W) Check for updates

SCIENCE ROBOTICS | RESEARCH ARTICLE

MEDICAL ROBOTS

Magnetic soft microfiberbots for robotic embolization
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Cerebral aneurysms and brain tumors are leading life-threatening diseases worldwide. By deliberately occluding
the target lesion to reduce the blood supply, embolization has been widely used clinically to treat cerebral
aneurysms and brain tumors. Conventional embolization is usually performed by threading a catheter through
blood vessels to the target lesion, which is often limited by the poor steerability of the catheter in complex neuro-
vascular networks, especially in submillimeter regions. Here, we propose magnetic soft microfiberbots with high
steerability, reliable maneuverability, and multimodal shape reconfigurability to perform robotic embolization in
submillimeter regions via a remote, untethered, and magnetically controllable manner. Magnetic soft microfiberbots
were fabricated by thermal drawing magnetic soft composite into microfibers, followed by magnetizing and
molding procedures to endow a helical magnetic polarity. By controlling magnetic fields, magnetic soft microfiber-
bots exhibit reversible elongated/aggregated shape morphing and helical propulsion in flow conditions, allowing
for controllable navigation through complex vasculature and robotic embolization in submillimeter regions. We
performed in vitro embolization of aneurysm and tumor in neurovascular phantoms and in vivo embolization of
a rabbit femoral artery model under real-time fluoroscopy. These studies demonstrate the potential clinical value

of our work, paving the way for a robotic embolization scheme in robotic settings.

INTRODUCTION

Cerebral aneurysms and brain tumors are leading causes of mortality,
killing more than 750,000 people annually worldwide (1, 2). Before
an open surgery is administered, embolization recently has become
a prevailing minimally invasive treatment for cerebral aneurysms
and brain tumors (3, 4). In a typical embolization, a surgeon inserts
a slender guidewire or catheter into the femoral artery of the patient
and manually pushes or twists it to the target lesion in the brain
through the blood vessels, followed by the delivery of embolic agents
to block the target lesion (5-7). For example, a surgeon can deliver
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metallic coils through the catheter to seal off the cerebral aneurysm,
which stabilizes the aneurysm and minimizes the risk of rupture.
Particulates are another common embolic agent in tumor embolization.
As the catheter is pushed into the vessels feeding a tumor, particles
are delivered to cut off the blood supply, starving the tumor for ac-
celerated removal (8-15). However, current embolization by pushing
or twisting a passive guidewire/catheter with a preshaped tip is often
limited by its low steerability through complex vascular networks,
because the guidewire/catheter has difficulty turning at bifurcation
branches of blood vessels. As a result, embolic agents may not be
accurately delivered to the target lesion, leading to safety complications
such as blockage of normal vessels. In addition, the surgeon suffers
from the accumulated radiation when manually pushing or twisting
the guidewire/catheter under the x-ray imaging system. Therefore,
there has been a high demand for a next-generation embolization
technique with high steerability for targeted delivery of embolic agents
and a remotely controllable operation for a radiation-free workplace.
Recently, active robots that can be remotely steered in the blood
vessel have shown great promise in robotic embolization (16-27).
One widely used strategy is designing guidewire/catheter robots
with an active tip that can bend in response to external stimuli, such
as hydraulic pressure (19), electricity (20), and magnetic fields (21-25).
For example, Kim et al. (22) have developed a guidewire robot with
a ferromagnetic tip that can bend by remotely applying magnetic fields.
Such an active guidewire robot has shown enhanced steerability in
blood vessels and the ability to deliver embolic agents to an aneurysm
(23). However, maneuvering guidewires/catheters (regardless of passive
and active tips) intrinsically requires tethered operation, which is of
great difficulty when the slender guidewires/catheters are highly dis-
torted, buckled, and looped in confined and tortuous blood vessels.
This difficulty gets even more pronounced when the target lesion is
located in the submillimeter regions. To address this issue, another
strategy is to develop small-scale untethered robots that can navigate
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blood vessels as a substitute for guidewires/catheters. For example,
flow-driven magnetic swarm (28), magnetic particles (29), and mag-
netic anchors (30) have been reported for potential application of
tumor embolization in submillimeter regions. However, because they
are passively carried by blood flow, these untethered robots lack reli-
able maneuverability for navigation in flow conditions, which may
lead to severe complications of nontargeted embolization (7, 31).
Although many other untethered robots (for example, sheet-shaped
magnetic robots and magnetic stents) have shown improved navigation
capability (for example, adaptive locomotion) in flow conditions
(32, 33), they have not been demonstrated for robotic embolization
because of limited shape-morphing ability

at the target lesion. Therefore, it remains a i -

challenge for active robots to demonstrate
high steerability in tortuous blood vessels
(especially in submillimeter regions), re-
liable maneuverability in flow conditions,
and shape-morphing capability at target

Functionalities

E Catheter Blood flow (18
lesions (see table S1). '

Here, we present magnetic soft micro-
fiber robots (hereafter referred to as micro-
fiberbots) with enhanced steerability,
reliable maneuverability, and shape recon-
figurability to perform robotic emboliza-
tion in a remotely controllable manner
(Fig. 1A and movie S1). Magnetic soft mi- &
crofiberbots have a helical geometry with g
a customizable diameter (Fig. 1B) that
can be compatible with existing catheters
to maximize their clinical effectiveness.
A standard catheterization can be first
performed by threading a commercial
catheter through blood vessels until the
intravascular advancement is stopped.
Thereafter, the microfiberbots can be de-
ployed into blood vessels through the
catheter. Enabled by the contact friction,
the microfiberbot can anchor to the blood
vessel after deployment without being
flushed away by blood flow. By remotely
applying magnetic fields, the microfiber-
bot can be actively steered in the blood
flow (both upstream and downstream)
via helical propulsion. The microfiber-
bots can be elongated for passing narrow
regions and aggregated at the target le-
sion. The aggregated microfiberbot can
either block the blood flow to the target
aneurysm/tumor or protect the normal
blood vessel, allowing for three emboli-
zation applications: aneurysm coil embo-
lization, tumor coil embolization, and
tumor particle embolization (Fig. 1A).
We demonstrate both in vitro emboliza-
tion of aneurysm and tumor in neurovas-
cular phantoms and in vivo embolization of
a rabbit femoral artery model under real-
time fluoroscopy. As a supplement to con-
ventional catheter-based embolization, our
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work presents a substantial advancement for the minimally invasive
treatment of cerebral aneurysms and brain tumors in a robotic setting.

