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ABSTRACT
Vascular diseases, such as atherosclerosis, thrombosis, and aneurysms, can lead to life-threatening medical events. Conventional

catheter- or guidewire-based interventional devices often struggle to navigate through highly tortuous vasculature. The recently

developed multifunctional magnetic milli-spinner offers a promising wireless solution by integrating a central through-hole and

side slits into a cylindrical body with helical fins, enabling rapid and stable navigation for clot debulking, targeted drug delivery,

and aneurysm treatment. Here, we combine computational fluid dynamics simulations with experimental validation to optimize

the milli-spinner’s structural design for high-velocity propulsion and high-efficiency clot debulking in tubular flow environments.

By systematically investigating the effects of through-hole radius, fin number, fin helical angle, and slit dimension on propulsion

performance, the optimized milli-spinner achieves swimming velocities of 55 cm/s (≈175 body lengths/s) in saline water and

44 cm/s (≈140 body lengths/s) in a fluid with viscosity (3.5 mPa·s) comparable to that of arterial blood at high shear rates,

far exceeding existing untethered magnetic robots in tubular environments (<80 body lengths/s). This exceptional velocity enables
stable upstream operation against strong physiological flows representative of major arteries and veins, establishing the milli-

spinner as a robust untethered navigation platform for operation in high-flow, tortuous vasculature.

1 | Introduction

In recent decades, catheter- and guidewire-based interventional
devices have become the primary tools for the diagnosis and
treatment of life-threatening vascular diseases, including throm-
bosis, aneurysms, and atherosclerosis, which are highly prevalent
among middle-aged and elderly populations [1–3]. For example,
mechanical thrombectomy employs aspiration catheters and
stent retrievers to remove intravascular clots [4, 5], while balloon
catheters are widely used to dilate stenotic vessels [6, 7]. These
devices are typically introduced via the femoral or radial
artery and advanced to the target site through the vasculature.
However, navigating such devices through highly tortuous path-
ways, such as cerebral arteries, remains extremely challenging,
and many patients cannot be treated because the devices are
unable to reach the disease site. In addition, excessive manipu-
lation during catheter navigation poses a significant risk of vessel

injury, including endothelial denudation and, in severe cases,
vascular perforation.

Magnetically actuated milli-scale robots [8–13] offer a promising
wireless strategy to overcome the limitations of catheter-
and guidewire-based interventions by enabling controlled loco-
motion and guidance under externally applied magnetic fields.
Among a variety of magnetic micro- and milli-robot designs
for endovascular applications [12–17], propulsion in confined
tubular environments is most commonly achieved using
propeller-inspired helical structures [18–21] driven by rotating
magnetic fields. Building on this concept, Wu et al. [22] recently
introduced a magnetic milli-spinner featuring a cylindrical body
with helical fins, a central through-hole, and side slits. As shown
in Figure 1a, this unique architecture enables high propulsion
velocities upon spinning, allowing the milli-spinner to swim
against physiological blood flow with a controllable velocity
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by adjusting the rotating magnetic field frequency. For down-
stream navigation to perform therapeutic tasks, the milli-
spinner’s propulsion velocity vs is set slightly below the local flow
velocity vf. In this regime, the milli-spinner remains dynamically
stable while being carried slowly downstream in a controlled
manner by the flow, allowing precise positioning at the target
site (e.g., a clot). After completing the therapeutic task, the
milli-spinner retrieval is achieved by increasing the rotation fre-
quency to raise the propulsion velocity above the flow velocity
(vs > vf ). This enables the milli-spinner to actively swim
upstream, overcome the physiological flow, and reenter the intro-
ducing sheath for safe retrieval. By tuning the rotation axis and
rotating frequency of the applied magnetic field in real time, the
milli-spinner achieves rapid, stable, precise, and fully wireless
navigation in highly tortuous vascular networks, making it a ver-
satile platform for multifunctional endovascular procedures,
including efficient clot debulking, targeted drug delivery, and
in situ aneurysm treatment (Figure 1b). Meanwhile, the central
through-hole allows blood to pass through the milli-spinner,
thereby avoiding vessel occlusion. In addition, the incorporation
of the central through-hole and side slits generates a large pres-
sure drop within the milli-spinner during rotation. This pressure
drop plays a critical role in enabling high-velocity propulsion
against physiological blood flow by reducing hydrodynamic
resistance and enhancing propulsion efficiency. The resulting
pressure gradient also produces a highly localized suction field
that firmly draws thrombus onto the milli-spinner surface,
enabling effective clot debulking. Under high-frequency rotation,
the combined compression and shear forces densify the fibrin
network, leading to clot shrinkage and facilitating efficient
removal [22–24].

The high propulsion efficiency and clot debulking performance
of the magnetic milli-spinner arise from the synergistic effect of
three structural features: the through-hole, the slit, and the heli-
cal fin (Figure 1c). These elements introduce a rich set of tunable
design parameters, which provide a vast design space for pro-
gramming the magnetic milli-spinner’s overall performance.
Systematic parametric optimization of these parameters is there-
fore essential to fully exploit this potential. In this work, we aim
to maximize the propulsion velocity of the magnetic milli-
spinner for rapid, stable navigation in complex vascular environ-
ments with high flow rates, while simultaneously enhancing its
internal pressure drop to generate large localized suction for
high-efficiency clot debulking. To this end, we combine compu-
tational fluid dynamics (CFD) simulations with experimental
validation to systematically investigate the effects of key geomet-
ric parameters, including through-hole radius, fin number, fin
helical angle, and slit dimension, on propulsion efficiency and
internal pressure drop. Guided by this parametric study, we iden-
tify an optimized magnetic milli-spinner design that achieves
swimming velocities of 55 cm/s (≈175 body lengths/s) in saline
water and 44 cm/s (≈140 body lengths/s) in a fluid with a viscos-
ity of 3.5 mPa·s (comparable to that of arterial blood at high shear
rates [25]), far beyond those of existing untethered magnetic
robots in tubular environments (<80 body lengths/s) [18–22].
Swimming performance of the optimized milli-spinner is further
evaluated under different flow conditions (e.g., flow velocity and
fluid viscosity) and different flow environments (e.g., steady flow
and pulsatile flow). In addition, clot debulking capability of the
optimized milli-spinner is demonstrated as a representative clin-
ically relevant application. The results show that the milli-
spinner can stably swim upstream against strong physiological

