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Mobile microrobots have gained increasing attention in biomedical applications because they can be precisely
actuated to targeted positions in a tiny space. However, their use in biomedical applications is hindered by
the costly and complicated fabrication method. Herein, a facile fabrication method is proposed to produce
magnetic alginate microrobots with adjustable dimensions, including teardrop and tadpole shapes, via tunable
centrifugally-driven flows. The formation of these microrobots is interpreted by finite element analysis, revealing
that the transition between the dripping and jetting regimes of the flow alters the microrobot’s shape. The
dimensions of the microrobots are quantitatively analyzed based on the flow’s extrusion velocity, controlled by
nozzle diameters and revolution speeds. Incorporating magnetic nanoparticles into the alginate-based hydrogel
enables the microrobots to exhibit distinct motion patterns under a magnetic field. The teardrop-like microrobot
can reach a maximum rolling velocity of approximately 2.7 body length s~! at 2 Hz, while the maximum stick-slip
velocity of the tadpole-like microrobot reaches about 0.42 body length s~! at 5 Hz, comparable to the existing
bioinspired magnetic microrobots. These two motion patterns allow the microrobot to overcome obstacles and
navigate in vertically constrained environments, respectively. Last, an ultrasound imaging system is deployed to
monitor the locomotion and degradation of the microrobots, showing their potential for targeted drug delivery
applications.

1. Introduction delivery, such as poor accumulation at target sites [9], quick emergence

of antibiotic resistance [10], and side effects to healthy cells or organs

Untethered microrobots are emerging viable tools for minimally in-
vasive medicine due to their miniaturization, maneuverability, and ver-
satility [1-4]. Building on these attributes, the precision operability of
untethered microrobots, such as helical microrobots and microrobotic
swarms, has been a focus of research over the past few decades. To bet-
ter navigate complex environments with unpredictable disturbances and
obstacles, advanced control strategies have been introduced to refine
these microrobots’ control precision and performance [5-8]. These ad-
vancements in control strategies equip these small-scale robots with the
potential to operate in confined spaces and assist surgeons in performing
surgeries at hard-to-reach positions. Moreover, their precise operability
and capability to transport cargo can address problems in systemic drug
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[11]. However, integrating these robots into clinical practice is chal-
lenging because technical hurdles and design complexities exist in their
fabrication [12,13]. For instance, robots at the macro level are equipped
with a suite of sensors, actuators, power sources, and programmable
control units, which are difficult to replicate on a microrobot because of
size constraints. Biomimicry offers a promising design methodology for
the fabrication of microrobots. By mimicking the design principles ob-
served in living microorganisms or cells, microrobots can be endowed
with locomotion capabilities [14,15]. These bioinspired microrobots,
with their bionic characteristics, are also designed to interact with the
surrounding environments and even camouflage without alarming other
creatures [16]. Furthermore, the biomimetic principles applied in the
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Fig. 1. Fabrication, actuation, and imaging of magnetic alginate microrobots. (A) Magnetic alginate microrobots, including teardrop and tadpole shapes, are fabricated

through centrifugally driven flow and cross-linking method using Ca?*

ions. (B) The shapes and dimensions of the microrobots are adjusted by varying the revolution

speed of a centrifuge and the diameter of a nozzle. (C) Magnetic actuation is conducted in an electromagnetic coil system. The micrographs show the rolling motion
of a teardrop-like microrobot under a rotating field and the stick-slip motion of a tadpole-like microrobot under an oscillating field. The ultrasound (US) image shows

three teardrop-like microrobots at the wall of a water tank.

design of helical microrobots have been modified to include a sharp
cutting tip, which allows them to mechanically eliminate blood clots
effectively [17].