RESULTS

Shape-morphing capability

The magnetic composite was first prepared by uniformly dispersing
neodymium-iron-boron (NdFeB) microparticles in a thermoplastic
matrix [poly(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS)].
The volume fraction of NdFeB is 20%. Using a thermal drawing
technique (Fig. 1B and fig. S1), straight magnetic microfibers with
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Fig. 1. Magnetic soft microfiberbots for robotic embolization. (A) Schematic illustration of functionalities
and potential applications of magnetic soft microfiberbots. The microfiberbot can anchor to a blood vessel after being
released, navigate in the blood vessels via helical propulsion, pass through narrow regions by elongation, and block
the blood flow by aggregation. The aggregated microfiberbots can be used as embolic agents for coil embolization
of aneurysms and tumors and as protection devices for selective particle embolization of tumors. (B) Fabrication process
of magnetic soft microfiberbots: thermal drawing of magnetic soft microfiber, magnetizing by a strong impulse magnetic
field (2.5 T), and molding/demolding into a helix shape. (C) Optical imaging of magnetic soft microfibers with different
fiber diameters denoted as d. (D) Optical images of magnetic soft microfiberbots with different helical diameters
denoted as D. (E) An image of magnetic soft microfiberbots deployed via a Terumo 2.6-Fr catheter to the surface of
the brain phantom. Scale bar, 5 mm.
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various diameters d (Fig. 1C) were fabricated. By applying an im-
pulse magnetic field (2.5 T), the straight magnetic microfiber can be
fully magnetized along the fiber direction. Thereafter, by coiling around
a cylindrical mold and demolding after curing, the straight micro
fiber can be transformed into a magnetic soft microfiberbot with a heli-
cal magnetization M along its body. By changing the geometry of the
cylindrical mold, the helical pitch p (Fig. 1B) and helical diameter D
(Fig. 1D) of microfiberbots can be readily tuned. A representative
microfiberbot with d = 60 pm, p = 800 pm, and D = 800 pm was
selected for demonstrating embolization in submillimeter regions in
this work (Fig. 1E).

When the microfiberbot reached a vessel segment that has an inner
diameter (denoted as H) slightly smaller than that of the microfiber-
bot, it anchored to the blood vessel because of the contact friction
without being flushed away by the blood flow (Fig. 2A). Finite element
simulation validates that the total contact friction is larger than the
fluidic drag force (fig. S2). Despite the sufficient friction force, the
maximum contact pressure with the vessel wall is as low as 4.3 kPa,
which is much smaller than the threshold pressure for rupturing the
blood vessel [12 kPa (34, 35)]. The helical magnetization profile M

Upstream and downstream helical propulsion

B ANEAR S

NAVATE 3
S {
. i}’ B=40mT, 5Hz

Magnenc pulling and recovery
v @ P INA

<A

Anchored state

endows the microfiberbot with a net magnetization My (Fig. 2A)
along its central axis. By applying an actuation magnetic field B that
has the same direction as My, the microfiberbot is elongated. The
helical diameter gradually reduces as the magnetic field strength in-
creases (fig. S3). Conversely, when B is opposite to My, the micro-
fiberbot is aggregated (Fig. 2A and movie S2) and its length gradually
reduces as the magnetic field strength increases (fig. S3). Such
aggregation/elongation shape morphing is fully reversible even after
1000 cycles as validated by three microfiberbots with different pitches
(fig. S4). Moreover, the microfiberbot can still recover its helical
shape even after a compression test under a rigid punch, manifesting
high elasticity and robustness (fig. S5).

Magnetic maneuverability in flow conditions

Figure 2B illustrates the strategy for magnetically maneuvering the
microfiberbot in flow conditions. A cubic magnet (5 cm by 5 cm by
5 cm, residual magnetic flux density B, = 1.38 T) was adopted as an
actuation source (figs. S6 and S7). The magnet was manipulated by a
six—degree of freedom (DOF) robotic arm that can precisely control
its current position denoted as (x, y) in the xyz coordinate system
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Fig. 2. Shape-morphing capability and magnetic maneuverability in flow conditions. (A) The microfiberbot can anchor to the vessel in the absence of magnetic
fields. By further applying static magnetic field B parallel to its net magnetization (denoted as Mpet), the magnetic soft microfiberbot can have reversible elongated and
aggregated states. Scale bar, 1 mm.The finite element analysis (FEA) reveals that the maximum contact pressure occurring between the microfiberbots and the vessel wall
is 4.3 kPa. (B) Schematic illustration of manipulating the microfiberbot by controlling a cubic magnet with a 6-DOF robotic arm. The helical propulsion is enabled by axially
rotating the magnet (rotating axis is parallel with the x axis), whereas magnetic pulling is enabled by rotating the magnet in the xy plane. (C) The magnetic soft microfi-
berbots can perform aggregation and elongation shape morphing by changing the external magnetic field. The elongated state of the microfiberbot is achieved by
controlling the magnet to generate the magnetic field along with My, and the aggregated state is achieved by controlling the magnet to generate the magnetic field
opposite Mpet. The upstream helical propulsion is achieved by rotating the magnet in a clockwise manner, and magnetic pulling is achieved by moving the magnet.
(D) Experimental pictures show that the microfiberbot (d = 60 pm, p = 800 pm, and D = 800 um) can steadily anchor to a vessel phantom (inner diameter H = 800 pm) in
the absence of magnetic fields, achieve upstream/downstream helical propulsion under rotating magnetic fields (B =40 mT, frequency of 5 Hz), undergo magnetic pulling
under a magnetic field gradient, and recover to the helical shape. Scale bars, 2 mm.
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via axial rotation (rotating axis parallel with x axis) and in-plane
rotation (in the xy plane) (fig. S8). The rotating magnetic fields allow
for high flexibility for manipulating the untethered magnetic soft
microfiberbot (36). By axially rotating while moving the magnet
leftward, we can maneuver the microfiberbot to the left via helical
propulsion. Aside from high flexibility of control, such a helical pro-
pulsion motion is different from direct pulling by magnetic body force