FIGURE 1 | Multifunctional magnetic milli-spinner. (a) Working mechanism and (b) navigation-enabled multifunctionality of the magnetic milli-

spinner in complex vascular environments. The propulsion direction of the milli-spinner is set against the blood flow direction to enable controllable

navigation, and the absolute swimming velocity is regulated by tuning the rotating frequency of the applied magnetic field. For downstream navigation

to perform therapeutic tasks, the spinning-induced propulsion velocity vs is set below the flow velocity vf, such that the milli-spinner is carried down-

stream by the flow. For upstream swimming to remove the milli-spinner from the vessel by a sheath, vs is set beyond vf, enabling upstream motion

toward the device for retrieval. (c) Design optimization of the magnetic milli-spinner.
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flows representative of major arteries and veins (e.g., peak flow
velocity of ≈60 cm/s and average flow velocity of ≈20–30 cm/s in
the internal carotid artery [26], and peak flow velocity of
≈40 cm/s and average flow velocity of ≈10–20 cm/s in the infe-
rior vena cava [27], which reduce by 10–30% due to anesthesia-
induced decreases in cardiac output and blood pressure during
surgical or interventional procedures [28]). These findings estab-
lish the magnetic milli-spinner as a viable platform for wireless
endovascular intervention under physiologically relevant
high-flow conditions and within highly tortuous vasculature,
highlighting its potential as a versatile robotic system for a broad
range of endovascular procedures, including robotic mechanical
thrombectomy, embolectomy, and targeted drug delivery.

2 | Results

As shown in Figure 1c, the geometry of the magnetic milli-
spinner is defined by a rich set of parameters, including the outer
diameter (OD), length, through-hole radius, wall thickness, fin
length, fin thickness, fin helical angle, fin number, and slit
dimension. Here, we focus on optimizing four key geometric
parameters that dominate the propulsion performance: the
through-hole radius, fin number, fin helical angle, and slit dimen-
sion. The remaining parameters are selected based on the fabri-
cation constraints and the intended operating environment. The
OD of the milli-spinner is fixed at 2.5 mm to enable operation in
vessels such as coronary and cerebral arteries with diameters of
3–5mm [29, 30]. The length of the milli-spinner is set to 2.15 mm,
consistent with our original design [22] for comparison purposes.
These two dimensions ensure proper fit and agile steering when
navigating vessel bifurcations. The wall thickness and the fin
thickness of the milli-spinner are set to 0.12 and 0.25 mm, respec-
tively, based on the resolution limits of the 3D printing process. A
detailed dimensional illustration of the milli-spinner design is
shown in Figure S1 in the Supporting Information (SI). Notably,
the milli-spinner geometry can be readily scaled up or down to
accommodate a wide range of vessel sizes.

CFD simulations combined with experimental validation
(see Materials and Methods for details) are performed to
systematically evaluate the propulsion performance of different
milli-spinner designs. In the design optimization process
(Sections 2.1–2.3), no background flow is imposed in the experi-
ments, and the milli-spinner is placed inside a long tube with an
inner diameter (ID) of 3.5 mm and an OD of 6.0 mm, filled with
saline water and driven by a rotating magnetic field with a
controllable frequency to achieve swimming propulsion. This
tube ID is comparable to that of medium-sized arteries such
as the middle cerebral artery (2–4mm) [31]. In the experiments,
the body of the magnetic milli-spinner is fabricated using a com-
mercial 3D-printing resin (Anycubic ABS-like Resin 3.0), and a
ring-shaped neodymium magnet (grade N50, SM Magnetics,
USA), with an ID of 1 mm, an OD of 2 mm, and a length of
1 mm, is coaxially attached to one end of the milli-spinner using
adhesive for magnetic actuation. This ring magnet provides a
high magnetization to the milli-spinner, and its interaction with
the externally applied rotating magnetic field generates a suffi-
ciently large magnetic torque, even under relatively low field
strengths (e.g., 10–20 mT), to overcome the hydrodynamic resis-
tance from the surrounding fluid and drive the milli-spinner to

rotate synchronously with the applied magnetic field at the same
frequency, thereby enabling effective and controllable propulsion
in fluidic environments.

CFD simulations are conducted using COMSOLMultiphysics 6.1
(COMSOL Inc., USA). Zero-pressure boundary conditions are
applied at both the inlet and outlet of the tube, as shown in
Figure S2 in the SI, and no-slip wall conditions are imposed
on the milli-spinner surface and tube wall. Stationary analysis
is performed to determine the steady-state flow field, the pressure
profile, and the resulting forces acting on the milli-spinner. To
determine the propulsion velocity, an initial velocity is applied
to the tube wall and iteratively adjusted until the milli-spinner
reaches equilibrium. In the equilibrium state, the axial resultant
force (i.e., the stress integration in the longitudinal direction over
the milli-spinner’s surface) approaches zero, indicating that the
prescribed wall velocity corresponds to the magnitude of the
milli-spinner’s equilibrium propulsion velocity but in the oppo-
site direction. This velocity also represents the maximum con-
stant flow velocity that the milli-spinner can overcome.

2.1 | Effect of Through-Hole Radius

As stated previously, the geometric feature combining a central
through-hole and side slits significantly enhances propulsion effi-
ciency and clot debulking capability by generating a pressure
drop within the milli-spinner. Moreover, the through-hole serves
as a flow channel that allows blood to pass through the milli-
spinner, thereby preventing vessel occlusion. We therefore begin
design optimization by examining the effect of the through-hole
radius. As shown in Figure 2a, with the milli-spinner’s OD fixed
at 2.5 mm, the through-hole radius-to-fin length ratio, Rin/Lfin, is
selected as the design parameter and varied from 0.5 to 4. Three
fin numbers are considered, i.e., N= 2, 3, and 4. For all cases, the
fin helical angle is fixed at 30°, which lies within the typical range
(20°–40°) used in propeller designs [32]. In addition, the slit num-
ber equals the fin number. Each slit has two long edges parallel to
the helical fin and two short edges parallel to the cylinder ends,
with a fixed distance of 1.75 mm between the two short edges
(Figure 2a). The width of the short edge of a single slit is adjusted
according to the fin number to maintain a constant total slit
width of 1.83 mm (see details in Section S1, Figure S1, and
Tables S1–S3 in the SI).