Natural organisms, such as fish, tadpoles, and sperm, achieve lo-
comotion by undulating their tails. Bioinspired microrobots have been
designed to replicate this locomotion mechanism through various fabri-
cation methods, including photolithography [18,19], electrodeposition
[20], and direct laser writing [21]. Tadpole-like microrobots, consisting
of a head of magnetic microbead and a tail of magnetic nanoparticles
chain, have been constructed using a magnetically assisted in situ poly-
merization method. This process involves magnetizing a microbead and
attracting magnetic nanoparticles via magnetic forces to form a chain.
The as-prepared tadpole-like structure is encapsulated within a hydro-
gel following ultraviolet polymerization [22]. Tan et al. have reported
a one-step formation method for sperm-like magnetic microrobots by
developing a vortex turbulence-assisted microfluidics platform [23].
Monodispersed magnetic alginate/oil droplets are first formed within
the microfluidics platform. Subsequently, a slender tail is extracted from
the droplets due to the vortex flow generated by a rotational magnetic
stirrer. In addition, sperm-like microrobots have been fabricated by cut-
ting electrospun beaded fibers into segments where the bead and fiber
serve as the head and the tail, respectively [24]. These bioinspired mi-
crorobots can move forward through the undulatory propulsion of their
tails, akin to the swimming of fish, tadpoles, and sperm. Despite consid-
erable efforts to advance fabrication methods for magnetic bioinspired
microrobots, challenges persist within the mentioned methods. The ex-
isting fabrication methods, involving tedious procedures and expensive
equipment, are not suitable for mass production.

Microfluidics is a promising microfabrication technique that has
wide-ranging applications in biology [25], chemistry [26], medical diag-
nostics [27], and engineering [28]. In the design of microfluidic devices,
pumps are crucial for moving fluid through narrow channels. Centrifu-
gal pumps provide many advantages, including the ability to handle
highly viscous liquids, operate without introducing bubbles, and ease
of accessibility. In this study, we demonstrate the bulk fabrication of
magnetic alginate microrobots, including teardrop and tadpole shapes,
through centrifugal pumping. These microrobots are produced by finely

controlling centrifugally driven flows and subsequent cross-linking of
the magnetic alginate solution (Fig. 1A). The shapes and dimensions of
the microrobots are tailored by adjusting the flow velocity, impacted
by nozzle diameters and the centrifuge’s revolution speeds (Fig. 1B).
Increasing flow velocity induces a transition from the dripping phase,
where droplets form, to the jetting phase, which produces elongated jets.
These droplets and jets serve as the head and tail of the microrobots,
respectively. Characterizations are conducted to assess their morpholo-
gies, dimensions, chemical composition, and locomotion capabilities.
The adoption of magnetic actuation ensures operational safety by elim-
inating the need for harmful chemical fuels. Lastly, the imaging by the
ultrasound imaging system and the degradation experiments are con-
ducted, showcasing our microrobots’ potential for precise drug delivery
in clinical settings (Fig. 1C).

2. Materials and methods
2.1. Preparation and gelation of magnetic alginate solution

The concentration of 4% w/v sodium alginate solution was prepared
using the following procedure. First, 0.6 g Alginic acid sodium salt from
brown algae (71238-250G, Sigma-Aldrich, The Netherlands) was dis-
solved in 15 mL of deionized (DI) water. The mixture was magnetically
stirred for 3 hours in an oil bath at a speed of 500 rpm and a temperature
of 45°C. Then 0.25 g Fe;0, (637106-25G, Sigma-Aldrich, The Nether-
lands) was added to the prepared solution and uniformly dispersed using
sonication. The gelation of magnetic alginate solution occurred in 5%
w/v CaCl, solution, which was prepared by dissolving 2 g of calcium
chloride dihydrate (223506-25G, Sigma-Aldrich, The Netherlands) in
40 mL DI water. The contact with CaCl, solution was facilitated via
centrifugal pumping, where the centrifugal force was provided by a cen-
trifuge (5417 R, Eppendorf, The Netherlands). In the experiments, the
centrifuge’s revolution speeds varied from 1000 to 7000 revolutions per
minute (rpm). The corresponding relative centrifugal forces (also re-
ferred to as G force) for each speed were as follows: 1000 rpm (106 G),
2000 rpm (425 G), 3000 rpm (956 G), 4000 rpm (1699 G), 5000 rpm
(2655 G), 6000 rpm (3824 G), and 7000 rpm (2824 G).
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2.2. Viscosity and oscillatory shear rheology measurement

The dynamic viscosity and oscillatory shear rheology measurement
of magnetic alginate solution and hydrogel were performed at room tem-
perature (25 °C) using a rheometer (MCR 92, Anton Paar, The Nether-
lands) with a parallel-plate geometry (PP25, diameter: 25 mm). Shear
rates ranging from 0.01 s~! to 1000 s~! were applied to the solution, and
the rheometer recorded the resulting shear stress. The dynamic viscosi-
ties of the solution were calculated through the ratio of shear stress to
shear rate. In addition, an oscillatory test was conducted to investigate
the viscoelastic behavior of the solution and the hydrogel. Amplitude
sweeps were carried out to measure the storage and loss moduli. The
shear strain range was set from 0.1% to 1000% for the solution and
from 0.01% to 10% for the hydrogel, with an oscillatory frequency of 1
Hz.

