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Magnetic Milli-Spinner for Robotic Endovascular Surgery

Shuai Wu, Yilong Chang, Sophie Leanza, Jay Sim, Lu Lu, Qi Li, Diego Stone,

and Ruike Renee Zhao*

Navigating the complex and high-flow environment of human vasculature
remains a major challenge for conventional endovascular tools and

externally actuated tethered systems. While catheter-based approaches are
the clinical standard, their limited steerability and force transmission hinder
access to tortuous or distal vessels, especially in the brain. Untethered robotic
systems have emerged as a promising alternative for enhanced flexibility and
reachability. However, most designs struggle against the high, pulsatile blood
flow in human arteries. Here, the study presents a magnetically actuated milli-
spinner robot that overcomes existing limitations in navigating complex and
high-flow vasculature. Capable of swimming at 23 cm+s~' (73 body lengths per
second), the milli-spinner enables rapid, stable navigation through complex
vasculature. This performance is driven by its hollow cylindrical structure with
integrated helical fins and slits, which together generate a spinning-induced
flow field that enhances propulsion efficiency and allows the robot to maintain
stability and control even in dynamic, pulsatile blood flow environments.

In addition to its navigation capabilities, the milli-spinner enables
multifunctional treatment, including localized suction and shear for efficient
clot removal, targeted drug delivery, and in situ embolization for aneurysm
treatment. These features establish the milli-spinner as a versatile and
powerful platform for next-generation, untethered endovascular interventions.

1. Introduction

Endovascular devices, including stents and embolization devices,
are designed for minimally invasive procedures that rely on X-
ray or other imaging modalities to navigate blood vessels for di-
agnosing and treating vascular diseases such as atherosclerosis,
thrombosis, and aneurysms.['! These devices are typically deliv-
ered to the disease site via guidewires and catheters.’l In many
cases, however, navigating catheters through highly tortuous
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regions, such as the cerebral arteries in
the brain, remains very challenging. In
vessels with sharp turns®! or a large
catheter-to-vessel diameter ratio,* there
is an increased risk of vessel perfora-
tion or dissection. While recent advances
in magnetic-field-guided or other actuated
guidewires and catheters have aimed to
improve steerability,l®! catheter-based pro-
cedures still face limitations in advancing
tethered devices in distal anatomy due to
low force transmission to the catheter tip.

To address these challenges, wireless en-
dovascular robots, particularly millimeter-
scale robots, have recently emerged as a
promising solution for robotic endovascu-
lar surgery/®l These robots offer a prac-
tical balance between feasibility, ease of
tracking, and controllability compared to
their micro-sized counterparts.’! In these
systems, helical-shaped robots are com-
monly employed for navigating tubular en-
vironments through rotational motion.[®]
Although studies demonstrate their poten-
tial applications, such as drug delivery and
blood clot disruption,®! their clinical trans-
lation remains significantly constrained. A
key limitation is their inability to operate effectively in the high
and pulsatile blood flow of human vasculature. Current helical
swimmers typically reach speeds of only 0.5-16 cm-s~1,[8] which
is substantially slower than artery blood flow rates. For reference,
venous blood flow in the legs averages ~10-20 cm-s™!, while the
internal carotid artery (ICA) exhibits flow rates of ~20-30 cm-s™,
with a peak velocity reaching up to ~#60 cm-s~1.11% Due to their
low swimming speeds, existing helical robots struggle to main-
tain stable navigation in high-flow conditions, making it difficult
for them to reach the disease site and perform therapeutic func-
tions effectively. Several studies have attempted to overcome high
flow by designing robots that generate large friction with vessel
walls to enable upstream or downstream motion.[®*] However,
this approach is inefficient in terms of speed, and it risks dam-
aging the vessel walls or triggering spasms that could obstruct
blood flow.[!!]

Given these limitations, a truly functional wireless endovascu-
lar device must integrate two critical capabilities: long-distance
wireless navigation and effective disease treatment in dynamic
blood flow conditions. In this work, we introduce a multi-
functional magnetic milli-spinner that achieves both objectives
through its novel structural design and its spinning-induced fluid
dynamics (Movie S1, Supporting Information). As illustrated in
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Figure 1. Multifunctional untethered magnetic milli-spinner robot for minimally invasive endovascular procedures. a) Schematic and photo of the fab-
ricated magnetic milli-spinner, with key geometric features including a through-hole, helical fins, and slits. b) Schematic of spinning-induced propulsion
enabling navigation in tortuous blood vessels under a rotating magnetic field. ) Comparison of locomotion performance (normalized speed vs body

length) against milli-robots from literature.[60813] d)
and removal, (ii) drug delivery, and (iii) aneurysm treatment.

Figure 1a, the milli-spinner features a unique hollow cylindri-
cal structure with helical fins and slits (Figure S1, Supporting
Information for detailed dimensions), which together maximize
propulsion efficiency under a rotating magnetic field for effective
navigation (Figure 1b). This unique design enables an unprece-
dented swimming speed of 23 cm-s™!, corresponding to 73 body
lengths per second, making it the fastest untethered magnetic
robot reported for tubular environments (Figure 1c). Notably, it
is the first reported design to achieve swimming speeds compara-
ble to physiological arterial flow rates, which potentially unlocks
new capabilities in wireless endovascular robotics.