f = (gradB)M (1)
where M and B are the magnitudes of the magnetization and the applied
magnetic field, respectively, for which a large magnetic field gradient
B 0B oB|"
gradB = [—, —_—, —] (2)
ox dy 0z
is required (37-39). When the microfiberbot reaches the target lesion,
by rotation of 90° in the xy plane, we can generate a local actuation mag-
netic field B opposite to My, leading to the aggregation shape morph-
ing. If further magnetic pulling operation is needed, we can further
rotate the magnet in the xy plane by 45° to generate a field gradient
gradB as shown in fig. S7. Therefore, the body force f will pull the
microfiberbot to move with the magnet (37). This magnetic pulling
maneuvering will finally allow us to pull the aggregated microfiberbot
to fill the aneurysm for embolization application. Corresponding actua-
tion magnetic fields shown by (By, B,, B;) in each maneuvering process
are depicted in Fig. 2C. Because the size of the microfiberbot is much
smaller than that of the cubic magnet and the actuation distance, the
actuating magnetic field can be treated as uniform (fig. S6B) when the
microfiberbot is actuated by magnetic fields on the middle plane of
x = 0or y = 0. Therefore, when the microfiberbot is either elongated or
aggregated, the dominant magnetic field component is B,, with B, and
B, equaling zero. When the microfiberbot undergoes helical propul-
sion, the magnetic field component B, becomes zero. As the magnet
rotates, nonzero components appear in the x, y, and z directions of the
magnetic fields surrounding the microfiberbot, generating a mag-
netic body force that pulls the microfiberbot. Details of the magnetic
maneuvering processes executed by the robotic arm equipped with a
permanent magnet are illustrated in movie S3.

To validate the shape morphing and magnetic maneuvering of
the microfiberbot in flow conditions, we prepared a vessel phantom
with an inner diameter H = 800 pm and filled it with simulated
blood (50% glycerol solution; viscosity at around 4 mPa-s). The flow
rate was set as 100 mm/s via a pump system to mimic the typical
blood flow in submillimeter regions of neurovascular networks (40).
We first showed that the microfiberbot can stably anchor to the vessel
in the absence of magnetic fields (Fig. 2D). By tuning the strength
and the frequency of the rotating magnetic field, the helical propulsion
velocity can be adjusted (fig. S3C). If the simulated blood is not
flowing, the helical propulsion velocity of the microfiberbot can
reach up to 1.6 mm/s under a rotating magnetic field B = 40 mT at
a frequency of 5 Hz. When the flow rate is 100 mm/s, the upstream
and downstream helical propulsion velocities of the microfiberbot
change to 0.32 and 1.75 mm/s, respectively. It is also worth noting
that the aggregated microfiberbot can also anchor to the blood vessel
when the magnetic field is removed because of friction. This anchoring
capability at the aggregated state allows the microfiberbot to be further
pulled by applying a magnetic field gradient gradB that generates
magnetic body force f. For example, by tuning the magnet’s orientation
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of 45° in the xy plane, the aggregated microfiberbot can be further
pulled inside the vessel (Fig. 2D). The helical shape of the microfi-
berbot is recovered when aligning the magnetic field B with a net
magnetization M. It is also worth noting that such shape-morphing
and propulsion capabilities may not be seriously affected by the size
of the microfiberbot. We showed that a microfiberbot with a 500-pm
diameter still preserves comparable upstream propulsion velocity to
that of the 800-pm microfiberbot in flow conditions up to a 200 mm/s
flow rate (fig. S9 and movie S4).

Catheter-assisted deployment
Considering that there is a long way from the incision (usually at the
femoral arteries) to the target lesion in the brain, our microfiberbot
can be combined with existing medical catheters to reduce the opera-
tion time while increasing embolization safety. Here, a representative
medical catheter [MicroVention Terumo, tip inner diameter =
0.027 inch (685 pm), distal outer diameter = 0.034 inch (866 pm);
Fig. 1E] was selected to demonstrate the catheter-assisted deployment
(Fig. 3). We showed that the microfiberbot (D = 800 pm) can be easily
injected into the catheter via a 200-um needle syringe (Fig. 3A). Be-
cause of the elastic nature and high robustness, the highly coiled
microfiberbot can quickly recover its helical shape after injection
(less than 1 s). When traveling inside the catheter, the microfiberbot
can be readily tracked by x-ray imaging (Fig. 3B). Although the
catheter cannot directly reach the target lesion, it still paves a safe way
for the microfiberbot to approach the target lesion as closely as pos-
sible. Thereafter, the microfiberbot is remotely maneuvered by mag-
netic fields to complete the rest of the journey to the target lesion.
A blood vessel phantom with bifurcation branches (fabricated using
a sacrificial template method; fig. S10) was selected as an example
(Fig. 3, C and D). The mechanical properties (Young’s modulus is
around 2 MPa) and contact friction coefficient (0.1) were carefully
tuned to mimic those of human blood vessels. We assumed that the
catheter can only reach the main blood vessel and two target lesions
located on the bifurcation branches. To reach target 1, the microfiber-
bot can be released at the first bifurcation in the main vessel. There-
after, the microfiberbot can be magnetically maneuvered to target 1
by helical propulsion, followed by on-demand aggregation. Similarly,
to reach target 2, the catheter can be first threaded to the second
bifurcation, and then the microfiberbot can be released, magnetically
steered, and aggregated at target 2. Detailed catheter-assisted deploy-
ment is shown in movie S5. By combining with existing medical cathe-
ters, the clinical effectiveness of the microfiberbot can be maximized
by reducing magnetic maneuvering, especially when multiple micro-
fiberbots need to be deployed. In comparison, we show that without
the microfiberbot, the catheter can only reach the second bifurca-
tion. If coils are directly delivered at the second bifurcation, targeted
embolization cannot be ensured (fig. S11).