2.3. Pendant drop method

The surface tension of the magnetic alginate solution was measured
using the pendant drop method. A three-prong clamp secured a syringe
filled with the solution to a vertical support rod. A camera (D5600,
Nikon Corporation, Japan) with a lens (AF-S 18-140 mm, Nikon Cor-
poration, Japan) was utilized to record the deformation of a droplet
suspended at the tip of the syringe. The droplet’s shape is determined
by the balance of the surface tension force and the gravitational force
acting on the droplet. The equation that estimates the surface tension ¢

2
ApgDE

can be given by, 6 = , where Ap is the density difference between
the magnetic alginate solution and air, g is the gravitational constant,
Dy, is the maximum diameter of the pendant droplet, and H character-
izes the deformation of the droplet due to gravity [29].

2.4. SEM characterization

Prior to SEM characterization, the magnetic alginate microrobots
were prepared through fixation, dehydration, and freeze-drying. The
fixation was conducted overnight in 2.5% glutaraldehyde solution (di-
luted in 50% glutaraldehyde solution, 340855-25ML, Sigma-Aldrich,
The Netherlands). The microrobots were dehydrated using a series of
ethanol gradients (25%, 50%, 75%, 100%) following the fixation. Sub-
sequently, the dehydrated samples were transferred to a freezing dryer
with a temperature of -108 °C and a pressure below 5 mPa. The as-
prepared samples were mounted in the carbon tape for further SEM
observation (Lyra 3 XM, Tescan, Czech Republic). Finally, the micro-
robots were analyzed using SEM imaging and EDS elemental mapping
at an electron beam voltage of 7 KV. To enhance their conductivity, a
20 nm thick layer of gold was deposited on the microrobots.

2.5. Experimental setup

The locomotion experiments of the magnetic alginate microrobots
were carried out in an electromagnetic coil system, which can generate
a uniform magnetic field of up to 50 mT at its center. The currents ap-
plied to the electromagnetic coils were produced and amplified using
the XenusPlus EtherCAT (XE2-230-20, Copley Controls, Canton, USA).
This current output system was controlled by a C++—based program.
The locomotion of the microrobots was recorded at a rate of 25 frames
per second using a microscopic observation setup, which consisted of a
charge-coupled device camera (AVA1000-100GM, Basler AG, Ahrens-
burg, Germany) and an optical microscope with a 2x objective lens.
To conduct ultrasound imaging of the microrobots’ motion and degra-
dation, the experiment setup was comprised of an ultrasound imaging
system (L14-5 scanner, Ultrasonix Medical Corporation, Canada), a wa-
ter tank including the magnetic microrobots, and a permanent NdFeB
magnet. The imaging probe held by a robot arm (Research 3, Franka
Emika, Germany) was obliquely submerged into the water tank with an
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image frequency of 14 MHz and a depth of 1 cm. The permanent mag-
net was driven by a stepper motor, providing a rotating magnetic field
to actuate the microrobots.