In addition to its high propulsion speed, the milli-spinner is
engineered with specialized mechanisms that enable multifunc-
tionality and targeted disease treatment. When actuated by exter-
nal magnetic fields, the milli-spinner can be precisely navigated
to target vascular regions to perform a range of therapeutic func-
tions, including shear-induced blood clot debulking and removal,
drug delivery, and aneurysm treatment (Figure 1d). In particu-
lar, during clot treatment, the milli-spinner generates spinning-
induced localized suction and shear forces that substantially com-
pact the fibrous microstructure of the clot.[*?! This results in rapid
and effective clot debulking, achieving over 90-95% reduction in
clot volume within approximately one minute, thereby enabling
efficient clot extraction (Figure 1d(i)). Furthermore, the milli-
spinner can precisely deliver therapeutic agents to diseased areas
(Figure 1d(ii)) or induce localized clotting for in situ emboliza-
tion, offering a minimally invasive strategy for treating vascular
lesions such as aneurysms (Figure 1d(iii)).
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Demonstration of spinning-enabled therapeutic functionalities: (i) shear-induced clot debulking

2. Results

2.1. Magnetic Milli-Spinner Swimming and Navigation

As illustrated in Figure 2a(i), the magnetic milli-spinner is a
cylindrical structure with three key design elements: a through-
hole (dashed yellow line), three helical fins (highlighted in blue),
and helical slits (green area). These components are critical for
maximizing propulsion to enhance the milli-spinner’s swim-
ming performance and enable additional functions (Movie S2
and Figures S2-S4, Supporting Information for swimming per-
formance comparison of different designs). To investigate the un-
derlying mechanisms of its high swimming speed and therapeu-
tic potential, the spin-induced fluid dynamics are analyzed both
numerically and experimentally for a milli-spinner witha 2.5 mm
outer diameter (OD) operating inside a 3.5 mm diameter tube. As
shown in the computational fluid dynamics (CFD) simulation in
Figure 2a(ii), the integration of the through-hole and side slits
induces a unique flow field:"*] the flow enters through the front
opening and exits either through the rear outlet or the side slits.
This creates a significant pressure drop within the milli-spinner
cavity (Figure 2a(iii)), which reduces propulsive resistance and
increases swimming speed. The combination of through-hole
and slits plays an essential role in enhancing propulsion. Specif-
ically, the through-hole enables front-side suction (Figure S3a,
Supporting Information), while the slits amplify this suction ef-
fect and suppress rear vortex formation to minimize unfavorable
energy loss (Figure S2, Supporting Information). Compared to a
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Figure 2. Magnetic milli-spinner swimming and navigation. a) (i) A 2.5 mm OD milli-spinner with a through-hole, fins, and slits. (ii) CFD simulation
and streamlines of the milli-spinner spinning at 2k rpm in a 3.5 mm tube. The hole and slit features induce a flow field in which the flow moves into
the hole and either moves out the other end or spins out of the slits. The flow entering the hole results from (iii) the negative pressure generated in the
milli-spinner cavity. b) Micro-PIV of the milli-spinner swimming at 2k rpm in a 3.5 mm tube. c) Milli-spinner swimming speed characterization (mean +
SD) at varied spinning frequencies in a 3.5 mm tube (n = 3). d) Milli-spinner swimming at 8.4k rpm against a pulsatile flow with 30 cm-s~' peak velocity
and 60 beats per minute. e) Setup for fluoroscopy-guided navigation in a pulmonary artery flow model. f) Photo and g) fluoroscopic image showing the
real-time navigation of the milli-spinner through the pulmonary artery flow model. The zoomed-in image shows the milli-spinner, which is visible due
to the attached magnets at both of its ends. The magnet is held 7.5 cm from the milli-spinner, generating a rotating magnetic field in the range of
5-10 mT at the milli-spinner location. h) Control of the milli-spinner by a robotic arm. i) Experimental setup of a cerebral artery flow model. The magnet
is kept around 15 cm from the milli-spinner, generating a rotating magnetic field in the range of 5-10 mT at the milli-spinner location and leaving a 4 cm
spacing to the head. This distance is sufficient to prevent contact or collision between the milli-spinner and the magnet during operation, and it can be
further increased by utilizing larger magnets or multi-magnet configurations to maintain the required magnetic field strength at greater distances.!"”!]
j) Milli-spinner navigating in a tortuous vessel with and against the flow. Scale bars: 3.5 mm.
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design with helical fins only, adding a through-hole increases the
swimming speed 1.9-fold, while incorporating both the through-
hole and slits increases it 3.7-fold at the same rotation frequency
(Figure S2a, Supporting Information). Experimental validation
further confirms that the design incorporating both through-hole
and slits achieves the highest swimming speed among all three
designs tested (Figure S4, Supporting Information). Addition-
ally, this internal pressure drop also produces an effective suction
force, which can be harnessed for functions such as object cap-
ture and transport, as well as interaction with blood clots (detailed
in the section Magnetic milli-spinner for mechanical thrombectomy).
The unique spin-induced flow field is further validated by micro-
PIV measurements (Figure 2b and see Figure S5, Supporting
Information for PIV setup). For optimal visualization and clar-
ity, micro-PIV is conducted at a reduced spinning frequency of
2k rpm (Movie S2, Supporting Information). At this frequency,
CFD predicts a moving speed of 2.6 cm-s™!, closely matching the
micro-PIV measured speed of 2.2 cm-s~!. The maximum flow
speed at the milli-spinner’s front reaches 6.0 cm-s~!.