The effect of the through-hole radius on the propulsion perfor-
mance of 3-fin magnetic milli-spinners in a 3.5mm-ID tube under
a rotating magnetic field is shown in Figure 2 through CFD sim-
ulations and experimental validation. Two rotating-field frequen-
cies, f= 100 and 160 Hz, are examined for actuation. As shown in
Figure 2b,d, at both frequencies, the simulations predict that the
propulsion velocity of the milli-spinner first increases and then
decreases as the through-hole radius increases, reaching maxi-
mum values of 18.4 and 33.0 cm/s at Rin/Lfin= 1.5 and 1.25 for
f= 100Hz and 160Hz, respectively. The experimental results
show a similar nonmonotonic trend, with maximum velocities
of 19.3 ± 0.35 cm/s and 33.9 ± 1.21 cm/s at f= 100 and 160 Hz,
respectively, when Rin/Lfin= 1.25. In particular, the velocity at
160 Hz is 47.4% higher than the maximum velocity of 23.0 cm/s
achieved by our original design with the same OD and length
[22], highlighting the critical role of design optimization in
enhancing the milli-spinner’s propulsion efficiency. Experimental
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demonstrations of the propulsion performance of 3-fin magnetic
milli-spinners with Rin/Lfin= 0.5, 1.25, and 4.0 are shown in
Figure 3 and Movie S1 (SI). The measured velocities of the three
designs at f= 160Hz are 30.8, 35.0, and 20.1 cm/s, respectively. As
expected, the milli-spinner with Rin/Lfin= 1.25 travels a longer dis-
tance than the other two designs within the same time interval.
Combining the simulation and experimental results, the optimal
through-hole radius for the 3-fin milli-spinner to achieve the max-
imum propulsion velocity is Rin/Lfin= 1.25.

The centerline pressure along the milli-spinner at the two fre-
quencies predicted by CFD simulations is shown in Figure 2c
and e. In all cases, a pressure dropΔp (i.e., the difference between
the pressure at the distal end of the milli-spinner front and the
lowest pressure within the milli-spinner) is observed inside the
milli-spinner, resulting from the combined effects of the through-
hole and the slits. At both frequencies, Δp decreases monotoni-
cally as Rin/Lfin increases from 0.5 to 4, indicating that a smaller
through-hole combined with longer fins produces a higher

FIGURE 2 | Effect of the through-hole radius on the propulsion performance of 3-fin magnetic milli-spinners in a 3.5 mm-ID tube. (a) Schematics of

3-fin milli-spinners with different through-hole radius-to-fin length ratios Rin/Lfin. (b) Propulsion velocity and (c) centerline pressure of 3-fin

milli-spinners with different Rin/Lfin under a rotating magnetic field with frequency f= 100 Hz. (d) Propulsion velocity and (e) centerline pressure

of 3-fin milli-spinners with different Rin/Lfin under a rotating magnetic field with frequency f= 160 Hz. (f ) 3D streamlines starting from the tube inlet

and 2D streamlines on the longitudinal cut plane for 3-fin milli-spinners with different Rin/Lfin at f= 100 Hz.
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pressure drop and thereby generates larger localized suction for
high-efficiency clot debulking. The optimal through-hole radius
for maximum pressure drop differs from that for maximum pro-
pulsion velocity. Since the primary focus of this study is to
improve the propulsion efficiency of the milli-spinner, the opti-
mal through-hole radius for 3-fin magnetic milli-spinners is
selected as Rin/Lfin= 1.25.

It should be noted that the ring magnet used to actuate the milli-
spinner has a significant influence on both the propulsion
velocity and centerline pressure. Figure S3 in the SI presents
the propulsion velocity and centerline pressure of 3-fin milli-
spinners without the ring magnet for different through-hole radii
based on CFD simulations. The results show that the ring magnet
decreases the propulsion velocity but increases the pressure drop
of the milli-spinner. This suggests that the propulsion efficiency
of the milli-spinner could be further improved by optimizing the
actuation strategy such as distributing multiple smaller magnets
at both ends of the milli-spinner [22].

To elucidate the distinct effects of Rin/Lfin on the propulsion effi-
ciency of magnetic milli-spinners, Figure 2f compares the CFD-
predicted 2D and 3D streamlines in the tube for different
through-hole radii at f= 100 Hz. For small or large through-hole
radii (e.g., Rin/Lfin= 0.5 and 4), strong vortices are observed near
the tube wall and at the rear of the milli-spinner during spinning
motion, as evident in the 2D streamlines, which dissipate energy
and reduce propulsion efficiency. In contrast, with an interme-
diate through-hole radius (e.g., Rin/Lfin= 1.25), the spinning
motion generates more coherent axial streamlines, leading to
a continuous high-velocity region in the tube, as shown in the
3D streamlines.

Results for 2-fin and 4-fin magnetic milli-spinners with different
through-hole radii are provided in Figures S4 and S5 in the SI.
The 2-fin milli-spinner achieves its maximum velocities of 18.8 ±
1.0 cm/s and 32.8 ± 0.46 cm/s at f= 100 and 160 Hz, respectively,

when Rin/Lfin= 0.5. The 4-fin milli-spinner reaches its maximum
velocities of 14.3 ± 0.20 cm/s and 27.0 ± 0.68 cm/s at f= 100 and
160 Hz, respectively, when Rin/Lfin= 1.5. Compared with the
3-fin milli-spinner at Rin/Lfin= 1.25 (19.3 ± 0.35 cm/s and
33.9 ± 1.21 cm/s at f= 100 and 160 Hz, respectively), the 2-fin
and 4-fin designs exhibit lower velocities at both frequencies
(see experimental demonstrations in Movie S2, SI). Based on
these results, the 3-fin magnetic milli-spinner with Rin/Lfin= 1.25
is selected as the optimized design and is used for subsequent
optimizations of the fin helical angle and slit dimension.

2.2 | Effect of Fin Helical Angle

Next, we optimize the fin helical angle based on the first-step
optimization results of the through-hole radius. Specifically,
the fin number and the through-hole radius-to-fin length ratio
are fixed at N= 3 and Rin/Lfin= 1.25, respectively. The width
of a single slit is kept constant at 0.61 mm for all cases. To identify
the optimal fin helical angle, we compare the propulsion velocity
and centerline pressure of 3-fin magnetic milli-spinners
with helical angles ranging from 20° to 80° (Figure 4a) in a
3.5 mm-ID tube. Figure 4b,d show the propulsion velocities of
milli-spinners with different helical angles under rotating mag-
netic fields of 100 and 160 Hz, respectively. In both cases, simu-
lations and experiments consistently show that the propulsion
velocity first increases and then decreases as the helical angle
α increases from 20° to 80°, reaching its maximum at α= 60°.
The maximum experimental velocities are 23.8 ± 0.53 at
f= 100 Hz and 45.0 ± 1.87 cm/s at f= 160 Hz, which are
enhanced by 23.3% and 32.7%, respectively, compared with the
first-step optimized design. Experimental demonstrations of
the propulsion performance of magnetic milli-spinners with
α= 30°, 60°, and 80° are shown in Figure 5 and Movie S3
(SI). At f= 160 Hz, the measured propulsion velocities are

FIGURE 3 | Experiments of propulsion performance of 3-fin magnetic milli-spinners with different through-hole radii in a 3.5 mm-ID tube under a

160 Hz rotatingmagnetic field. (a) Rin/Lfin= 0.5. (b) Rin/Lfin= 1.25. (c) Rin/Lfin= 4. Experimental results demonstrate that the 3-finmilli-spinner achieves

the highest propulsion velocity when the through-hole radius-to-fin length ratio is Rin/Lfin= 1.25.
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35.0, 45.6, and 30.0 cm/s for α= 30°, 60°, and 80°, respectively.
These results confirm that the optimal fin helical angle of
3-fin milli-spinners with Rin/Lfin= 1.25 for achieving the highest
propulsion efficiency is α= 60°.