2.6. Finite element analysis

Finite element analysis is conducted in COMSOL Multiphysics (ver-
sion 6.2, COMSOL AB, Sweden) to investigate flow profiles of the mi-
crorobots, as well as the formation of teardrop-like and tadpole-like
flows. The modules and boundary conditions are indicated below for
each simulation result. In Fig. 2A, laminar flow, level set, and multi-
physics modules were utilized to simulate the formation of teardrop-like
and tadpole-like flows. The laminar flow module featured an inlet at the
top of the nozzle and an outlet at the bottom of the centrifuge tube. To
facilitate the flow extrusion, we introduced a volume force that simu-
lated centrifugal force and varied with revolution speeds. The level set
module assigned initial values 1 to the air phase (0 < ¢ < 0.5) and ini-
tial values 2 to the liquid phase (0.5 < @ < 1). The initial interface was
positioned at the nozzle tip. Within the multiphysics module, the prop-
erties (including density and dynamic viscosity) of air and the magnetic
alginate solution were specified, and the surface tension coefficient was
measured using the pendant drop method. To simulate the extrusion
velocities depicted in Figs. 2C and S3, the laminar flow module was em-
ployed. The inlet was set at the top of the nozzle, and the outlet was
positioned at the nozzle tip. As part of the initial boundary conditions,
the volume force was introduced to simulate the centrifugal force, which
was adjusted according to the revolution speeds. The nozzle model was
calibrated to match the actual dimensions of real needles. A Laminar
flow module was utilized to simulate the flow profiles in Figs. 5B, S9B,
and S10. The boundary conditions specified an inlet at the left boundary
of the pipe and an outlet at the right boundary, with zero inlet flow ve-
locity applied. Moving mesh settings included a deforming domain and
prescribed deformation to represent rolling and stick-slip motions. For
the rolling motion, the angle a between the major axis along the Feret
diameter and x axis varied as a = 2z ft, where f represented the ro-
tating frequency. The stick-slip motion involved an oscillating pattern,
with the angle a varying as @ = A * sin(2z ft), where f was the oscillat-
ing frequency and A was the maximum oscillating angle. To implement
these motion patterns, we prescribed the deformation using the equa-
tion dx = ((cosa — 1) * X + (—sina) * Y,sina % X + (cosa — 1) = Y)T,
where (X, Y) represents the coordinates of the microrobots at the pre-
vious time instant.

3. Results and discussions
3.1. Fabrication of magnetic alginate microrobots

Sodium alginate is selected as the material of the microrobots due
to its biocompatible and biodegradable properties [30]. A facile method
is proposed to fabricate the microrobots, as shown in Fig. 1A. The al-
ginate solution mixed with Fe;O, nanoparticles is pumped from the
nozzle by centrifugal forces and subsequently comes into contact with
the CaCl, solution within a centrifuge tube. This contact initials the gela-
tion process, where the liquid alginate solution transforms into a solid
gel. During this process, Ca®* ions form links between alginate chains to
create a three-dimensional network. The existence of magnetic nanopar-
ticles enables the actuation of microrobots in a magnetic field. Note
that the centrifugally driven flow, and consequently the shape and the
dimension of the microrobot, can be controlled by adjusting the revo-
lution speeds of the centrifuge. The variability of the revolution speeds
allows for the fabrication of teardrop-like and tadpole-like microrobots.

3.2. Characterization and formation simulations of magnetic alginate
microrobots

Several factors, including viscoelasticity, density, surface tension,
and flow velocity of the magnetic alginate solution, play an important
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role in droplet formation when the solution is centrifugally expelled
from the nozzle. A rheological study is conducted on the solution to
investigate its viscosity and viscoelasticity (see Materials and Methods).
Shear stress on the solution was measured with a rheometer across a
range of shear rates, as exhibited in the red curve of Fig. S1A. Dynamic
viscosities of the solution, calculated from the slope of the red curve, are
depicted in the blue curve. The magnetic alginate solution is character-
ized by decreasing viscosities with increasing shear rates, indicating its
shear-thinning behavior. Fig. S1B-I shows the storage modulus (G) and
loss modulus (G'’) of the solution. The viscous behavior of the solution
dominates its elastic behavior, as indicated by the fact that G” exceeds
G'. Fig. S1B-1I displays the viscoelastic behavior of the magnetic algi-
nate hydrogel. The storage modulus (G’) and the loss modulus (G")
significantly increase after the sol-gel transition. Upon reaching a criti-
cal shear stress, microcrack formation occurs in the gel, increasing G’
after the plateau. This is because the broken bridge fragments in the
gel move and generate internal viscous friction. With the continuously
increasing shear stress, the microcracks grow and merge into a macro
crack. The entire gel begins to flow and the viscosity of the gel will ex-
ceed its elasticity. In addition, the density of the solution is determined
by weighing the solution with a known volume, while the surface ten-
sion of the magnetic alginate solution is measured using the pendant
drop method (see Materials and Methods and Fig. S2). The molecules
in the solution exhibit strong cohesive forces, facilitating the formation
of a spherical flow. However, the centrifugal force distorts the spherical
shape to a prolate ellipsoid. The finite element analysis method, which
considers the interplay between liquid and air phases and the impact of
centrifugal force, is essential to comprehend the formation mechanism
of the magnetic alginate microrobots.