The swimming performance of the 2.5 mm OD milli-spinner
across a broader frequency range (1.2k—12k rpm) is assessed by
both CFD simulations and experiments (Figure 2c). Helmholtz
coils are employed for generating homogeneous rotating mag-
netic fields. The results show a linear relationship between spin-
ning frequency and swimming speed, with a good agreement
between simulation and measurement. CFD predicts a speed of
58.6 cm-s~! at 30k rpm (Figure S3b, Supporting Information),
while a larger 3.5 mm OD milli-spinner can achieve a simulated
speed of 56.4 cm-s™! at just 9.6k rpm spinning frequency (Figure
S6, Supporting Information). Experimentally, the 2.5 mm OD
milli-spinner can reach a swimming speed of 14.5 cm-s™! at 8.4k
rpm, which is sufficient to swim against a pulsatile flow with a
peak flow velocity of 30 cm-s~! (average of 10 cm-s~! or 1 mL-s™!),
as shown in Figure 2d (more details in Figure S7, Supporting In-
formation). At 12k rpm, it reaches a measured speed of 23 cm-s™.
Note that the maximum experimental speed is not reported due
to limitations in the spinning frequency range of the employed
Helmbholtz coil system.

While the milli-spinner possesses a high swimming speed in
a straight tube (Figure 2a—d), it is important to assess the milli-
spinner’s performance in clinically relevant vasculatures. Here,
utilizing the agile motion control enabled by moving a rotat-
ing magnet (see Supporting Information for magnetic actuation
setup), the milli-spinner is navigated through a pulmonary artery
flow model under real-time fluoroscopy guidance (Figure 2e).
More details on the experimental setup are provided in Figure
S8 (Supporting Information). This flow model offers a relatively
simple environment through which the milli-spinner’s steering
capabilities can be evaluated, as shown in Movie S3 (Support-
ing Information). Following the magnetic field’s rotational axis,
the milli-spinner can steer and navigate into the target branch
at a vessel branching point. As illustrated in Figure 2f, the mag-
netic milli-spinner reaches branch (iv) in 2 s. The milli-spinner
can return along the same path by simply swimming in the re-
versed direction by reversing the spinning direction. Lastly, the
milli-spinner is guided to reach branch (v) at 6.3 s and eventually
reaches the branching point of (ii) and (iii) at 11.6 s. Note that
the magnets (with a density of 7.6 g-cm™3) allow for tracking of
the milli-spinner due to their good visibility under X-ray imag-
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ing, even when being obstructed by the human skull (density of
1.6 to 1.9 g-cm~3).[1 As shown in Figure 2g, the milli-spinner
location is evident from the magnets, which are the dark dots at
the milli-spinner’s two ends under X-ray.

The navigation of more complex vasculature, such as the
highly tortuous 3D cerebral arteries, requires more precise
and sophisticated dynamic control of the milli-spinner’s mo-
tion. For these scenarios, a six-axis robotic arm with an at-
tached rotating magnet can provide multi-directional control
(Figure 2h), enhancing the precision of the milli-spinner’s
movement. This robotic system enables milli-spinner naviga-
tion through the intricate and convoluted pathways of the cere-
bral arteries (Figure 2i) by adjusting the milli-spinner’s orienta-
tion in real-time (Movie S4, Supporting Information). Combin-
ing the milli-spinner’s inherent navigation capabilities with the
advanced control provided by the robotic arm, the precision re-
quired for complex endovascular procedures is achievable. As
shown in Figure 2j, the milli-spinner is first delivered to the
cerebral arteries through a sheath and navigates downstream (in
the flow direction) to the tortuous vessel in a pulsatile flow of 1
mL-s~! (average of 5 to 10 cm-s~! along the path). Note that when
the milli-spinner is not spinning, it moves very fast, nearly follow-
ing the flow rate. To keep the milli-spinner at a controllable speed
while moving downstream, it spins at a 5.4k rpm frequency with
a propulsion direction that is against the flow direction. While
returning, the milli-spinner can be controlled to swim upstream
(against the flow direction) under a higher spinning frequency
of 7.2k rpm to effectively overcome the flow. As the milli-spinner
gets close to the sheath, aspiration can be applied to aspirate the
milli-spinner back into the sheath (Movie S4, Supporting Infor-
mation). This approach could potentially improve the safety of
traditional minimally invasive interventions in highly tortuous
vasculature. The navigation of the milli-spinner through the cere-
bral artery flow model, both forward and backward, is repeated 20
times to demonstrate the reliability of the milli-spinner using two
control methods: a robotic arm-controlled rotating magnet and a
manually controlled rotating magnet. In the robotic system, the
arm follows a predefined trajectory, whereas the manual system
relies on a trained operator to guide the milli-spinner. The suc-
cess criterion is defined as completing the navigation within 1
minute. Both systems achieve a 100% success rate, demonstrat-
ing the reliability and repeatability of the milli-spinner under
both robotic and manual control. An additional demonstration
showcasing the milli-spinner navigating through a severely tortu-
ous cerebral artery flow model (with two 360° turns and multiple
180° turns) with manual control is presented in Figure S9 (Sup-
porting Information). Additional simulations and ex vivo exper-
iments, presented in the Supporting Information (Figures S10
and S11, and Movie S5, Supporting Information), demonstrate
that the high spinning frequency of the milli-spinner does not
cause vessel damage, including rupture or dissection.

