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Magnetic soft microfiberbots for robotic embolization
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Supplementary Text

Analysis of the anchored state of microfiberbot in flow conditions.
The flow velocity distribution inside a cylindrical vessel can be expressed (40,53,54)

vy = f(r, vy, (6)
where H is the diameter of the vessel, » denotes the position with respect to the cylinder center O, and the
mean flow velocity v,,. Considering that the diameter of the fiber (d = 60 pm) is much smaller than the vessel
diameter (= 800 um), the position of the anchored microfiberbot can be estimated as

r=H/2-d (7)

In a flow condition with v,, = 100 mm/s and then gives the flow velocity at the microfiberbot

v, = 15 mm/s ()

Therefore, the fluidic drag force applied on one pitch of the microfiberbot can be estimated as

1
Fq = 2&pSv}? ©)

where ¢ is the drag coefficient, p is the flow density, S is the cross-section area of the microfiberbot.

Substituting ¢ =0.15 (55), p = 1.11 x 103 kg/m?, $ = 1.39 x 10~7 m? into the equation, we obtain that
F; =2.61x107° N. According to the FEA simulation results, the total contact friction Fy = 2.03 * 107°

N.
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Fig. S1. Fabrication and characterization of magnetic soft microfiberbots. (A) Schematic of fabrication
of millimeter-scale magnetic composite preform. (B) A millimeter-scale preform is thermally drawn into a
micrometer-size fiber with sacrificial PC cladding and magnetic microfiber core. (C) the magnetic fiber can
be molded into magnetic soft microfiberbots with identified helical geometry parameters by employing
different molds. (D) Magnetic hysteresis of SEBS+NdFeB (20 vol.%) composite. Residual magnetization
M=120 kA/m. (E) Stress-strain curves of SEBS+NdFeB (20 vol.%) composite. (F) Fitting the stress-strain
curve by the incompressible neo-Hookean constitutive model (Shear modulus is around 1 MPa).
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Fig. S2. Analysis of the anchored state of microfiberbot in flow conditions. (A) The fluidic drag force (per

pitch) Fy is estimated by the drag pressure times the cross-sectional area of the microfiberbot (S =
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Fig. S3. Characterization of microfiberbots with helical diameter of 800 pm under varying magnetic
parameters. (A) Helical diameter of microfiberbot as a function of actuation magnetic field strength. (B)
Length of the microfiberbot as a function of actuation magnetic field strength. (C) Helical propulsion velocity
as a function of magnet rotation frequency in the absence of flow (B = 40 mT). (D) Helical propulsion velocity
within vessels with different diameters H (Each experiment was conducted three times, N = 3).
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Fig. S4. Reversibility test of the shape morphing of the microfiberbot. After 1000 elongation-contraction

cycles, the pitch of the four magnetic soft microfiberbots (Pitch p = 500, 800, and 1000 um) remains almost

unchanged (Each experiment was conducted three times, N = 3).
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Fig. S5. High elasticity and mechanical robustness of the microfiberbot. The magnetic soft microfiberbot

quickly (0.1 s) recovers to the initial helical shape after being compressed by a rigid punch. Scale bar, 5 mm.
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Fig. S6. Control strategy of microfiberbots using a cubic magnet. (A) Schematic of the cubic magnet with

a residual magnetic flux density Br =1380 mT. (B)The magnetic fields around the cubic magnet. (C) The

magnetic actuation for microfiberbot is achieved by dynamically controlling the vertical, horizontal, and

rotational movements of the cube magnet. (D) The magnetic field strength By as a function of distance s along
the centerline of the magnet. (E)The magnetic field strength By as a function of distance s along the centerline

of the magnet.
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Fig. S7. Spatial magnetic gradient distribution of a cubic magnet with a width of 50 mm.
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Fig. S8. Magnetic maneuvering system. The magnetic maneuvering system is composed of 6-DoF robotic