Level set methods have been employed in various applications such
as incompressible two-phase flows [31], viscoelastic fluid flows [32],
and fluid-structure interactions [33]. In this study, we utilize the two-
phase level set method to track the moving liquid interface [34,35]. The
two-phase level-set equation is given by,
a_"’+u.v¢:yv.<gv¢_¢(1_(p)&>, &
ox Vol
Here u is the flow velocity, and the level set function, ¢, which ranges
from O to 1, indicates the phase: values below 0.5 denote the air phase,
and those above 0.5 indicate the liquid phase. The parameter y denotes
the reinitialization parameter, while £ controls the thickness of the in-
terface. Additionally, the dynamics of the magnetic alginate solution
during centrifugal pumping is governed by the following equations,

du Vu=V. |- T
Py +p-Vyu=V- [-pl+u (Va+(Vo)" )| +Fy +F, @

V.-u=0,
where p is the solution’s density, ¢ is time, p is pressure, I is the identity
matrix, u is the viscosity of the solution, F is the surface tension force,
F, is the centrifugal force exerted on the solution. These forces can be
expressed by the following equations,

Fy = nd,on, F, = —mw’ri, 3

where d, is the diameter of the nozzle, ¢ is the surface tension of the
solution, 1 is the unit vector along the axial direction of the nozzle, m
is the mass of the extruded liquid, w is the revolution speed of the cen-
trifuge, r is the distance of the solution from the central axis of rotation,
and w?r represents the relative centrifugal force.

After substituting Equation (3) into Equations (1) and (2) and solving
the governing equations, the extrusion of the magnetic alginate solution
from the nozzle was simulated. The simulation depicts the emergence of
teardrop-like and tadpole-like flows under varying revolution speeds, as
illustrated in Fig. 2A. The dripping and jetting regimes of the flow con-
tribute to its final morphology. During the dripping regime, a pendant
droplet forms at the nozzle tip when the centrifugal force is applied. This
droplet grows in size due to the continuous supply of the solution. The
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surface tension force acts to minimize the droplet’s surface area, whereas
the centrifugal force attempts to detach the droplet from the nozzle tip.
The break-off of the droplet occurs when the centrifugal force balances
the surface tension force. In the jetting regime, the droplet extends to
a long tail owing to the increasing centrifugal force. Viscous resistance
resists the elongation and break-off of the tail, thus stabilizing the ex-
truded flow’s shape. On the contrary, the Plateau-Rayleigh instability
would lead to thinning of the flow at the tail segment. The break-off of
the flow occurs when the viscous resistance can no longer maintain the
integrity of the tail [36]. Lastly, the tail partially retracts back into the
droplet, which is influenced by both the flow velocity and the elasticity
of the solution. Fig. 2A-I and Il illustrates the simulated flow obtained at
low and high revolution speeds, respectively. The surface tension and
the centrifugal force result in the formation of a droplet flow, as dis-
played in Fig. 2A-I. Subsequently, a short tail emerges because the low
revolution speed brings about limited fluid volume ejected from the noz-
zle. This tail retracts owing to elastic and inertial forces within the fluid.
Ultimately, a teardrop flow is produced and becomes a gel after con-
tact with CaCl, solutions. At the high revolution speed, the droplet is
initially formed, and then the tadpole-like flow with the longer tail is
extruded until the Plateau-Rayleigh instability occurs. The tail retrac-
tion is negligible compared to its overall length, as depicted in Fig. 2A-II.
Our simulations indicate that as the revolution speed increases, the flow
transitions from the dripping to the jetting regime, resulting in a shift
from teardrop-like to tadpole-like flows.