2.2. Magnetic Milli-Spinner for Mechanical Thrombectomy
Mechanical thrombectomy is a minimally invasive procedure in-
volving mechanical methods, such as using aspiration to vacuum

clots and stent retrievers to mechanically cut through and pull
clots out from vessels to restore flow.['”! As clots can block the
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Figure 3. Magnetic milli-spinner for mechanical thrombectomy. a) Schematics of a magnetic milli-spinner treating a clot, which is mainly composed of a
fibrin network and red blood cells. b) The working mechanism of the magnetic milli-spinner thrombectomy for clot debulking based on compression and
shear to yield a densified fibrin network with significantly reduced size. c) Snapshots of the clot debulking process, which takes only 50 s. d) Comparison
of the clot before and after milli-spinner treatment, illustrating a large clot size reduction to less than 5% of its initial volume. The magnet is kept around
7.5 cm from the milli-spinner during treatment, generating a rotating magnetic field in the range of 5-10 mT at the milli-spinner location. e) Scanning
electron microscopy images of the clot before (left) and after (right) the milli-spinner thrombectomy. f) CFD simulation results of (i) the milli-spinner
spinning against an object, (ii) demonstrating a negative pressure in the milli-spinner cavity, and (iii) a suction force generated on the surface of the
object in contact with the milli-spinner. The suction force is obtained by integrating the pressure on the clot surface. Scale bars: 5 mm unless specified.

flow of blood to vital organs, such as the brain, heart, and lungs,
it is important that clot removal can be performed quickly to mit-
igate permanent tissue damage and cell death. The milli-spinner
shows promise as a device for performing rapid and effective
clot removal by directly modifying the microstructure of the clot,
which is a fundamentally different mechanism compared to the
existing mechanical thrombectomy technologies. A blood clot is
primarily comprised of RBCs held within a fibrin network.['8!
The magnetic milli-spinner operates by exploiting its magnetic-
field-driven spinning motion (Figure 3a) to mechanically inter-
act with and remove clots. To demonstrate the concept, a milli-
spinner design with an OD of 3.5 mm is used to operate on a
clotin a 5 mm diameter vessel branch in a 1:1 human pulmonary
artery flow model. Vessel sizes similar to this are also found in the
ICA,[Y mid-superficial femoral vein,?° and renal artery/vein.[?!]
To drive the milli-spinner thrombectomy, a single ring magnet is
utilized as it provides a relatively large magnetic torque (Figure
Slc, Supporting Information).
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The milli-spinner thrombectomy mechanism is schematically
illustrated in Figure 3b. As the milli-spinner spins, it generates
suction and draws the clot towards its cavity. The localized suc-
tion force ensures that the clot is compressed against the milli-
spinner. In the meantime, the spinning motion continuously ex-
erts a shear force on the clot, and the shear can be enhanced by
greater suction. The coupled compression and shear applied to
the clot leads to the drastic densification and shrinkage of the fib-
rin network while releasing RBCs (Figure 3b). It should be noted
that instead of breaking the clot into small pieces, which causes
distal emboli and can lead to severe complications,!??) the milli-
spinner modifies the clot structure for significant clot volume
reduction (referred to as clot debulking). Mechanical thrombec-
tomy by the magnetic milli-spinner is demonstrated by debulking
a whole blood-formed clot in a pulmonary artery flow model in
Figure 3c. The milli-spinner navigates to the branch with the clot
and successfully engages with the clot within 0.5 s. While spin-
ning at 9.6k rpm, the milli-spinner debulks the clot to less than
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5% of its initial volume within just 50 s. The remaining densi-
fied fibrin network is firmly entangled on the milli-spinner and
is removed together with it. Figure 3d shows the size comparison
between the red whole blood formed clot before treatment and
the densified fibrin residue after treatment. See Movie S6 (Sup-
porting Information) for the experimental in vitro clot debulk-
ing. To the best of our knowledge, the demonstrated milli-spinner
clot debulking technology achieves the fastest clot size reduction
rate of #150 mm?-min~! among reported untethered magnetic
robots. More importantly, unlike the existing untethered mag-
netic robots that are based on breaking the clot into small pieces
and likely causing distal emboli, the milli-spinner prevents frag-
mentation of the clot and distal emboli. The working mechanism
is further verified by scanning electron microscopy (SEM), as pre-
sented in Figure 3e. The SEM images provide a detailed view
of the clot microstructure before and after debulking. Prior to
treatment, the fibrin network appears loose and spread out, with
most of the clot volume occupied by RBCs. After the milli-spinner
treatment, however, the network is highly compacted and densi-
fied, verifying the clot debulking mechanism. This microstruc-
tural transformation is critical for reducing the overall size of the
clot, facilitating its removal, and minimizing the risk of distal em-
boli. The milli-spinner thrombectomy is also demonstrated to ef-
fectively treat fibrin clots (Figure S12, Supporting Information),
which are hard to address by existing techniques.!8!