The centerline pressure along the milli-spinner inside the tube at
the two rotating frequencies predicted by CFD simulations is
shown in Figure 4c,e. At both frequencies, the pressure drop
Δp varies nonmonotonically as α increases from 20° to 80°, with
maximumΔp occurring at α= 60° and 70° for f= 100 and 160 Hz,
respectively. Compared with the first-step optimization of the
through-hole radius, the maximum pressure drops increase by
25.0% and 25.3% at the two frequencies after optimizing the
fin helical angle, resulting in stronger localized suction and

enhanced clot-debulking capability. Notably, the helical angle
for maximum propulsion velocity is nearly consistent with that
for maximum pressure drop. Therefore, the optimal helical angle
for 3-fin milli-spinners with Rin/Lfin = 1.25 is selected as α= 60°.

The effects of the fin helical angle on the propulsion velocity and
centerline pressure of 3-fin milli-spinners without a ring magnet
are examined using CFD simulations in Figure S6 in the SI. As
expected, at the same rotating frequency, the milli-spinner with-
out a ring magnet exhibits higher propulsion velocity than that
with a ring magnet, owing to reduced weight and fluid resistance.
In the absence of a ring magnet, the variation trends of both
propulsion velocity and pressure drop with respect to the helical
angle are similar to those observed with a ring magnet. However,

FIGURE 4 | Effect of the fin helical angle on the propulsion performance of 3-fin magnetic milli-spinners with Rin/Lfin= 1.25 in a 3.5 mm-ID tube.

(a) Schematics of 3-fin milli-spinners with different fin helical angles α. (b) Propulsion velocity and (c) centerline pressure of 3-fin milli-spinners with

different helical angles under a rotating magnetic field with frequency f= 100 Hz. (d) Propulsion velocity and (e) centerline pressure of 3-fin milli-

spinners with different helical angles under a rotating magnetic field with frequency f= 160 Hz. (f ) 3D streamlines starting from the tube inlet

and 2D streamlines along the longitudinal cut plane for 3-fin milli-spinners with different helical angles at f= 100 Hz.
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the helical angles corresponding to the maximum propulsion
velocity and maximum pressure drop shift to α= 50° and
α= 70°, respectively, at both frequencies.

Figure 4f illustrates the CFD-predicted 3D and 2D streamlines
inside the tube for different helical angles at f= 100 Hz. From
the 3D streamlines, it is observed that when the helical angle
is relatively small (e.g., α= 30°), the spinning-induced flow veloc-
ity is noticeably lower than that observed for α= 60° and 80°. In
these two cases, the flow passing through the central through-
hole and side slits is significantly accelerated, as indicated by
the red regions in the 2D streamlines, creating a larger pressure
drop that reduces the hydrodynamic resistance and improves the
propulsion efficiency. In addition, for α= 80°, stronger vortices
form near the tube wall. These vortices dissipate energy and
decrease propulsion efficiency. As a result, the milli-spinner
with α= 60° achieves the highest propulsion velocity among
the three cases.

2.3 | Effect of Slit Dimension

In the following, we further optimize the slit dimension by
examining its effects on the propulsion velocity and centerline
pressure of magnetic milli-spinners. Based on the first two-step
optimization, the fin number, the through-hole radius-to-fin
length ratio, and the fin helical angle are fixed at N= 3,
Rin/Lfin= 1.25, and α= 60°, respectively. As shown in Figure 6a,
consistent with the slit design used in the previous optimization
steps, each slit has two long edges parallel to the helical fin and
two short edges parallel to the cylinder ends, with a fixed distance
of 1.75 mm between the two short edges. The total width wT of
the short edges of the three slits is normalized by the cylinder
centerline circumference S= 2πr, where r is the centerline radius.
This normalized width wT/S is set as the design variable and
varied from 0.25 to 0.875 (see details in Table S4 in the SI,

and wT/S= 0.875 corresponds to the maximum slit width that
can be designed for 3-fin milli-spinners with a fin thickness of
0.25 mm).

Figure 6b,d shows the propulsion velocities of magnetic milli-
spinners with different slit widths in a 3.5 mm-ID tube under
rotating magnetic fields of 100 and 160 Hz, respectively. After
the first two-step optimization of through-hole radius and
fin helical angle, the effect of slit dimension on propulsion effi-
ciency becomes less significant. Both simulations and experi-
ments indicate that the milli-spinner achieves its maximum
velocity when the normalized slit width wT/S increases to
0.75 at the two frequencies. The experimental maximum
velocities at f= 100 and 160 Hz are 27.2 ± 2.06 cm/s and
47.4 ± 2.68 cm/s, respectively, which are enhanced by 14.3%
and 5.3% compared with the velocities obtained after optimizing
the helical angle. Experimental demonstrations of the propulsion
performance of milli-spinners with wT/S= 0.25, 0.75, and 0.875
are shown in Figure 7 and Movie S4 (SI). At f= 160 Hz, the mea-
sured propulsion velocities for milli-spinners with wT/S= 0.25,
0.75, and 0.875 are 43.0, 50.3, and 44.9 cm/s, respectively.
Combining simulation and experimental results, the optimal
normalized slit width of 3-fin milli-spinners with Rin/Lfin= 1.25
and α= 60° for achieving the maximum propulsion velocity is
wT/S= 0.75.