High steerability in submillimeter regions

The steerability of soft robots in blood vessels is often characterized
by the angle of bifurcation branches and the diameter of the accessible
blood vessel (see table S1). To demonstrate the high steerability in
submillimeter regions, we fabricated two phantoms of blood vessels
(Fig. 4) with uniform diameter D = 800 pm. The first phantom had
two bifurcation branches with angles of 30° and 60° (Fig. 4A), respec-
tively, and the second phantom had two bifurcation branches with
angles of 90° and 120° (Fig. 4B), respectively. We showed that the
microfiberbot can easily turn to the bifurcation branches of 30° via
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Fig. 3. Catheter-assisted deployment of the microfiberbot. (A) The microfiberbot can be injected into a commercial catheter with a microneedle syringe. The microfi-
berbot quickly recovers its helical shape after injection. (B) The microfiberbot travels inside the catheter by perfusing saline under x-ray imaging guidance. Catheter-
assisted deployment of the microfiberbot for embolization at (C) target 1 and (D) target 2 in a blood vessel phantom with bifurcation branches. All scale bars, 1 mm.

downstream helical propulsion. By reversely rotating the magnet,
the microfiberbot can return via upstream helical propulsion. This
reverse maneuvering implied that, if the microfiberbot goes into a
wrong branch vessel, it can be readily reoriented to the right track.
After that, the microfiberbot can be further maneuvered to a 60°
bifurcation branch vessel. In the second phantom, because the bi-
furcation angles are large, the microfiberbot needs to first turn its
“head” into the branch vessel under a rotating magnetic field. There-
after, a magnetic field B parallel to My is applied to stretch the micro-
fiberbot, dragging it into the branch vessel. Once the whole body is
steered to the bifurcation branches, the stretched microfiberbot
quickly recovers its helical shape, continuing the helical propulsion
in the branch vessel (movie $6). In addition to the high steerability
in large-angle bifurcation vessels, we further demonstrated that the
microfiberbot can simply pass through a narrowing vessel with a
minimum diameter of 100 pm in Fig. 4C and movie S7. The micro-
fiberbot was stretched by applying a parallel magnetic field so that it
can pass the narrowing vessel with the flow. Considering that real
blood vessels are three dimensional (3D), we further presented the
steerability of the microfiberbot in an S-shaped (movie S8) and 3D
blood vessel phantom (movie S9) in Fig. 4, D and E, respectively.
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Both results showed that the microfiberbot can be quickly steered
through the blood vessel phantom. In contrast, we demonstrated
that the commercial catheter cannot be directed to the bifurcation
and narrowing branches, as shown in fig. S12.

In vitro demonstration of robotic embolization

To demonstrate the potential for treating cerebral aneurysms and brain
tumors, we first performed robotic embolization demonstrations in
submillimeter neurovascular vessel phantoms, which include aneurysm
coil embolization (Fig. 5, A and B), tumor coil embolization (Fig. 5,
C and D), and tumor particle embolization protection (Fig. 5, E to
H). The first blood vessel phantom (H = 800 pm) had a saccular
aneurysm (Fig. 5A), and the second blood vessel phantom had three
bifurcation branches with thinner diameters (H = 500 pm) that are
labeled as branch 1, branch 2, and branch 3 (Fig. 5, C to H). In aneu-
rysm coil embolization, the microfiberbot was first helically propelled
to the aneurysm and then transformed into the aggregated state. Via
magnetic pulling, the aggregated microfiberbot can be pulled to fill
the aneurysm (Fig. 5A and movie S10). It is evident that the flow to
the aneurysm was reduced after the aneurysm was filled (Fig. 5B). In
tumor coil embolization, branch 2 was assumed to be the tumor vessel,
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Fig. 4. Steerability of the microfiberbot in submillimeter regions. (A) Schematic illustration and experimental demonstration of the microfiberbot navigating in a blood vessel
phantom with bifurcation branches of 30° and 60°. (B) Schematic illustration and experimental pictures of the microfiberbot navigating in a blood vessel phantom with bifurcation
branches of 90° and 120°. Scale bars in (A) and (B), 2 mm. (C) Experimental demonstrations of the microfiberbot navigating in a vessel phantom with a narrowing diameter
(1 mm to 100 pm). (D) Demonstration of the microfiberbot navigating an S-shaped vessel phantom. (E) Demonstrations of the microfiberbot navigating a 3D vessel phantom. Scale
barsin (C) to (E), T mm.
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Fig. 5. In vitro robotic embolization in neurovascular vessel phantoms. (A) Demonstration of aneurysm coil embolization by magnetic soft microfiberbot. Scale bar,
1 mm. (B) Validation of the embolization results under x-ray fluoroscopy. The flow into the aneurysm is reduced after coil embolization. Scale bar, 1 mm. (C) Demonstration
of tumor coil embolization in which branch 2 is assumed to be a tumor vessel. Two microfiberbots are steered subsequently to completely occlude branch 2. (D) The
contrast agent is released to validate the occluded branch 2. (E) Demonstration of tumor particle embolization protection in which branch 1 is assumed to be a healthy
vessel. (F) After the microfiberbot blocks the healthy branch 1, the embolic particles are released to occlude tumor vessels (branches 2 and 3). (G) The microfiberbot can
be safely retrieved after particle embolization is completed. (H) The contrast agent is released to validate the occluded vessel branches 2 and 3. Scale bars in (C) to (H), 2 mm.
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whereas branches 1 and 3 were the healthy blood vessels (Fig. 5C). A
microfiberbot was first magnetically steered to branch 2 and aggre-
gated. However, it was found that one aggregated microfiberbot
alone cannot completely occlude branch 2 (movie S11). Therefore, a
second microfiberbot was deployed for a dual aggregation in branch
2. Compared with one aggregated microfiberbot, two aggregated
microfiberbots notably increased the blocking ratio (defined as the
cross-sectional area of the microfiberbots divided by the blood vessel;
Fig. 6A) that almost blocked flow in branch 2 after embolization
(Fig. 5D). In tumor particle embolization protection, branches 2 and
3 were assumed to be tumor vessels, whereas branch 1 was the healthy
vessel (Fig. 5E). To prevent the embolic particles from flowing into
healthy branch 1, a microfiberbot was first magnetically steered to
branch 1 and aggregated. Then, embolic particles (average diameter
250 pm) were released into the flow to selectively occlude branches
2 and 3 (Fig. 5F). After the particle embolization is completed, the
aggregated microfiberbot can be recovered and safely retrieved
(Fig. 5G and movie S12). It was confirmed that the tumor vessels
(branches 2 and 3) were successfully occluded, whereas the healthy
vessel (branch 1) was protected (Fig. 5H). Note that some particles
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may still be able to pass through the occluded area with one aggregated
microfiberbot. To achieve a large blocking ratio, dual aggregation
can be performed, and the block ratio can reach up to 88% (Fig. 6, A
and B). Here, the dual aggregation is enabled by the independent
actuation of each microfiberbot in sequence. As shown in Fig. 2C,
the rotating magnetic field for helical propulsion is zero along the
M, direction (B, = 0 in the x direction), whereas elongation/aggre-
gation requires B, # 0. Therefore, if a microfiberbot has already
aggregated at the target lesion, the magnetic field guiding the helical
propulsion of subsequent microfiberbots will not influence the aggre-
gated one. This permits occlusions at multiple blood vessel branches
(Fig. 6C) and even facilitates quadruple aggregation at the same target
(Fig. 6D and movie S13).