To quantitatively understand the flow field and suction gener-
ated by the milli-spinner that allows for clot debulking, CFD sim-
ulations are conducted, with the results shown in Figure 3f. The
contour (Figure 3f(i)) visualizes the flow field around the milli-
spinner as it rotates at a frequency of 9.6k rpm against an object
(representative of a blood clot) inside a 5 mm diameter tube. The
streamlines indicate the presence of a suction toward the milli-
spinner’s cavity, and this localized suction behavior is quantita-
tively measured by the pressure drop along the tube centerline,
as shown in Figure 3f{ii). An effective suction force at the milli-
spinner and object interface with respect to different spinning
frequencies is calculated by integrating the pressure at the milli-
spinner front, demonstrating that a higher rotational speed leads
to more substantial suction forces on the object (Figure 3f(iii)).
This suction helps secure the clot against the milli-spinner’s sur-
face and enhances the friction for the densification of the clot,
promoting efficient debulking.

2.3. Magnetic Milli-Spinner for Targeted Drug Delivery

In this section, we explore the rotational modes of the milli-
spinner and how switching its rotation axis can be used to control
drug release rates for targeted drug delivery. Based on the fre-
quency and the magnitude of the rotating magnetic field, there
are two distinct motion modes that the milli-spinner can achieve,
namely spinning and flipping (Figure 4a), with the magnetic field
rotating about the dashed black line in the schematic. The milli-
spinner undergoes a spinning motion when it rotates about its
longitudinal axis (the axis of the milli-spinner’s cylindrical struc-
ture). On the other hand, for the flipping motion, the magnetic
field’s rotational axis is perpendicular to the milli-spinner’s longi-
tudinal axis (Movie S7, Supporting Information). As shown in the
contour plot of Figure 4D, the two motion modes, spinning and
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flipping, can be switched by adjusting the magnetic field mag-
nitude and frequency. For instance, at 15 mT, the milli-spinner
tends to flip when the rotational magnetic field frequency is rela-
tively low (below 3.6k rpm). As the frequency increases to 4.8k
rpm, the milli-spinner transitions into the spinning mode. How-
ever, if the frequency becomes too high (above ~7.2k rpm), the
milli-spinner vibrates in place and cannot stably follow the ro-
tational magnetic field to move. To achieve stable spinning at
higher frequencies, stronger magnetic fields are required (e.g.,
20 mT for 8.4k rpm spinning).

The different motion modes of the milli-spinner can be ex-
ploited for functionalities such as controlled drug delivery. As
shown in Figure 4c, the magnetic milli-spinner’s hollow struc-
ture allows for drug storage, with the drug sealed inside by solu-
ble covers. The milli-spinner can then release the drug at differ-
ent rates depending on its motion mode under varying magnetic
field conditions. Drug release begins with the dissolution of a
seal, followed by diffusion of the drug. Simulations (Figure S13,
Supporting Information) indicate that the flipping mode leads to
faster seal dissolution and drug diffusion, attributed to a higher
local fluid velocity (x0.87 m-s~!) near the milli-spinner ends and
a larger effective opening area (3.73 mm?). In contrast, the spin-
ning mode generates a lower fluid velocity (~0.66 m-s™') near the
side slits with a smaller opening area (2.53 mm?), resulting in
slower release. A proof-of-concept demonstration for controlled
drug release using the milli-spinner is shown in Figure 4d,e
(Movie S7, Supporting Information), in which blue powder is
loaded and sealed into the milli-spinner as a drug model. With
a spinning motion, the milli-spinner gradually releases the drug
as it moves back and forth, and the blue color slowly intensifies
over time (Figure 4d). Alternatively, when the milli-spinner flips,
the loaded drug is released rapidly in just 5-10 s, as evidenced by
the sudden burst of blue color (Figure 4e). The magnetic milli-
spinner’s targeted drug release capability is also demonstrated in
a 1:1 cerebral artery flow model (Figure 4f; Movie S8, Support-
ing Information). Dense powders (copper, 40 um) are loaded and
sealed into the milli-spinner to illustrate the fluoroscopy-guided
targeted drug release process. Initially, the milli-spinner body is
visible due to the dense powder in its cavity, as illustrated in
Figure 4f. Following a programmed navigation path, the milli-
spinner reaches the targeted middle cerebral artery (MCA) in 9
s, after which the seals gradually dissolve and release the pow-
der (Movie S8, Supporting Information). The drug release pro-
cess is also indicated by the progressive fading of loaded powder
in the milli-spinner cavity in the fluoroscopic images, with only
the magnets remaining visible once the drug has been fully dis-
pensed (Figure 4f).