Guided by the simulation results, we fabricated the magnetic algi-
nate microrobots by varying nozzle diameters and revolution speeds.
Fig. 2B presents the micrographs and phase diagram of microrobots un-
der various experimental conditions. As the revolution speeds increase,
the microrobots transform through three stages: teardrop-like micro-
robots, tadpole-like microrobots, and clusters. Shape transitions of the
microrobots come at varying revolution speeds depending on the noz-
zle diameters. During the fabrication, the needles with diameters of 159
um (30 gauge), 260 um (26 gauge), and 413 um (22 gauge) are used
and referred to as S-, M-, and L-sized nozzles below. The teardrop-like
and tadpole-like microrobots were fabricated using the L-sized nozzle
at revolution speeds of 1000 and 2000 revolutions per minute (rpm),
respectively, as indicated by the black circle and red triangle symbols
in the phase diagram. The blue square symbols denote the formation of
clusters. Using the M-sized nozzle, the shift from the tadpole-like micro-
robots to undesired clusters occurs at 5000 rpm. To avoid the formation
of clusters, the revolution speed should be kept below 6000 rpm when
utilizing the S-sized nozzle. Notably, the change in nozzle diameters and
revolution speeds results in the variation of the flow’s extrusion velocity
V. at the nozzle tip. Fig. S3 details the V,, using the S-, M-, and L-
sized nozzles at 1000 rpm. The extrusion velocity has the highest value
at the center of the cross-section and decreases to zero at the nozzle walls
due to the no-slip boundary condition. The maximum velocity is used to
represent the extrusion velocity. The heatmap in Fig. 2C correlates the
simulated extrusion velocity with experimental conditions. After analyz-
ing these results with the phase diagram, we determined that the shift
from the teardrop-like microrobots to the tadpole-like microrobots oc-
curs at extrusion velocities between 1.7 mm/s and 3.0 mm/s. Moreover,
the heatmap indicates that the undesired clusters are produced when
the extrusion velocity exceeds 13.9 mm/s. The extruded velocities of
the different nozzles at varying revolution speeds have been theoreti-
cally studied. These simulations can thus guide the fabrication process,
allowing for the prediction of microrobot shapes under varying exper-
imental conditions (see the regions surrounded by the colored lines in
Fig. 20).

The extrusion velocity not only shapes the microrobots but also
impacts the yield of the microrobots. Table S1 displays the yield of
magnetic alginate microrobots under different experimental conditions,
ranging from 5 to 12,000 per minute. This variance demonstrates a pos-
itive correlation with the extrude flow velocity simulated in Fig. 2C,
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Fig. 2. Characterization, phase diagram, and simulation results (see Materials and Methods). (A) Simulation results show the formation of (I) a teardrop-like flow
and (II) a tadpole-like flow over time. The colormap represents the flow velocity u. (B) Micrographs and phase diagram of the magnetic alginate microrobots with
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electron microscope (SEM) imaging and energy-dispersive X-ray spectroscopy (EDS) elemental mapping images of O, Fe, Na, and Ca in (I) the teardrop-like and (II)

the tadpole-like microrobots.

indicating that higher extrusion velocities facilitate greater yield. To
clarify the influence of the extrusion velocity on the microrobots’ mor-
phology, Fig. 2D presents scanning electron microscope (SEM) images
that feature the teardrop-like and tadpole-like microrobots. Notably,
the tadpole-like microrobot shown in the SEM image was produced at
a lower revolution speed compared to that in the micrograph. More-
over, the dehydration process during SEM sample preparation can lead
to shrinkage of the magnetic alginate microrobots. Thus, the tail lengths
of the tadpole-like microrobots in the SEM and optical brightfield mi-
crographs are distinct. A zoom-in SEM image on the tail of a tadpole-like
microrobot and the corresponding EDS elemental mapping images of Na
and Ca are presented in Fig. S4. The Na EDX signals are less distinct from
the grid background, which we attribute to the relatively small amount
are replaced by Ca?* dur-
ing the gelation process. The presence of Fe;O, clusters on the surface

of Na element in the robots, as most Na™

of the magnetic microrobot is indicated by the enlarged SEM image in
Fig. S5A. In conjunction with these observations, energy-dispersive X-
ray spectroscopy (EDS) mapping analysis reveals the coexistence of O,
Fe, Na, and Ca elements. The elemental analysis in Fig. S5B demon-
strates an atomic percentage of 73.55% C, 22.75% O, 1.06% Fe, and
2.64% Ca. The weight ratio of Fe;0, within the microrobot is calcu-
lated to be around 5.79%.

3.3. Size scalability of magnetic alginate microrobots

To understand the effect of the nozzle diameters and the revolu-
tion speeds on microrobot dimensions, we analyzed teardrop-like and
tadpole-like microrobots produced under various conditions. The di-
mension of these microrobots decreases as the inner diameter of the
nozzle narrows, as shown in the SEM micrographs of Fig. 3A and the
optical brightfield micrographs of Fig. S6A. Moreover, increasing the
revolution speeds results in the tail elongation of tadpole-like micro-
robots (see Fig. 3B and Fig. S6B). Hence, it is essential to understand
the relationship between the dimensions of these microrobots and ex-
perimental conditions.