arm, a step motor controller and driver, and a cubic magnet.
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Fig. S9. Demonstration of shape-morphing capability and in-flow maneuverability of microfiberbot
with 500 pm diameter. (A) Image of a microfiberbot inside a tube with a 500 um diameter. (B) The 500 um
microfiberbot can still have shape-morphing and upstream propulsion in a flow condition with 100 mm/s flow
rate. Scale bar, 1 mm. (C) The upstream propulsion velocity of the 500 um robot is comparable to that of the
800 pm microfiberbot in both 100 mm/s and 200 mm/s flow (Each experiment was conducted three times, N
=3).
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Fig. S10. Fabrication of blood vessel phantoms. The sacrificial template method was used to fabricate the
vessel phantom. Melted wax was first injected into 3D-printed negative molds, and then solidified wax mold
with the desired shape was carefully taken out. Next, the wax mold was immersed into uncured PDMS (mass
ratio 10:1) and cured at room temperature (23°C) for 72 hours. Lastly, the phantoms were placed on a hot
plate (120°C) to melt the wax and the vessel phantom with hollow lumen structure was placed in ultrasound
cleaner with ethanol for 2 h. To obtain similar friction conditions to realistic blood vessels, a thin hydrogel
layer (10 pm) was coated in the inner surface of the hollow lumen structure (56). Therefore, the vessel

phantoms have similar Young’s modulus properties (2 MPa) and friction properties with the coefficient of 0.1.
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Fig. S11. Demonstration of nontarget coil embolization using a commercial catheter. (A) Commercial
catheter can only reach the second bifurcation. (B) The limited accessibility of catheter may lead to nontarget
coil embolization. Scale bar, 2 mm.
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Fig. S12. Demonstration of the low steerability of a commercial catheter. (A-B), The commercial catheter
cannot be steered to the bifurcation vascular phantom with bifurcation angle (A) 8 = 60<and (B) 90< (C) The
commercial catheter cannot access narrowing branches with diameter smaller than its tip. Scale bar, 2 mm.
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Fig. S13. Histology analysis of main organs of rabbits after three-week embolization surgery. (A) The
cross-section 3 of H&E staining cross-section images were selected from the proximal to distal blood vessels
to validate the embolization results. Scale bar, 250 pm. (B) The hematoxylin and eosin (H&E) staining cross-
section image of the rabbit femoral artery. The sample for the soft microfiberbot group was collected after
locomotion. Scale bar, 250 um. (C) No inflammation or pathological abnormalities were observed in the

samples collected from the control group and embolization group of rabbits. Scale bar, 500 um.
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Fig. S14. Comprehensive blood cell counts taken from a rabbit before and after embolization (24 h, 72
h, 21 days).
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Fig. S15. Fabrication of coating hydrogel skin. (A) Schematic of the steps used to fabricate millimeter-scale
magnetic composite preform with embedded functional layers. (B) Schematic of dip-coating hydrogel on a
magnetic fiber in pre-gel solution (AAM). (C) The optical imaging of bare magnetic fiber shows that the
magnetic particles are exposed without hydrogel coating. (D)After hydrogel coating, the magnetic particles

were isolated and a hydrogel layer (15 um) was observed. Scale bar 50 um.
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Fig. S16. Cell viability tests of magnetic composites with different coatings. (A) 24-hour exposure:
Fluorescence microscopic images of human cardiac microvascular endothelial cells incubated with composites.
(B) 48-hour exposure. (C) and (D) Relative cell survival rates for positive control, hydrogel-coated, SEBS-

coated, and SEBS-Fe3O4 magnetic soft microfiberbots. (Each experiment was conducted three times, N = 3).
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Fig. S17. Analysis of blood cell hemolysis of positive control, negative control, bare microfiberbots and