2.4. Magnetic Milli-Spinner for Aneurysm Treatment

Aneurysms are weakened, bulging areas of artery walls that
pose a significant risk of rupture, leading to severe medical
complications, for example, hemorrhagic stroke if occurring in
the cerebral artery. Current minimally invasive surgeries for
aneurysms rely on interventional procedures that use guidewires
and catheters to navigate to the lesion and perform treatment.
These procedures, such as aneurysm flow diverter placement or
endovascular coiling, aim to achieve selective embolization (in
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Figure 4. Controlled magnetic milli-spinner motion for drug release. a) Two distinct motion modes of the milli-spinner: spinning and flipping, during
which the milli-spinner rotates about the same axis as the rotational magnetic field, indicated by the dashed black line. b) Contour plot illustrating
milli-spinner motion modes under various combinations of magnetic field magnitudes and frequencies (n = 3). c) Schematics and fabricated sample
of the milli-spinner loaded with a model drug. d) Snapshots of gradual drug release facilitated by the spinning motion under 20 mT magnetic field and
6k rpm spinning frequency. e) Snapshots of rapid drug release achieved through flipping motion under 20 mT magnetic field and 3.6k rpm spinning
frequency. f) Targeted drug release under fluoroscopic guidance. Optical (left) and fluoroscopic (right) images showing the navigation in the cerebral
artery flow model. The gradual spin-releasing starts after the magnetic milli-spinner reaches the target region. The magnet is kept around 7.5 cm from

the milli-spinner during treatment, generating a rotating magnetic field in the range of 5-10 mT at the milli-spinner location. Scale bars: 2.5 mm.

situ clotting) and reduce/prevent blood flow into the weakened
area.l’l However, current treatment methods can be challenging
due to difficulties with catheter/guidewire navigation in complex
and tortuous blood vessel anatomy.

In this study, we demonstrate an innovative approach to
aneurysm treatment using a magnetic milli-spinner under flu-
oroscopic imaging guidance (Figure 5a). The procedure begins
with the identification of the aneurysm location via digitally sub-
tracted angiography, a technique that uses X-ray to obtain the
blood vessel map by injecting contrast dye. Once the aneurysm
is identified, the milli-spinner is introduced through a sheath
and swims through the tortuous and distal vessels to reach the
aneurysm site for embolization. Two different mechanisms for
in situ embolization are explored. The first mechanism uses the
milli-spinner to introduce embolic agents (coagulation agents il-
lustrated in Figure 5b) to the targeted lesion. In this demonstra-
tion, the cerebral artery flow model is filled with porcine blood
with anticoagulant (Figure 5c). After injecting contrast dye, the
pre-treatment angiogram shows a sac structure connected to the
regular vessel with a profile denoted by the dashed black line, in-
dicating the aneurysm location, as shown in Figure 5d and Movie
S9 (Supporting Information). Under fluoroscopic guidance, the
milli-spinner then navigates into the target aneurysm, where
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its seals dissolve, releasing the coagulation agent (Figure 5e) to
counteract the anticoagulant in the blood, triggering clot for-
mation around the magnetic milli-spinner within the model
aneurysm. Post-treatment imaging (Figure 5f) shows that the
aneurysm is successfully filled, with no contrast dye entering
the aneurysm denoted by the dashed black line, confirming ef-
fective embolization. Although the milli-spinner remains within
the aneurysm, it would not cause safety concerns after treatment
due to its small magnets and weak magnetic force exerted on the
clot and surrounding vasculature, even when exposed to strong
external magnetic fields. The second mechanism leverages the
milli-spinner’s ability to deliver expandable polymeric materials
for aneurysm treatment (Figure 5g). As shown in Figure 5h and
Movie S10 (Supporting Information), the milli-spinner carrying
an expandable material navigates to the aneurysm. After reach-
ing the target position, the expandable material gradually absorbs
liquid, significantly increasing in volume (white dashed line) to
fill the aneurysm (black dashed line) as shown in Figure 5i. After
the material has fully expanded with the milli-spinner remaining
in the aneurysm, a blue-colored fluid is flown through (Figure 5j),
where it is seen that the blue fluid does not mix with the red mate-
rial in the aneurysm, indicating reduced flow into the aneurysm.
The two presented embolization techniques can serve as

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

AsuADI suowto)) dAnear) aqeordde oy Aq pauraAos are sa[oNIe Y (asn JO Sa[NI 10§ AIRIQIT AuI[uQ) K[IAL UO (SUONIPUOD-PUL-SULIA)/W0d" K[IM’ ATRIqT[auT[u0//:sd11y) SUONIPUO)) puE SWIAL, A 39S *[$Z07/60/61] U0 Areiqr auruQ L3I ‘08 180STOT BWPL/ZO0 "0 1/I0P/W0d KI[IM’ KIRIqI[auT[uo’ pasueApe//:sdiy woly papeo[umo( ‘0 ‘S60712ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
Cerebral artery model o} Pre-treatment 3 f
Locate 8 || Trigger Filled
aneurysm coagulation aneurysm