Two terms regarding the dimension of the magnetic alginate micro-
robots, Feret diameter, and MinFeret diameter, are first introduced. The
Feret diameter of the microrobot refers to the longest distance between
any two points along the perimeter of the tadpole-like microrobot’s head
or the teardrop-like microrobot, also known as the maximum caliper
diameter. The MinFeret diameter represents the minimum caliper di-
ameter. These dimensions of the microrobots obtained via the corre-
sponding experimental conditions are displayed in the first two columns
of Fig. 4A. At a revolution speed of 1000 rpm, the Feret diameters av-
eragely decrease from 649 pum to 420 pum, and the average MinFeret
diameters decline from 374 pm to 321 pum across the L-, M-, and S-sized
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Fig. 3. SEM images of (A) teardrop-like microrobots fabricated using the L-, M-, and S-sized nozzles at 1000 rpm, and (B) tadpole-like microrobots fabricated using
the S-sized nozzle at increasing revolution speeds (including 3000 rpm, 4000 rpm, and 5000 rpm). The L-, M-, and S-sized nozzles refer to the 22-, 26-, and 30-gauge

needles, respectively, with the diameters of 413 pm, 260 pm, 159 pm.

nozzles. With a fixed nozzle diameter, both the Feret and the MinFeret
diameters decrease as the revolution speed increases.

As previously mentioned, the droplet breaks off when the centrifugal
force equals the surface tension force. Assuming a sphere flow detaches
from the nozzle tip, the diameter dgy,. Of the spherical flow can be
determined by the following equation [37],

5[6d,c
dsphere = pwzr . (4)

The predicted diameters of the spherical flow across various revolution
speeds using the L-, M-, and S-sized nozzles are plotted as black lines in
Fig. 4B. A noticeable deviation is observed in comparison to the experi-
mental data highlighted by blue and red error bars. To accurately reflect
the dimensions of the microrobots, the calibrated coefficients a,,,, and
amin are introduced to account for the shrinkage of the droplet in the
directions of the Feret and the MinFeret diameters, respectively. This
shrinkage can be attributed to the volume loss during the gelation of
the alginate solution. The revised equation for estimating the Feret and
the MinFeret diameters of the microrobot is as follows,

5/ 6d,0 .
dy=(1—ay) 2, (X = min, max). 5)
pPw3r

The fitted blue and red lines in Fig. 4B, representing the predicted Feret
and MinFeret diameters, respectively, closely align with the experimen-
tal data. The shrinkage coefficients a,,,, are determined to be -0.0808,
0.0173, and 0.0373 for the microrobots fabricated with the L-, M-, and
S-sized nozzles. The value approximately 0 of a,,, denotes nearly zero
shrinkage in the direction of the Feret diameter. Conversely, the shrink-
age coefficients a,;,, derived from the red lines’ fitting, have values of
0.3282, 0.2387, and 0.2203, which imply an approximate 26% shrink-
age along the MinFeret diameter. The values derived from the formula
combining these coefficients, 1 — (1 — gy, )(1 — ap;,)°, are calculated to
be 51.22%, 43.04%, and 41.47%, reflecting the volume shrinkage of the
microrobot’s volume after the gelation. Further analysis, depicted in Fig.
S7, reveals additional relationships between nozzle diameter and micro-
robot dimensions. The shrinkage coefficients along the Feret diameter,
Qpax» are -0.0553 and 0.0575 for the microrobots fabricated under 1000

and 2000 rpm, respectively. The shrinkage coefficients along the Min-
Feret diameter, a,;;,, have values of 0.3193 and 0.2682. These shrinkage
ratios along the Feret and MinFeret diameters are in good agreement
with the values calculated from the curves in Fig. 4B. The calculated vol-
ume shrinkage of the microrobots after gelation is 51.10% and 49.53%,
respectively, when fabricated at 1000 and 2000 rpm. This characteris-
tic is impacted by the concentration of magnetic alginate solution and
CaCl, solution. With the assumption of consistent volume shrinkage af-
ter the gelation, our findings enable the prediction of magnetic alginate
microrobots’ Feret and MinFeret diameters under various experimental
conditions.

