
ing the magnet had a total length of 80 mm and was connected to a sec-
ond 25- mm-Pebax tube (shore 35D). The 25-mm tube was connected to a
third 80-mme-long Pebax tube section (shore 55D), and the 80 mm Pebax
section was connected to the main catheter Pebax body with a length of
1000 mm and a shore hardness of 75D. A silicone model (Neuro Vascu-
lar System, Trandomed 3D Inc.) was used to replicate the main arteries
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of the human body from the groin area up to the brain, with the circle of
Willis and the adjacent arteries. The model was composed of a transpar-
ent silicone vascular network model, and a programmable pump to create
different flow conditions inside the model. The model was placed on a sur-
gical bed simulating the clinical setting of Navion as depicted in Figure 1.
In Figure 7, the different anatomical regions were depicted in their an-
teroposterior views. A customized catheter advancer was fixed with a 4- Fr
trocar with a Luer-lock valve to allow access to the femoral arteries. The
angiography catheter was then inserted into the trocar and coupled to the
mechanical catheter advancer, to provide a linear motion of the proximal
part of the tool. The vascular silicone model was filled with DI water and
red dye. A Sony PlayStation 3 Move Navigation controller was used to con-
trol the advancer and the magnetic field.

In the second experiment, the catheter was navigated through the brain
section of the vasculature model. The same advancer and trocar were
used. The model was filled with DI water (dye-free) to improve catheter
visibility in the small vessel. The catheter used in this experiment was com-
posed of four sections (Figure 7D). The first section consisted of a distal
tip formed by a silicone tube with a nominal outer diameter of 1 mm and a
length of 120 mm, and three 1x 1T mm cylindrical NdFeB magnets stacked
and glued at the tip of the silicone tube. Two transversal 300 pm holes were
present in the silicon tube, 1 mm behind the position of the magnets.
The distal tip was connected to a second silicone tube with a diameter of
1.10 mm and a length of 170 mm. This section was then connected to a
70 mm transparent Pebax tube with a diameter of 1.3 mm and a shore
hardness of 55 A. The last section consisted of a yellow 600 mm Pebax
tube with a 1.3 mm diameter and a shore hardness of 75D. A 0.40 mm
diameter PTFE mandrel wrapped with a 150 pm nitinol wire was used
over the total length of the catheter with the exclusion of the distal tip.
The combination of PTFE/nitinol proved to be a good solution to prevent
buckling along the catheter body without hindering the flexibility of the
catheter.[”>-73] The two silicone sections were coated on the outside with
a hydrogel following the method presented in ref. [76]. The hydrogel (AAm
and 1-2959) coating was necessary to overcome the friction between the
model’s inner walls and the catheter’s outer surface. In addition, it also
provided a bio- and mechanical-compatible surface to interact with the
blood vessel walls.[77-7°]

Experimental Setup for In Vivo Navigation of Tethered Devices

The in vivo experiments were performed on a porcine model in the ani-
mal lab at the University Zurich Hospital. The room was equipped with
a Phillips FD-20 ceiling-mounted fluoroscope. The Navion was positioned
at the head of the operating bed, at a 10 mm distance from the bed’s edge.
The Navion was cooled by tap water available in the operating room using
15 mm water hoses. Due to the limitation of the hospital infrastructure,
the system was operated with a maximum power of 13 kW. The Navion was
controlled by the neuroradiologist using a Sony PS4 Dualshock 4 controller
directly at the bedside (Figure S6, Supporting Information). The control
computer was situated in the control room of the animal lab. The com-
patibility of the Navion with adjacent systems in the OR was tested prior
to the animal experiment, with the systems in their final locations, and
the electromagnets running at their maximum currents. The adjacent sys-
tem’s functionalities were verified by the OR medical personnel and no
faulty behaviors were recorded. The catheter used in the porcine model
was a custom 4 Fr angio catheter. The catheter had an outer diameter
of 1.33 mm and an inner lumen with a 0.8 mm diameter. The catheter
had a total length of 1259.30 mm, the construction was based on a Pebax
outer jacket containing a braided mesh (Figure S9B, Supporting Informa-
tion). The mesh was made using a 304 stainless steel wire with an OD of
0.06 mm. A PTFE Liner was used inside the whole catheter length (OD
0.83 mm and ID 0.80 mm). The Pebax hardness was transitioned from
shore 72D down to 35D at the distal side. In the tip of the catheter, the Pe-
bax tubing was switched to a softer 80A polyurethane sleeve. Two NdFeb
magnets were used on the tip, placed respectively at 1.3 mm and 35.3 mm
from the tip end. The magnets had a 1.33 mm OD, a ID 0.86 mm, and
a length of 4 mm. A Luer lock was present at the catheter’s far side for
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easy connection. The porcine model was of medium size with a weight of
45 kg. Heparin (10 uL kg™") was used to prevent thromboembolic events.
The contrast agent used for the angiography procedure was lopamiro 300
from the lopamidol series from Bracco Imaging. The pig was anesthetized
for the entire duration of the procedure. The vital parameters of the pig
were monitored by a veterinarian team throughout the procedure, and the
pig was euthanized after the procedure. The animal study was approved
by the local Committee for Animal Experimental Research (Cantonal Vet-
erinary Office Zurich, Switzerland) under license number ZH213/2019.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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