In vivo demonstration of robotic embolization in a rabbit

We further demonstrated in vivo robotic embolization of a rabbit
blood vessel on the right hind leg (diameter is from 500 to 800 pm)
under real-time fluoroscopy (Fig. 7A). The microfiberbot was first
injected into the femoral artery through a Terumo 2.6-French (Fr)
catheter (Fig. 7B). The tortuous vessel was marked with four sites
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Fig. 6. Robotic embolization with multiple microfiberbots. (A) The blocking ratio is defined as the ratio of the cross-sectional area between the aggregated micro-
fiberbots and the blood vessels. The average blocking ratios (+ SD) are 14.92 + 2.2%, 51.35 + 13.4%, and 88.65 + 8.6% for the respective measurements (N = 3).
(B) Demonstration showing that particles are fully blocked with dual aggregated microfiberbots. (C) Demonstration of aggregated microfiberbot in different vessel
branches. (D) Demonstration of quadruple aggregation at the same target in a vessel phantom. All scale bars, T mm.
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Fig. 7. Robotic embolization in a rabbit blood vessel in vivo. (A) Schematic illustration of robotic embolization in rabbit
blood vessel on the leg under real-time fluoroscopy. (B) The magnetic soft microfiberbot is released into the blood vessel
by a catheter. Scale bar, 5 mm. (C) The angiology of targeted blood vessel before embolization by infusing iodinated contrast
media. (D) Fluoroscopy images of microfiberbot navigating from site 1 to site 4. (E) Fluoroscopy images of microfiberbot
returning from site 4 to site 2 and aggregated. (F) The angiology of blood vessel after embolization by infusing iodinated
contrast medium. (G) The blood vessel is separated for histological analysis 3 weeks after embolization. Scale bar in (D) to
(G), 1 mm. (H) The H&E staining cross-sectional images of the blood vessel. Cross sections 1 and 2 show the formation of

thrombus after embolization. Scale bar, 250 pm.
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(Fig. 7C). Guided by fluoroscopic
imaging (x-ray), the microfiberbot
is helically propelled from site 1 to
site 4 (Fig. 7D), returned to site 2,
and eventually aggregated at site 2
(Fig. 7E and movie S14). To validate
the completed embolization, we
then obtained the angiography of
the femoral artery by injecting
iodinated contrast medium (Fig. 7F).
Before embolization, we can see
iodinated contrast medium through-
out the femoral artery, suggesting a
normal flow in the artery. After em-
bolization, no contrast medium was
observed because of the blockage of
the flow by the aggregated microfi-
berbot. The angiography conducted
3 weeks after embolization indicated
that the microfiberbots have success-
fully facilitated a stable vascular
embolism, with no signs of recanaliza-
tion. The presence of the aggregated
microfiberbot blocked the blood flow
from the proximal to the distal end
of the vessel, which led to the forma-
tion of thrombosis inside the artery,
as validated by the histological analy-
sis 3 weeks after embolization (Fig. 7,
G and H). It is worth noting that no
inflammation or pathological abnor-
malities were observed from the he-
matoxylin and eosin (H&E) staining
results of the main organs, including
the lung, liver, spleen, kidney, and
heart, after 3 weeks (fig. S13). Addi-
tionally, compared with those of an
untreated control group, the num-
bers of blood cells, such as red
blood cells (RBCs), white blood cells,
platelets, and lymphocytes, after the
robotic embolization procedure re-
mained at normal levels after 3 weeks
(fig. S14), suggesting that the proposed
robotic embolization by magnetically
steering microfiberbots was safe.

DISCUSSION

Conventional embolization surgery
by threading passive catheters to the
target lesion is largely limited by the
low steerability in complex blood ves-
sels (especially in submillimeter re-
gions) and accumulated radiation risk
by manual operation. We developed
magnetic soft microfiberbots that
can perform embolization with high
steerability by remotely controlling a
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6-DOF robotic arm. With a helical magnetization along its body,
the microfiberbot can be magnetically steered via helical propul-
sion in blood vessels and perform on-demand aggregation at the target
lesion to occlude the blood flow. Using demonstrations in submilli-
meter neurovascular vessel phantoms and in vivo rabbit femoral ar-
tery, we validated the potential for performing robotic embolization.

Our microfiberbots are still in their infancy, and we provide the
following considerations for their clinical translation in the future.
First, we have only demonstrated a microfiberbot with D = 800 pm
for embolization in submillimeter blood vessels in this work. Actually,
the helical diameter D of the microfiberbot can be effectively tuned
by changing the geometry of the cylinder mold (Fig. 1B). If large
aneurysms or blood vessels are encountered, microfiberbots with larger
diameters may be selected. Also, we have shown that two aggregated
microfiberbots can enhance the blocking rate (Fig. 6); thus, multiple
microfiberbots can be deployed to the target lesion, if needed.