The corresponding centerline pressure along the milli-spinner
inside the tube for different slit widths at f= 100 Hz and
160 Hz are shown in Figure 6c,e, respectively. Similar to the
propulsion velocity, the pressure drop exhibits a relatively weak
dependence on slit width after optimization of the through-
hole radius and fin helical angle. For both frequencies, the
pressure drop reaches its maximum at wT/S= 0.5. As the
primary objective is to maximize the propulsion efficiency, the
optimal normalized slit width of 3-fin milli-spinners with
Rin/Lfin= 1.25 and α= 60° is therefore selected as wT/S= 0.75,

FIGURE 5 | Experiments of propulsion performance of 3-fin magnetic milli-spinners with Rin/Lfin= 1.25 and different fin helical angles in a 3.5 mm-

ID tube under a 160 Hz rotating magnetic field. (a) α= 30°. (b) α= 60°. (c) α= 80°. Experimental results demonstrate that the 3-fin milli-spinner with

Rin/Lfin= 1.25 achieves the highest propulsion velocity when the helical angle is α= 60°.

Advanced Robotics Research, 2026 7 of 14
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which is also the final optimized design after the three-step opti-
mization. It should be noted that, although the slit width has a
relatively minor effect on the propulsion velocity and internal
pressure drop of the milli-spinner with optimized through-hole
radius and fin helical angle, a larger slit width contributes to a
higher drug delivery rate by providing a larger area for fluid

exchange between the drug within the internal cavity and the
surrounding environment [22]. Therefore, for applications
involving drug delivery, a larger slit width may be considered
in the milli-spinner design.

The effects of slit dimension on the propulsion velocity and cen-
terline pressure of milli-spinners without a ring magnet are

FIGURE 7 | Experiments of propulsion performance of 3-fin magnetic milli-spinners with different slit widths in a 3.5 mm-ID tube under a 160 Hz

rotating magnetic field. (a) wT/S= 0.25. (b) wT/S= 0.75. (c) wT/S= 0.875. Experimental results demonstrate that the 3-fin milli-spinner with

Rin/Lfin= 1.25 and α= 60° achieves the highest propulsion velocity when the normalized slit width is wT/S= 0.75.

FIGURE 6 | Effect of the slit width on the propulsion performance of 3-fin magnetic milli-spinners in a 3.5 mm-ID tube. (a) Schematics of 3-fin milli-

spinners with varying normalized slit width wT/S. (b) Propulsion velocity and (c) centerline pressure of 3-fin milli-spinners with different wT/S under a

rotating magnetic field with frequency f= 100 Hz. (d) Propulsion velocity and (e) centerline pressure of 3-fin milli-spinners with different wT/S under a

rotating magnetic field with frequency f= 160 Hz.
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shown in Figure S7 in the SI using CFD simulations. In this case,
the propulsion velocity also becomes less sensitive to the slit
width after the first two-step optimization, but the velocity is
increased by ≈20% compared to milli-spinners with a ring mag-
net. However, in the absence of a ring magnet, the pressure drop
decreases monotonically with increasing slit width, suggesting
that narrower slits lead to a higher pressure drop, which gener-
ates larger localized suction that facilitates clot debulking.

2.4 | Optimized Magnetic Milli-Spinner for
High-Efficiency Propulsion and Clot Debulking

Next, we evaluate the propulsion performance of the optimized
magnetic milli-spinner (Figure 8a) in fluids with varying viscosi-
ties and at different rotating frequencies. To examine the effect of
fluid viscosity on propulsion performance, the optimized
milli-spinner is tested in a 3.5mm-ID tube filled with a saline
water–glycerin mixture in the absence of background flow. As
mentioned earlier, this tube ID is comparable to that of medium-
sized arteries such as the middle cerebral artery. In the experi-
ments, the volume fraction of glycerin is varied from 0% to
10%, 20%, and 30% to change the fluid viscosity, resulting in

viscosities of 1.0, 1.5, 2.5, and 3.5 mPa·s [23], respectively. As
shown in Figure 8b, the propulsion velocity of the milli-spinner
gradually decreases with increasing fluid viscosity due to increased
hydrodynamic resistance. At a fluid viscosity of 3.5 mPa·s, corre-
sponding to a mixture of 70 vol.% saline water and 30 vol.% glyc-
erin and falling within the range of 3–4 mPa·s for arterial blood at
high shear rates [25], the propulsion velocity decreases by ≈30%
compared to that in saline water (1.0 mPa·s).

The propulsion velocities of the milli-spinner at different rotating
frequencies in saline water (1.0 mPa·s) and in the saline water–
glycerin mixture with a viscosity of 3.5 mPa·s, without back-
ground flow, are shown in Figure 8c. In both fluids, simulations
and experiments consistently show that the propulsion velocity
(as well as the internal pressure drop, see Figure S8 in the SI)
increases nearly linearly with the rotating frequency, indicating
that higher actuation frequencies enhance both propulsion effi-
ciency and clot debulking capability. At f= 180 Hz (the highest
frequency achievable with our coil system), the maximum exper-
imental velocity reaches 55 cm/s in saline water (≈175 body
lengths/s, see Figure 8d and Movie S5 in the SI) and 44 cm/s
(≈140 body lengths/s, see Movie S5) in a saline water–glycerin
mixture with a viscosity of 3.5 mPa·s (comparable to that of arte-
rial blood at high shear rates [25]), far beyond those of existing

FIGURE 8 | Propulsion performance and clot debulking of the optimized magnetic milli-spinner in a 3.5 mm-ID tube. (a) Schematic illustration and

experimental image of the optimized milli-spinner design. (b) Effect of fluid viscosity on the propulsion velocity of the milli-spinner at a rotating mag-

netic field frequency of f= 160 Hz without background flow. (c) Propulsion velocity of the milli-spinner as a function of the rotating magnetic field

frequency in saline water or in a saline water–glycerinmixture with a viscosity of 3.5 mPa·s. (d) Experimental demonstration of the maximum propulsion

velocity of the milli-spinner in saline water without background flow. (e) Clot debulking of the optimized magnetic milli-spinner without background

flow. During the debulking process, the fibrin network of the clot undergoes significant densification and collapse, with RBCs being expelled.

(f ) Experimental images of the whole blood clot before and after treatment. After treatment, the clot transforms into a highly densified white fibrin

core and exhibits an ≈97% reduction in volume. RBCs = Red blood cells.
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untethered magnetic robots in tubular environments (<80 body
lengths/s) [18–22]. Note that even higher propulsion velocities
could be achieved by further increasing the rotating frequency
(Figure 8c). Moreover, the magnetic milli-spinner design is
inherently scalable. Through structural optimization of its key
geometric features, the optimized design can be directly minia-
turized or scaled up to accommodate different vessel sizes and
application requirements while maintaining effective propulsion
performance.