7 Mechanism 1

Coagulation agent

Hi
¢ Inject
contrast
dye

Inject
contrast
dye

g Mechanism 2 i

Expandable material

Top

Figure 5. Magnetic milli-spinner for aneurysm treatment via in situ embolization. a) Experimental setup with fluoroscopic guidance. b) Mechanism 1:
milli-spinner loaded with coagulation agent for in situ embolization. c) Cerebral artery flow model filled with porcine blood with anticoagulant. d) Pre-
treatment angiogram shows the location of the aneurysm. e) Milli-spinner navigates to the aneurysm and spin-releases the drug, triggering coagulation in
the aneurysm. The magnetis held 7.5 cm from the milli-spinner, generating a rotating magnetic field in the range of 5-10 mT at the milli-spinner location.
f) Post-treatment angiogram demonstrates the filled aneurysm due to in situ embolization by the milli-spinner. g) Mechanism 2: milli-spinner attached
with expandable material for in situ embolization. h) Milli-spinner with attached expandable material navigates to aneurysm location. i) Expandable
material attached to the milli-spinner absorbs water and fills the aneurysm. j) Post-treatment images showing blocking of blue fluid into the filled

aneurysm. Scale bars: 2.5 mm.

powerful and quick methods for targeted aneurysm treatment in
tortuous vasculature.

3. Conclusion

This study presents a magnetic milli-spinner, the fastest-
swimming endovascular robot to date, capable of agile navigation
in complex vasculature and overcoming high-flow conditions, en-
abling a range of robotic endovascular interventions: mechani-
cal thrombectomy, targeted drug delivery, and aneurysm treat-
ment. The milli-spinner’s unique hollow structure with helical
fins and slits allows for propulsion upon spinning, resulting in
rapid swimming under remote actuation without blocking blood
flow. An unprecedented milli-spinner mechanical thrombectomy
technology is introduced, which fundamentally differs from ex-
isting state-of-the-art treatments for blood clots. Instead of re-
lying on pulling forces such as those provided by aspiration
catheters and stent retrievers, the milli-spinner applies both com-
pression and shear on the clot. The coupled loadings directly
densify the fibrin network and expel RBCs from the clot, en-
abling effective debulking and complete removal of the clot with
minimized risk of distal emboli. In addition, the milli-spinner
can serve as a vessel for targeted drug delivery, accommodat-
ing various drug release rates through the control of its mo-
tion modes—either spinning or flipping. Lastly, the milli-spinner
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shows promise for effective aneurysm treatment in complex and
tortuous blood vessel anatomies that are difficult for guidewires
and catheters to navigate through.

With the magnetic milli-spinner’s promising navigation capa-
bility in complex vasculature and endovascular surgeries, there
are a few aspects that should be further studied to improve its
abilities. Firstly, CFD simulations can be utilized to optimize the
design of the milli-spinner. As there is an extensive design space,
including numerous geometric features of the milli-spinner as
well as different flow conditions and vascular geometries, the
milli-spinner can further be optimized for better performance
in different operation environments. Further miniaturization of
the milli-spinner will allow for access to smaller vessels, such as
the distal segments of the MCA (M2 and M3 segments). Sec-
ondly, in highly tortuous 3D vessels, the robot requires more
precise control strategies. Currently, X-ray imaging informs the
position of the milli-spinner, which dictates where the rotating
magnet is moved to for in vitro flow models. However, in re-
ality, real-time X-ray imaging will be used for closed-loop con-
trol of the robotic arm and its rotating magnet to keep track of
the milli-spinner’s position and guide its orientation for future
movements. Accordingly, algorithms can be developed that uti-
lize 2D X-ray images and map the position of the milli-spinner
to its location within the 3D vasculature, informing on the nec-
essary position of the rotating magnet for the milli-spinner to
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reach a desired location or traverse a specific path. This ad-
vancement will require highly integrated, multidisciplinary ef-
forts, but it is technically feasible. By leveraging machine learn-
ing, a control model can be trained to link the vessel geome-
try (obtained from CT scans), the milli-spinner’s position and
orientation, and robotic arm’s movements, ultimately allowing
real-time, image-guided control of the milli-spinner targeted in-
tervention. Moreover, deep learning and other advanced control
strategies can be effectively integrated to enhance both safety
and precision.!®?] For example, preoperative trajectory plan-
ning in tortuous anatomy can help identify efficient navigation
paths while minimizing risk. Once this is achieved, the milli-
spinner would be able to operate autonomously, which could re-
lieve the burden on interventional radiologists and ensure more
reliable medical procedures within tortuous vasculature. We en-
vision that such advancements made to our current technology
would lead to more widespread availability of robotic endovascu-
lar treatments,[>*] improving outcomes for patients facing a vari-
ety of endovascular conditions.