Second, although the soft matrix of SEBS has been approved by
the US Food and Drug Administration (FDA) for intravascular ap-
plications (41), the ferromagnetic NdFeB particles may induce safety
concerns for long-term implantation. In this regard, we can first
coat a protective layer of pure SEBS shell using the thermal drawing
technique (Fig. 1) and then dip-coat a thin layer of hydrogel (15 pm)
on the whole body of the microfiberbot to enhance biocompatibility
and hemocompatibility (fig. S15). This protective layer-coating
technique has been widely adopted to reduce the toxicity of NdFeB-
embedded composites (22, 23, 33, 42-44). According to the cell vi-
ability test and hemolysis assay, we show that the hydrogel skin can
substantially reduce toxicity (cell viability, 96%; fig. S16) and hemolytic
effect (hemolysis, 1%; fig. S17). Third, to realize the precise control
of microfiberbots in tortuous blood vessels, an advanced positioning
system is required. In addition to the fluoroscopy, we show that our
microfiberbot can also be tracked using ultrasound imaging. An ex
vivo demonstration in a porcine blood vessel is provided to validate
the tracking capability under ultrasound imaging (fig. S18). Other
approaches, such as photoacoustic computed tomography, may also
be helpful in obtaining higher spatiotemporal resolution (45).

Last, a faster thrombus formation is always desired for occluding
the blood flow, leading to a successful embolization. In this regard,
we present two potential solutions that have been reported in the
literature for enhancing embolization efficiency. The first solution is
to coat the microfiberbot with thrombin (46) such that blood cells
can be absorbed into the microfiberbot, as validated by the reduced
blood clotting index and scanning electron microscope images in
fig. S19. The formed thrombus can resist a pressure of up to 22 kPa,
which is large enough to block the blood flow in vivo (fig. $20). The
second solution is to further coat the microfiberbot with a thin
functional layer (20 pm) of iron oxide (Fe;O4) nanoparticles that
can generate heat upon radio frequency (RF) stimulation (fig. S15).
By remotely heating the aggregated microfiberbot at the target lesion
via an RF coil (200 kHz), we can generate local hyperthermia that
promotes thrombus formation. In vitro demonstration in the blood
vessel phantom shows that a thrombus can be formed within 5 min
(fig. S21). The mechanism of local hyperthermia-induced thrombus
formation lies in the activation and aggregation of platelets. When
the temperature increases to about 41°C, platelets are activated
in vivo and aggregate to form a thrombus. This mechanism has been
reported in the literature (47-50) and is also validated by our experi-
ments in which the activated coagulation time of the porcine blood
decreases as the temperature rises from 37° to 50°C (fig. S22). In
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summary, we envisage that our magnetic soft microfiberbots will
pave the way for the untethered robotic embolization of cerebral
aneurysms and brain tumors in the future.

MATERIALS AND METHODS

Fabrication of magnetic soft microfiberbots

Ferromagnetic NdFeB particles with an average diameter of 5 pm
were purchased from Guangzhou XND Co. Ltd.; the soft elastomeric
matrix SEBS materials (Kraton G1657) were purchased from KRATON
Co. Ltd.; the supporting polycarbonate (PC) pellets (Makrolon ET3113)
were purchased from Covestro AG Co. Ltd. All materials were used
as received. The ferromagnetic NdFeB particles were mixed in a pre-
dissolved SEBS/hexane solution (14.3 vol %) with a volume ratio of
1:4 between NdFeB and SEBS. After mechanical stirring for 30 min
and ultrasonic dispersing for 1 hour, the NdFeB/SEBS/hexane sus-
pensions were poured and doctor-bladed on polytetrafluoroethylene
(PTFE) films and dried in a fume hood for 10 hours. Once fully
dried, the resulting NdFeB/SEBS thin films were peeled from PTFE
and cut into small slices of magnetic SEBS (M-SEBS). For M-SEBS
core fabrication, the yielded M-SEBS slices were loaded in mold bet
ween a thermocompressor (Qien, Wuhan Qien Sci. & Tech. Co.
Ltd.) and thermally pressed at 180°C into M-SEBS cylinders. For
supporting PC cladding fabrication, the fully dried PC pellets were
loaded in mold between the thermocompressor and thermally
pressed at 230°C into cuboids. The PC cuboids were lathed and
drilled into PC tubes with an inner diameter slightly larger than M-
SEBS cylinders. The yielded M-SEBS cylinders were inserted into
PC tubes for monolithic preforms. The magnetic composites were
prepared through the dispersion of unmagnetized magnetic micropar-
ticles (NdFeB) in soft elastomeric matrix SEBS through chemical solu-
tion. Because of the limited drawing ability of the soft magnetic
elastomer composite, we induced thermoplastic PC as sacrificial
cladding for codrawing. After thermal consolidation in a LEGO-like
way, the preforms consisting of a magnetic soft core and sacrificial
cladding were later thermally drawn into magnetic microfibers with
different diameters (Fig. 1C) at 230°C in a custom thermal draw tower.

Thermal drawing of magnetic microfibers

The resulting preforms consisted of an M-SEBS core and PC cladding
that were thermally drawn into M-SEBS/PC fibers, referred to as
magnetic fibers, at 230°C in a custom thermal drawing tower. With
a drawing ratio between 100 and 200, the diameter of magnetic fibers
can be tuned between 20 and 90 pm. To enhance the functionality of
microfiberbot, the functional layer was induced to the soft core pre-
form. The preforms consist of a magnetic soft core (M-SEBS) and a
functional layer (fig. S15). The functional layer can be chosen according
to different situations. For example, to enhance biocompatibility and
hemocompatibility, a pure polymer protect layer can prevent corro-
sion of ferromagnetic particles (NdFeB). In addition, to enhance the
embolization efficiency, a functional layer containing Fe;O, nanopar-
ticles can promote thrombus formation via RF heating.

Mechanical testing

The 80 mm-by-80 mm-by-2 mm M-SEBS thin film was cut into
dumbbell test specimens using a standard part cutter. The mechanical
testing was subjected to standard test methods (ASTM D412) on a
mechanical testing machine at a displacement rate of 5 mm/s (width:
8 mm; gauge length: 60 mm).
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Fabrication of magnetic soft microfiberbots

The magnetic microfibers were first magnetized by a 2.5-T impulse
magnetic field generated by a digital pulse magnetizer (Beijing Eusci
Technology Ltd). The fibers with PC cladding were then wrapped
with identity helical parameters on a high-thermal conductivity rod
by tweezers. Adhesive tape was applied to ensure that the fiber tightly
contacted the rod. The rod with microfibers was then placed on a
hot plate at 90°C for 30 min. After the magnetic microfiber was
molded into a helical-shaped structure, the robots were detached
from the rods. Sacrificial PC cladding was chemically selectively
removed by N,N-dimethylacetamide (Sinopharm Chemical Reagent
Co. Ltd.) until the cladding was completely dissolved. Finally, the robot
was cut into the desired structure parameters.