As a representative clinically relevant application, the clot debulk-
ing capability of the optimized magnetic milli-spinner for robotic
mechanical thrombectomy is shown in Figure 8e and Movie
S6 (SI). The clot debulking experiment is conducted in a
3.5 mm-ID tube filled with saline water without background flow,
and the milli-spinner is actuated by a 160 Hz rotating magnetic
field generated by a manually controlled, motor-driven rotating
magnet. As shown in Figure 8e and Movie S6, the milli-spinner
first propels itself to the whole blood clot, after which the clot
is drawn against the milli-spinner due to the suction force
generated by the internal pressure drop. Simultaneously, the milli-
spinner’s rotation applies a continuous shear force to the clot. The
combined compression and shear forces result in drastic densifi-
cation and collapse of the fibrin network while expelling red blood
cells (RBCs) [22–24], reducing the clot volume by ≈50% within
40 s. Meanwhile, the strong suction force draws the entire clot
proximally during the debulking process, effectively anchoring
it and preventing distal migration or washout by physiological
blood flow under realistic operating conditions. After treatment
for 67 s, the clot volume is ultimately reduced by ≈97%, and
the clot transforms into a highly densified white fibrin core
(Figure 8f ), demonstrating the high-efficiency clot debulking
capability of the optimized magnetic milli-spinner.

2.5 | Swimming Performance of the Optimized
Magnetic Milli-Spinner under Steady and Pulsatile
Flows

The exceptional propulsion velocity of the optimized magnetic
milli-spinner enables stable swimming in vascular environments
with strong physiological flows representative of major arteries
and veins. For instance, in the internal carotid artery, the peak
blood flow velocity can reach ≈60 cm/s, with an average velocity
of ≈20–30 cm/s [26]. In the inferior vena cava, the peak and aver-
age flow velocities are ≈40 and ≈10–20 cm/s, respectively [27].
During surgical or interventional procedures, these blood flow
velocities are often reduced by 10-30% due to anesthesia-induced
decreases in cardiac output and blood pressure [28]. To validate
the swimming capability of the milli-spinner under clinically rel-
evant conditions, in this section, its performance is experimen-
tally evaluated in a 3.5 mm-ID tube under both steady and
pulsatile flows. In these experiments, a saline water–glycerin
mixture (70 vol.% saline water and 30 vol.% glycerin) with a vis-
cosity of 3.5 mPa·s, comparable to that of arterial blood at high
shear rates [25], is used to mimic physiological fluid properties.

Figure 9a,b presents the upstream propulsion performance of
the milli-spinner at f= 180 Hz under steady flows with flow
velocities ranging from 20 to 30 cm/s. As the imposed flow veloc-
ity increases, the absolute upstream swimming velocity of the
milli-spinner decreases (Figure 9a and Movie S7 in the SI).

Under flow velocities of 20 and 25 cm/s, the milli-spinner suc-
cessfully overcomes the imposed flow and achieves absolute
upstream swimming velocities of 12.8 and 5.7 cm/s (Figure 9b),
respectively. These results indicate that the optimized magnetic
milli-spinner is capable of stable upstream propulsion in steady
vascular flow environments characterized by high flow velocities
and physiologically relevant viscosities.

The upstream propulsion performance of the milli-spinner under
a 60 beats/min pulsatile flow, with a peak velocity of 34 cm/s and
an average velocity of 17 cm/s, is shown in Figure 9c and Movie
S7. In these two experiments, the milli-spinner achieves pre-
scribed average upstream swimming velocities (vavg) of 2 and
5 cm/s, respectively, by rationally selecting the actuation fre-
quency of the rotating magnetic field. Such low target velocities
are typically preferred during endovascular interventions to
ensure procedural safety, full controllability, and precise naviga-
tion. Figure 9c shows the corresponding displacement–time
curves, along with linear fits used to extract the average upstream
swimming velocity. Owing to the periodic acceleration and decel-
eration of the pulsatile flow, the milli-spinner undergoes forward
and backward motion within each pulsatile cycle, resulting in net
upstream propulsion over time. By setting the rotating magnetic
field frequency to 100 and 110 Hz, the milli-spinner attains aver-
age upstream swimming velocities of vavg= 2.3 and 5.4 cm/s,
respectively, showing good agreement with the prescribed target
values. Such controllable low-velocity motion under pulsatile
flow provides a favorable operating regime for safe and precise
endovascular interventions.

As introduced earlier, during endovascular interventions, the
magnetic milli-spinner first navigates downstream to the target
site to perform therapeutic tasks, and then swims upstream
toward the introducing sheath for safe retrieval [22]. To ensure
controllable motion during both downstream navigation and
upstream retrieval, the propulsion direction of the milli-spinner
is always set upstream (Figure 1a), i.e., against the background
flow, and the bidirectional motion is regulated by tuning the
rotating frequency of the applied magnetic field. This frequency-
based bidirectional motion control strategy is shown in
Figure 9d, which presents the displacement–time curves of the
optimized magnetic milli-spinner during upstream and down-
stream motion under a 60 beats/min pulsatile flow with a peak
velocity of 40 cm/s and an average velocity of 20 cm/s. When the
rotating magnetic field is set to 130 Hz, the spinning-induced pro-
pulsion velocity exceeds the average flow velocity, enabling the
milli-spinner to swim upstream against the flow at vavg= 2.4 cm/s
(Figure 9d–i). In contrast, when the rotating frequency is reduced
to 100 Hz, the propulsion velocity generated by rotation becomes
lower than the average flow velocity, and the milli-spinner is car-
ried downstream by the flow at vavg = −3.0 cm/s (Figure 9d-ii and
Movie S7). In this manner, bidirectional motion with controllable
velocity is achieved solely by tuning the rotating frequency of the
magnetic field.

It should be stated that, in clinically relevant vasculatures, vessels
often exhibit complex geometries, including branching and cur-
vature. In such scenarios, controllable and precise navigation can
be achieved by integrating the magnetic actuation system with a
six-axis robotic arm carrying a rotating permanent magnet. This
setup enables full 3D control of the magnetic field direction and
orientation, thereby allowing precise steering of the milli-
spinner. By programming the robotic arm to follow a predefined
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trajectory and dynamically adjusting the orientation of the
rotating magnetic field in real time, the milli-spinner can be
guided through curved and branching vascular pathways. This
multidegree-of-freedom magnetic control strategy has been dem-
onstrated in our previous work [22] and has also been widely
adopted in magnetic microrobots in the literature [16, 21], pro-
viding a feasible and effective approach for navigation in complex
physiological vessel networks.