4. Experimental Section

Magnetic Milli-Spinner Fabrication: Magnetic milli-spinners are com-
posed of two components: the main body and attached neodymium iron
boron magnets (Figure S1, Supporting Information). The milli-spinner
body was 3D printed using a customized digital light processing printer
with a printing resolution of 9 um. The printer includes a 385 nm UV light
projector module (PRO4500, Wintech Digital Systems Technology Corp.,
USA), a 4x lens (Nikon Corp., Japan), a resin tank with a Teflon AF win-
dow (70 pm thickness, VICI Metronics, Inc., USA), and a translation stage
(LTS150/M, Thorlabs, USA). The printing resin was prepared with 99.7
wt.% Formlabs Tough 2000 (Formlabs Inc., USA) and 0.3 wt.% iron oxide
(300 nm, Alpha Chemicals, USA), which was mixed at 2000 rpm for 30
s (AR-100, Thinky, USA) to ensure material homogenization. Printing pa-
rameters of 2.36 mW-cm™2 light intensity, 25 um layer thickness, and 2.5
s layer curing time are used. Once post-processing the printed main body,
three cube magnets (N50 neodymium, SM Magnetics, USA) were glued to
each side for the 2.5 mm OD milli-spinners in Figures 2, 4, and 5. For the
3.5 mm OD milli-spinner in Figure 3, one ring magnet (N45 neodymium,
SM Magnetics, USA) was attached to the printed structure.

Magnetic Actuation Setup: Both electromagnetic coils and magnets
can provide the magnetic field required to actuate the magnetic milli-
spinner. Different setups of electromagnetic coils (Figure S14, Supporting
Information) or motor-driven magnets (Figure S15, Supporting Informa-
tion) were adopted for different demonstrations. More details are provided
in the Supporting Information Magnetic actuation setup section.

Statistical Analysis:  Swimming speed characterization (Figure 2c) was
performed on three independently fabricated milli-spinner specimens.
Each specimen was tested five times under identical conditions, and the
five measurements were averaged to obtain a representative value for that
specimen. The results from the three specimens were then averaged, and
the data are reported as mean + standard deviation (SD). All data process-
ing was carried out using OriginPro 2025 (OriginLab Corp., USA).

Milli-spinner motion mode contour (Figure 4b) was performed on three
independently fabricated specimens. Each specimen was tested five times
at each combination of magnetic field magnitude and rotation frequency.
The observed motion mode was consistent across all repeated tests.

Blood Clot Preparation: The porcine whole blood formed clot used in
Figure 3c was obtained from Animal Technologies, Inc., USA, and stored
in a fridge at 5 °C prior to testing. The milli-spinner mechanical thrombec-
tomy test was carried out within seven days of the whole blood clot forma-
tion, such that there was no noticeable clot degradation.[??]

The fibrin clot used in Figure S12 (Supporting Information) was fabri-
cated from anticoagulated porcine whole blood with sodium citrate (3.8
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wt.%) in the volume ratio of 9:1 from Animal Technologies, Inc. The anti-
coagulated whole blood was centrifuged at 1100 g for 15 minutes to ob-
tain the citrated plasma. The plasma was coagulated with the addition of
calcium chloride (2.45 wt.%) in the volume ratio of 9:1. The mixture was
water-bathed at 37 °C for 1 hour to form the fibrin clots, which were stored
in the fridge at 5 °C prior to use.

Porcine whole blood used for clot formation is obtained from a certi-
fied commercial supplier (Animal Technologies, Inc., USA) as a slaughter-
house byproduct. No live animal experiment is performed for this study,
and the ARRIVE guidelines (Animal Research: Reporting of In Vivo Exper-
iments) do not apply.

Visualization of Whole Blood Clot and Debulked Clot Microstructures:  To
visualize the microstructure of the clots before and after treatment using
SEM, the clots were first fixed in 0.1 M sodium cacodylate (pH 7.4) with
paraformaldehyde (4 vol%) and glutaraldehyde (2 vol%) for one hour, then
refrigerated at 5 °C overnight. The next day, the clots were washed with
0.1 M sodium cacodylate buffer (pH 7.4), and post-fixed in osmium tetrox-
ide (1 vol%) at room temperature for one hour.

After fixation, the clots were dehydrated through a graded ethanol series
(50%, 70%, 95%, and twice at 100% ethanol), with each step lasting ten
minutes. The clots were then subjected to critical point drying. Once dried,
the clots were coated with a thin gold layer for SEM imaging. The images
were captured using a Zeiss Sigma SEM (Zeiss Inc., Germany) equipped
with a GEMINI electron optical column.

Milli-Spinner for Drug Delivery:  In Figure 4d—f, food dye or copper par-
ticles (40 um, EnvironMolds, USA), serving as drug mimics, were loaded
into the milli-spinner cavity, followed by sealing of the milli-spinner with
a water-soluble material (Hypromellose). The filled milli-spinner was then
placed in an oven at 80 °C for one hour to secure the seal.

In Situ Clotting and Aneurysm Treatment: For the milli-spinner
aneurysm treatment mechanism 1 demonstrated in Figure 5b, anticoag-
ulated porcine whole blood with sodium citrate (3.8 wt.%) in the volume
ratio of 9:1 was obtained from Animal Technologies, Inc. Calcium chlo-
ride (Aldon Corp., USA), which reversed the effect of the anticoagulant,
served as a coagulation agent and was sealed in the milli-spinner via a
water-soluble material (Hypromellose).

For the milli-spinner aneurysm treatment mechanism 2 demonstrated
in Figure 5g, the expandable material (Polyacrylate) was attached to the
milli-spinner and coated with a water-soluble layer (Hypromellose) that
delays the material’s expansion.

Supporting Information

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