In vitro experiments

To demonstrate the catheter-assisted deployment and steerability
of microfiberbots in submillimeter regions, as presented in Figs. 3, C
and D, and 4 with movies S5 and S6, vessel phantoms coated with
hydrogel were used to mimic the mechanical properties of real vessels
(see fig. S10). These silicone vessel models were filled with blood
analog. To assess the repeatability of the navigational task, each
experiment was conducted three times. In the demonstration of
in vitro aneurysm embolization presented in Fig. 5, A and B, with movie
S10, the iodinated contrast medium was released to evaluate em-
bolization under fluoroscopic guidance (DSA, CGO-2100, Wandong).
In the demonstration of in vitro embolization particle protection
presented in Fig. 5, E to H, with movie S12, polystyrene micro-
spheres with an average diameter of 250 pm (Yuan biotech) were used.

Ex vivo experiments under real-time ultrasound imaging

The medical imaging system compatibility of the magnetic soft micro-
fiberbot was demonstrated in a porcine coronary artery ex vivo under
real-time ultrasound imaging. The porcine hearts were obtained
from Shenzhen Advanced Medical Services Co. Ltd. A solution of
glycerol (Sigma-Aldrich) in deionized (DI) water was used as a
blood analog (viscosity was around 4 mPa-s), and the arteries were
connected to a programmable pump (Longer Pump) to create the
bloodstream (100 mmy/s). The wireless portable ultrasound probe
(SonoStar) with a maximum frequency of 14 MHz was used for real-
time guidance of the magnetic soft microfiberbot. After injection
into the artery, the magnetic soft microfiberbot was magnetically
actuated to swim with the flow to the targeted site. When the magnetic
field was removed, the magnetic soft microfiberbot was anchored to
the target blood vessel wall while withstanding the flow. The ultra-
sound imaging in pulse repetition frequency mode verified the an-
choring of the robot in dynamic flow. The magnetic soft microfiberbot
was also magnetically actuated to swim against the flow and was
retrieved by a catheter inside the artery vessels.

Hydrogel skin fabrication

The dip-coating methods were used to create a hydrogel layer on the
magnetic soft microfiberbot. The monomer of the hydrogel layer was
acrylamide (AAm) (Sigma-Aldrich, A8887). The silane coupling agent
was 3-(trimethoxysilyl) propyl methacrylate (TMSPMA). The chain
transfer agent (CTA) was (3-mercaptopropyl) trimethoxysilane
(Sigma-Aldrich, 175617). For a 1-ml solution of AAm (2 M of DI
water), 1 pl of CTA (10% volume ratio in tetrahydrofuran), 10 pl of
acetic acid (0.1 M of DI water), and 5.7 pl of TMSPMA were added,
followed by vortex mixing for 60 s, and then 50 mg of thrombin
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(2000 U/mg, Shanghai Yuanye Bio-Technology Co. Ltd.) was added.
The bare magnetic fiber was treated with plasma within 60 s to form the
network of hydrophilic groups. The treated magnetic fiber was fixed to a
homemade machine and immersed in the pre-gel solution (fig. S19).
Last, the hydrogel-coated microfiber was sealed in a bottle with saturated
humidity and stored in an oven at room temperature for 24 hours.

Cell toxicity assay

A human cardiac microvascular endothelial cell line was cultured
and removed from the flask using enzymatic digestion (trypsin/
EDTA). The cell suspension was centrifuged at 1000 rpm for 5 min.
The cell suspension was resuspended in medium to adjust the den-
sity to 1 X 10° cells/ml. A multichannel pipette was used to add 100 pl
of medium to the peripheral wells of a 96-well tissue culture micro
titer plate and to add 100 pl of cell suspension at a density of 1 x 10°
cells/ml to the remaining wells. Cells were incubated for 24 hours (5%
CO; at 37°C, >90% humidity) for exponential growth. The medium
was aspirated after 24 hours of incubation. To evaluate the cell toxicity
of M-SEBS composites, 100 pl of the 100% of sample leaching solu-
tion including negative control, positive control, bare magnetic fiber,
and hydrogel-coated magnetic fiber was added for treatment. Cells
were incubated for another 48 hours (5% CO,; at 37°C, >90% hu-
midity). After removing the cocultured material and replacing the
medium, 10 pl of CCK-8 solution (AR1199, Boster, China) was
added to each well, and the plate was placed on a microtiter plate
photometer (Multiskan FC, Thermo Fisher Scientific) equipped
with a 450-nm filter to measure the absorbance. The cell viability
was calculated according to the following equation:

Chlank
2 X 100%

Csample -

Cell viability( %) = (3)

Ccontrol - Cblank

where Cgmple is the absorbance of sample, Ceontrol is the absorbance
of control (without sample), and Gy, is the absorbance of blank group.

Live/dead assay

Human cardiac microvascular endothelial cell line was cultured and
removed from the flask using enzymatic digestion (trypsin/EDTA).
The cell suspension was centrifuged at 1000 rpm for 5 min. A total
of 5 x 10° cells was inoculated in each well of a six-well plate and
incubated in a CO; incubator (5% CO; at 37°C, >90% humidity) for
24 hours to allow the cells to adhere to the well. Subsequently, the
medium was removed, 2 ml of the sample leaching solution from each
group was added to the six-well plate, and incubation was continued
for 48 hours. After cells were washed twice with phosphate-buffered
saline (PBS) buffer, 0.5 ml of staining solution (KTA1001, Abbkine,
China) was added to each well and incubated for 15 min at 37°C
protected from light. After being washed two more times with PBS,
the cells were placed under a fluorescent microscope and photographed.