3 | Conclusion

In summary, we performed design optimization for magnetic
milli-spinners featuring a cylindrical body with a central
through-hole, side slits, and helical fins through a combination
of CFD simulations and experimental validation. To identify the
optimized design, we systematically investigated the effects of
several key parameters, including through-hole radius, fin num-
ber, fin helical angle, and slit dimension, on the propulsion per-
formance of magnetic milli-spinners in a tubular environment
under a rotating magnetic field. Both simulations and experi-
ments demonstrate that these parameters play critical roles in
enhancing the propulsion velocity and internal pressure drop
of magnetic milli-spinners. By rationally selecting these param-
eters, an optimized milli-spinner design is proposed, which
achieves propulsion velocities of 55 cm/s (≈175 body lengths/s)
in saline water and 44 cm/s (≈140 body lengths/s) in a fluid with

a viscosity of 3.5 mPa·s (comparable to that of arterial blood at
high shear rates [25]) under a rotating magnetic field of 180 Hz
and 20 mT. These velocities substantially exceed those of existing
untethered magnetic robots in tubular environments (<80 body
lengths/s) [18–22]. Additional experiments are conducted to
further evaluate the swimming performance of the optimized
milli-spinner under clinically relevant flow conditions, and
results indicate that the milli-spinner can stably swim upstream
against strong physiological flows representative of major arteries
and veins. Such high propulsion efficiency enables wireless oper-
ation in tortuous vascular environments with high flow rates,
opening new opportunities for magnetic milli-spinners in a broad
range of endovascular procedures, including robotic mechanical
thrombectomy, embolectomy, and targeted drug delivery.

4 | Materials and Methods

4.1 | Computational Fluid Dynamics Simulations

To qualitatively evaluate the propulsion performance of mag-
netic milli-spinners with various design parameters in tubular
environments, CFD simulations are conducted using COMSOL
Multiphysics 6.1 (COMSOL Inc., USA). The Reynolds number
in the tubular system is defined as Re = ρUD/μ [33], where
U = πfD is the characteristic velocity, with f and D representing
the rotating frequency and the OD of the milli-spinner, respec-
tively, ρ is the fluid density, and μ is the dynamic viscosity. The

FIGURE 9 | Swimming performance of the optimized magnetic milli-spinner in a 3.5 mm-ID tube filled with a saline water–glycerin mixture

(viscosity 3.5 mPa·s) under steady and pulsatile flows. (a) Absolute upstream swimming velocity of the milli-spinner at f= 180 Hz under steady flows

with different flow velocities. (b) Experimental demonstrations of the upstream propulsion of the milli-spinner under steady background flows with flow

velocities of 20 and 25 cm/s. (c) Displacement–time curves of the upstream propulsion of the milli-spinner for achieving different prescribed average

upstream swimming velocities under pulsatile flow with a peak velocity of 34 cm/s and an average velocity of 17 cm/s. (d) Displacement–time curves

corresponding to the (i) upstream and (ii) downstream motion of the milli-spinner under pulsatile flow with a peak velocity of 40 cm/s and an average

velocity of 20 cm/s.

Advanced Robotics Research, 2026 11 of 14

 29439973, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adrr.70121 by Stanford U

niversity, W
iley O

nline L
ibrary on [03/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



densities and viscosities of the fluids considered in this study are
provided in Table S5 in the SI. The highest rotating frequency
considered in the simulation is 200 Hz, corresponding to
Reynolds numbers of 3927 for saline water with a viscosity of
1.0 mPa·s and 1210 for a saline water–glycerin mixture with a
viscosity of 3.5 mPa·s, which are both below the turbulent regime
(typically Re> 4000). As a result, the laminar flow model com-
bined with a frozen motor method is employed in all simulations.
In the frozen rotor method, a cylindrical rotating domain, slightly
larger than the magnetic milli-spinner, is defined, with a rota-
tional velocity prescribed along its longitudinal axis. Moreover,
zero-pressure boundary conditions are applied at both the inlet
and outlet, and no-slip wall conditions are imposed on the milli-
spinner surface and tube wall. To minimize the influence of
boundary effects, a 300 mm-long tube filled with saline water
or a saline water–glycerin mixture is used as the computational
flow domain. Stationary analysis is performed to determine the
steady-state flow field, pressure profile, and the resulting forces
acting on the milli-spinner. In particular, the axial force on the
magnetic milli-spinner is calculated by integrating the stress in
the longitudinal direction over its surface. To estimate the equi-
librium propulsion velocity generated by this force, an initial
velocity is specified for the tube wall and iteratively adjusted until
the milli-spinner reaches equilibrium. In the equilibrium state,
the computed axial force approaches zero (values below 10−6 N
are considered negligible), indicating that the prescribed tube
wall velocity corresponds to the magnitude of the milli-spinner’s
equilibrium propulsion velocity but in the opposite direction.

4.2 | Experiments

The CFD-predicted propulsion velocities of magnetic milli-
spinners are validated experimentally. In the experiments, the
milli-spinner body is fabricated using a customized digital light
processing 3D printer, with Anycubic ABS-Like Resin 3.0 as the
printing material. A ring-shaped neodymiummagnet (grade N50,
SM Magnetics, USA) with an ID of 1 mm, OD of 2 mm, and
length of 1 mm is attached to one end of the milli-spinner using
adhesive. When subjected to a rotating magnetic field, the ring
magnet drives the milli-spinner to rotate, thereby generating
propulsion in the fluid. The rotating magnetic field is produced
by a three-axis Helmholtz coil system (see Section S2 and
Figure S9 in the SI for details of the experimental setup and
magnetic actuation). Propulsion tests are conducted in a tube
(3.5 mm ID, 6.0 mm OD, and 100 mm long) filled with saline
water (Figures 2–7 and 8c,d) or a saline water–glycerin mixture
(Figures 8b,c and 9), positioned within the working space of the
Helmholtz coil system. For the tests with background flow
(Figure 9), the tube’s two ends are connected to a pump to gen-
erate steady or pulsatile flow. The magnetic milli-spinner is ini-
tially placed at one end of the tube and swims to the other end
upon application of a rotating magnetic field. To achieve stable
propulsion, a magnetic field strength of 15 mT is employed for
rotating frequencies f ≤ 160 Hz, whereas 20 mT is used at fre-
quencies f> 160 Hz. The entire propulsion process is recorded
using a camera, from which the displacement–time curve is
extracted. For tests conducted without background flow or under
steady flow, the slope of the linear portion of this curve is taken as
the equilibrium swimming velocity of the magnetic milli-spinner.