hydrogel-coated microfiberbots (Each experiment was conducted three times, N = 3).
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Fig. S18. Ex vivo demonstration of real-time ultrasound tracking capability of microfiberbots. (A)
Schematic of magnetic soft microfiberbots locomotion and retrieval for targeted drug delivery under real-time
ultrasound imaging. Right: The optical images of magnetic soft microfiberbots navigating in a porcine
coronary artery. Scale bar, 5 mm. (B) Real-time ultrasound imaging-tracked navigation of magnetic soft
microfiberbots controlled by the external magnetic manipulation system in an ex vivo porcine coronary artery
under the flow. The white arrow indicates the flow directions. Scale bar, 2 mm. (C) Downstream navigation
of magnetic soft microfiberbots to a targeted site. Red arrows show the navigation directions. (D) Magnetic
soft microfiberbots self-retained in flow environments with dynamically changed porcine coronary artery
diameters, the insets show the enlarged images of the magnetic soft microfiberbots. PRF: 1.0 kHz. (E)

Upstream navigation and catheter retrieval of magnetic soft microfiberbots.
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Fig. S19. Thrombin-hydrogel coating of the microfiberbot promotes thrombus formation. (A)
Experimental image demonstrating the dip coating method used to form a thin layer of thrombin-hydrogel on
the microfiberbot. (B) Blood clotting index of control, pure hydrogel coating, and thrombin-hydrogel coating
groups (Each experiment was conducted three times, N = 3). (C) Scanning electron microscope (SEM) image
displaying red blood cell (RBC) absorption on the microfiberbot. (D) Injection of blood to stimulate thrombus
formation within the aneurysm phantom. Scale bar, 1 mm.
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Fig. S20. Pressure assessment of the microfiberbot within a vessel phantom. (A) Schematic of the in vitro
occlusion setup employing a syringe pump and a pressure gauge to measure the pressure needed to drive blood
through the tube. (B) Pressure as a function of time for control (blood alone), pure hydrogel coating, and

thrombin hydrogel coating.
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Fig. S21. Demonstration of microfiberbot under RF signal for local hyperthermia and thrombus
formation. (A) Infrared picture shows the temperature of microfiberbots before RF heating. (B) Infrared
picture shows the temperature of microfiberbots after RF heating. Scale bar, 1 mm. (C) The temperature
change of microfiberbot in 300 seconds. (D) Microfiberbot was placed on the vessel phantom with animal
whole blood and then heated by RF coil. Scale bar, 2 mm. (E) After 5 min RF heating, the thrombus formation

was observed. As a comparison, without RF heating, no significant thrombus formation. Scale bar, 2 mm.
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Fig. S22. Thrombus formation when incubated in different temperatures. (A) Schematic illustration of
platelet activation and aggregation. (B) Images show the porcine whole blood incubated in four feature
Temperature with different times. (C) Activated coagulation time (ACT) at different incubated temperatures
(Each experiment was conducted three times, N = 3). (D) Temporal shape variation of formed thrombus in
anticoagulated porcine blood. All scale bar, 10 mm.




Legends for Movies S1 to S14

Movie S1. Overview movie of magnetic soft microfiberbots for robotic embolization.

Movie S2. Shape morphing capability of microfiberbots under magnetic fields.

Movie S3. Magnetic maneuvering of microfiberbots in flow condition.

Movie S4 Demonstration of shape-morphing capability and in-flow maneuverability of microfiberbots with
500 pm diameter.

Movie S5. Catheter-assisted deployment of microfiberbots.

Movie S6. Demonstration of microfiberbots steering in bifurcation branches of blood vessel phantom.
Movie S7. Demonstration of microfiberbots steering in a narrowing blood vessel phantom.

Movie S8. Demonstration of microfiberbots steering in an S-shaped blood vessel phantom.

Movie S9. Demonstration of microfiberbots steering in a 3D blood vessel phantom.

Movie S10. In vitro demonstration of aneurysm embolization.

Movie S11. In vitro demonstration of tumor coil embolization.

Movie S12. In vitro demonstration of particle embolization protection and retrieval.

Movie S13. Robotic embolization with multiple microfiberbots.

Movie S14. In vivo demonstration of robotic embolization in a rabbit.