Hemolysis rate assay

Newly collected immune blood (20 ml; Shenzhen Advanced Medical
Services Co. Ltd.) was added with 1 ml of potassium oxalate (20 g/
liter) to prepare fresh anticoagulated immune blood. Fresh antico-
agulated rabbit blood (8 ml) was taken and diluted with 10 ml of
normal saline. Three samples of 5 g each were weighted. After being
rinsed with tap water, the samples were rinsed with distilled water,
with the water absorbed with filter paper and put in a test tube, and
10 ml of normal saline was added to each tube; for the negative
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control, 10 ml of normal saline of the same batch number was added
to each tube; for the positive control, 10 ml of distilled water was
added to each tube. To evaluate the hemolysis rate of M-SEBS com-
posites, 0.2 ml of diluted rabbit blood was added to either bare mag-
netic fiber or hydrogel-coated magnetic fiber for treatment, placed
in a 37°C water bath, and continued to incubate for 60 min. The
liquid in each tube was poured out and centrifuged for 5 min (2500
rotations/min), and the absorbance was measured with a spectro-
photometer at a wavelength of 545 nm. The hemolysis rate was calcu-
lated according to the following equation:

Hsample -

. Hneg
Hemolysis rate (%) = X 100 %

4)

pos

where Hgample is the absorbance at 545 nm of the sample, Hyg is the
absorbance of negative group, and Hp,, is the absorbance of posi-
tive group.

Blood clotting index test

First, the microfiberbot with 10 mg of pure hydrogel coating and
thrombin hydrogel coating was placed into the polypropylene dish
and prewarmed at 37°C for 5 min. Second, 4.5 ml of fresh anti-
coagulated porcine blood was added with 0.5 ml of 0.1 M solution of
calcium chloride to prepare fresh blood samples. Third, 100 pl of the
blood was immediately coated onto the materials for 10 s. Then, 10 ml
of DI water was added to the dish and shaken at 50 rpm for 10 min
to lyse RBCs that were not stuck in the clot. The absorbance of the
resulting hemoglobin solution (sample) was measured at 540 nm by a
Multiskan microplate reader (Multiskan GO, Thermo Fisher Scientific),
and absorbance of 100 pl of clotted whole blood in 10 ml of DI water
was used as the control. Finally, the blood clotting index of different
materials was calculated using the following equation:

Ssample

Blood clotting index(%) = X 100%

(5)

control

Preparation of RBC solution

A volume of 5 ml of fresh anti-coagulated porcine blood was taken
into a blood centrifuge tube. RBCs were centrifuged at 200¢ for 20 min
at room temperature, and the supernatant was gently removed. RBCs
were washed three times with 500 pl of 1x PBS solution and finally
resuspended with 500 pl of 1x PBS.

In vivo animal experiment setup

The 8- to 10-week-old male New Zealand rabbits, weighing 1.5 to
2.0 kg, were obtained from Shenzhen Advanced Medical Services
Co. Ltd. Ethical approval from the Institutional Animal Care and
Use Committee was obtained before the research (AMS C2305004
R). The rabbit was anesthetized before the embolization procedure.
The femoral artery was exposed through a small incision, and then
the femoral artery was accessed using a standard 22-gauge needle and
a 4-Fr sheath (Glidesheath, Terumo). Under fluoroscopic guidance
(DSA, CGO-2100, Wandong), the iodinated contrast medium was
released to obtain the blood vessel frame, and the magnetic soft micro-
fiberbot was gently injected into the artery through a 2.6-Fr catheter
(Headway 27 microcatheter, Terumo). The rotating magnetic field was
generated by a cubic NdFeB magnet (50 mm in diameter and 50 mm
in height). The magnetic soft microfiberbots were reliably steered and
navigated by helical propulsion in the blood vessel. After the robot
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contracted into an aggregation state, the magnetic field was removed,
and iodinated contrast medium was gently released to obtain the
angiography (see Fig. 7). Then, the catheter and sheath were re-
moved, and the wound was sutured. After 3 weeks of post-surgery,
tissue sections in embolization regions were prepared and stained
with H&E for histological examinations.

Analysis and simulation

Magnetic fields around a cubic magnet were calculated using the
commercial software COMSOL Multiphysics 6.0. Finite element
simulations of shape morphing of microfiberbot were conducted using
the commercial software ABAQUS/Standard 2017. The NdFeB
embedded magnetic composite was modeled as the ideal hard-
magnetic soft material with a shear modulus of 1 MPa and a residual
magnetization M = 120 kA/m. To account for the interaction between
magnetic composite with embedded NdFeB particles and the external
magnetic field B, we adopted a user element (UEL) subroutine based
on the continuum framework (51, 52). The magnetic torque density
T can be implemented by computing the magnetic Cauchy stress
¢™8"% = _BRFM, where F is the deformation gradient and opera-
tor ® represents a dyadic product that takes two vectors to yield a
second-order tensor. The blood vessel is simplified as a rigid tube.
The contact between the microfiberbot and the blood vessel is modeled
as “hard contact, No penetration” with a friction coefficient of 0.1.
The maximum contact pressure was directly extracted from simulation
results (see fig. S2B). All simulations were checked with convergence.

Statistical tests

Experimental values were obtained by conducting measurements N
times, with subsequent statistical analysis carried out using specialized
data statistics software. For experiments involving a single measurement
(N'=1), only the raw measurement values were reported. When experi-
ments were repeated N times, the results were presented in the figures as
means + SD.
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Editor’'s summary

As a minimally invasive treatment for aneurysms and brain tumors, surgeons typically insert a slender catheter through
the femoral artery and guide it through blood vessels to deliver embolic agents. However, this method of embolization
can be difficult to steer through complex vascular networks. A magnetic, soft microfiberbot was developed by Liuet

al. to perform remotely controlled robotic embolization. The microfiberbot, composed of a magnetized fiber coiled

into a helix shape, can conform to different vessel sizes and performs a corkscrew propulsion when subjected to an
external magnetic field. The microfiberbots were used to successfully perform in vitro embolization of aneurysm and
tumor in phantom blood vessels and in vivo embolization in a rabbit femoral artery. These proposed robots provide a
controllable alternative to conventional catheter-based embolization. —Melisa Yashinski
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