For tests under pulsatile flow, a linear fit to the displacement–
time curve is used to determine the average swimming velocity.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Geometric dimensions of mag-
netic milli-spinners. (a) 2-fin milli-spinner. (b) 3-fin milli-spinner.
(c) 4-fin milli-spinner. (d) Ring magnet. Design variables are represented
by the red color. Supporting Fig. S2: Boundary conditions used in the
CFD simulations and the centerline pressure along the entire tube. The

centerline pressure is shown for a 3-fin magnetic milli-spinner with a
through-hole radius-to-fin length ratio of Rin/Lfin = 0.5, a fin helical angle
of α = 30°, and a total slit width of wT = 1.83mm. The milli spinner oper-
ates in a 3.5 mm-ID tube at a rotating frequency of f= 100Hz and reaches
an equilibrium velocity of 16.6 cm/s along the positive z-direction.
Supporting Fig. S3: Effect of the through-hole radius on the propulsion
performance of 3-fin magnetic milli-spinners without a ring magnet in a
3.5 mm-ID tube predicted by CFD simulations. (a) Schematics of 3-fin
milli spinners with different through-hole radius-to-fin length ratios
Rin/Lfin. (b) Propulsion velocity and (c) centerline pressure of 3-fin
milli-spinners with different Rin/Lfin under a rotating magnetic field with
frequency f = 100Hz. (d) Propulsion velocity and (e) centerline pressure
of 3-fin milli-spinners with different Rin/Lfin under a rotating magnetic
field with frequency f = 160 Hz. (f ) 3D streamlines starting from the tube
inlet and 2D streamlines on the longitudinal cut plane for 3-fin milli-spin-
ners with different Rin/Lfin at f = 100 Hz. Supporting Fig. S4: Effect of
the through-hole radius on the propulsion performance of 2-fin magnetic
milli-spinners in a 3.5 mm-ID tube. (a) Schematics of 2-fin milli-spinners
with different through-hole radius-to-fin length ratios Rin/Lfin. (b) Propulsion
velocity and (c) centerline pressure of 2-fin milli-spinners with different Rin/
Lfin under a rotatingmagnetic field with frequency f=100Hz. (d) Propulsion
velocity and (e) centerline pressure of 2-fin milli-spinners with different Rin/
Lfin under a rotatingmagnetic field with frequency f= 160Hz. (f ) 3D stream-
lines starting from the tube inlet and 2D streamlines on the longitudinal cut
plane for 2-fin milli-spinners with different Rin/Lfin at f = 100Hz.
Supporting Fig. S5: Effect of the through-hole radius on the propulsion
performance of 4-fin magnetic milli-spinners in a 3.5mm-ID tube.
(a) Schematics of 4-fin milli-spinners with different through-hole radius-
to-fin length ratios Rin/Lfin. (b) Propulsion velocity and (c) centerline pres-
sure of 4-fin milli-spinners with different Rin/Lfin under a rotating magnetic
field with frequency f = 100Hz. (d) Propulsion velocity and (e) centerline
pressure of 4-fin milli-spinners with different Rin/Lfin under a rotating mag-
netic field with frequency f = 160Hz. (f ) 3D streamlines starting from the
tube inlet and 2D streamlines on the longitudinal cut plane for 4-fin milli-
spinners with different Rin/Lfin at f = 100Hz. Supporting Fig. S6: Effect of
the fin helical angle on the propulsion performance of 3-fin magnetic milli-
spinners without a ring magnet in a 3.5mm-ID tube predicted by CFD sim-
ulations. (a) Schematics of 3-fin milli spinners with different helical angles α.
(b) Propulsion velocity and (c) centerline pressure of 3-finmilli-spinners with
different α under a rotating magnetic field with frequency f = 100Hz.
(d) Propulsion velocity and (e) centerline pressure of 3-fin milli-spinners
with different α under a rotating magnetic field with frequency
f = 160Hz. (f ) 3D streamlines starting from the tube inlet and 2D stream-
lines on the longitudinal cut plane for 3-fin milli-spinners with different α at
f = 100Hz. When α = 80°, the simulations fail to converge to an equilib-
rium velocity for milli-spinners without a ring magnet. Supporting
Fig. S7: Effect of the slit width on the propulsion performance of 3-fin
magnetic milli-spinners without a ring magnet in a 3.5 mm-ID tube pre-
dicted by CFD simulations. (a) Schematics of 3-fin milli-spinners with
different normalized slit widths wT/S. (b) Propulsion velocity and (c) cen-
terline pressure of 3-fin milli-spinners with different wT/S under a rotat-
ing magnetic field with frequency f = 100Hz. (d) Propulsion velocity and
(e) centerline pressure of 3-fin milli-spinners with different wT/S under a
rotating magnetic field with frequency f = 160Hz. (f ) 3D streamlines
starting from the tube inlet and 2D streamlines on the longitudinal
cut plane for 3-fin milli-spinners with different wT/S at f = 100Hz.
Supporting Fig. S8: Centerline pressure of the optimized magnetic
milli-spinner in a 3.5 mm-ID tube filled with (a) saline water (viscosity
μ = 1.0 mPa·s) or (b) a saline water–glycerin mixture (viscosity μ =
3.5 mPa·s) under rotating magnetic fields with different frequencies.
Supporting Fig. S9: Experimental setup of the three-axis Helmholtz coil
system for measuring the propulsion velocity of magnetic milli-spinners
in a tubular environment under a rotating magnetic field. (a) Photograph
of the setup. (b) Magnetic field profile used to generate a 15 mT rotating
magnetic field at 100 Hz. (c) Magnetic field profile used to generate a
15 mT rotating magnetic field at 160 Hz. Supporting Table S1:
Geometric parameters of 2-fin milli-spinners with different through-hole
radii Rin studied in Figure S4 (N = 2, α = 30°, and wT = 1.83mm).
Supporting Table S2: Geometric parameters of 3-fin milli-spinners with
different through-hole radii Rin studied in Figures 2 and S3 (N = 3,
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α = 30°, and wT = 1.83mm). Supporting Table S3: Geometric param-
eters of 4-fin milli-spinners with different through-hole radii Rin studied
in Figure S5 (N = 4, α = 30°, and wT = 1.83mm). Supporting Table S4:
Geometric parameters of 3-fin milli-spinners with different normalized
slit widths wT/S studied in Figures 6 and S7 (N = 3, Rin/Lfin = 1.25,
and α = 60°). Supporting Table S5: Densities and vies of saline water
and saline water–glycerin mixtures with different glycerin volume
fractions.
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