The tail lengths of the tadpole-like microrobots are measured and
presented in the frequency histograms, which are fitted with the Gaus-
sian distribution (represented by solid lines in the third column of
Fig. 4A). It is observed that the tail lengths increase with the revolu-
tion speeds when the nozzle diameter remains constant. In particular,
the average tail length of the tadpole-like microrobot is 457 um using
the L-sized nozzle at 2000 rpm. With the M-sized nozzles, this length
ranges from 85 pum to 697 um as revolution speeds rise. For the S-sized
nozzles, the increase is from 51 pm to 447 um. The pinch-off of the
flow from the nozzle occurs when the centrifugal force overcomes the
viscous resistance and the surface tension force. This results from the
appearance of a thin neck in the flow, which ultimately collapses due
to Plateau-Rayleigh instability. A quantitative relationship between the
tail length and the experimental conditions is challenging to formulate
since the forces involved in this process are difficult to predict with ana-
lytical models. Thus, only the positive correlation of the tail length with
revolution speeds is reported.

3.4. Locomotion capability of magnetic alginate microrobots

The demonstrated scalability of our fabrication method allows for
tailoring microrobots’ dimensions, which are critical for their locomo-
tion capabilities under magnetic fields. The locomotion experiments
of the magnetic alginate microrobots are conducted in a glass petri
dish filled with deionized water. When actuated by a uniform magnetic
field with a strength of 25 mT, these microrobots settle near the wall
of the petri dish (see Materials and Methods and Movie S1). For the
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Fig. 4. Size distribution of teardrop-like and tadpole-like microrobots. (A) Frequency histograms show Feret diameters, MinFeret diameters, and tail lengths of the
microrobots fabricated using the (I) L-, (II) M-, and (III) S-sized nozzles (n = 50 for each figure). Histograms are fitted with Gaussian distribution (solid lines), and the
data is given by mean + standard deviation. (B) The relationship between the revolution speeds and the Feret diameters, the MinFeret diameters of the microrobots
obtained via (I) the L-, (I[) M-, and (III) S-sized nozzles. The black curves represent the fitting results through Equation (4). The blue and red curves are the best-fit
lines through Equation (5) according to the measured values marked by error bars. The fitting extent is expressed through the value of R,* (x = min, max), while a,
represents the shrinkage ratio of the extruded alginate solution after the gelation, as shown in the inset.

teardrop-like microrobots, a rotating field around the y axis is applied,
as illustrated in Fig. 5A-I. These microrobots are typical surface walk-
ers, achieving net translation through rolling near the surface [38,39].
The rolling motion is captured in the micrographs of Fig. 5A-I. The mi-
crorobot aligns its long axis to the field direction and rotates in the
same direction as the field. In contrast, the tadpole-like microrobots are
tested in an oscillating magnetic field along the y axis within the XOY
plane, as depicted in Fig. S8. They can swim via the undulation of the
tail, exhibiting a maximum velocity of about 110.4 um/s at 5 Hz. The
propulsion of our tadpole-like microrobot during the swimming motion
is driven by the deformation of its tail, which is composed of alginate hy-
drogels cross-linked with calcium ions. These hydrogels exhibit Young’s
moduli in the range of 100-600 kPa [40], making them suitable for cre-
ating deformable microstructures. The tail of the microrobot features a
tapered geometry that progressively reduces bending stiffness towards
the rear. This design concentrates the deformation at the rear, where
the tail is more flexible. Moreover, the tail’s high length-to-diameter
ratio allows it to bend more easily under the forces generated by the os-
cillating head. These small deformations contribute to the tadpole-like
microrobot’s swimming motion.

In comparison to the swimming motion, these microrobots show rel-
atively high locomotion efficiency in the stick-slip motion when in con-
tact with a substrate. Given that most current magnetic microrobots are
fabricated using high-density materials, such as high molecular weight
polymers, magnetic micro/nanoparticles, and metals, they tend to sink
to the substrate bottom. Therefore, interactions with a wall are in-
evitable for magnetic microrobots during locomotion. Rather than view-
ing this as a limitation, we leverage these wall interactions to improve
our microrobots’ locomotion capabilities. Our tadpole-like microrobot
exploits these interactions to achieve higher motility in stick-slip mo-
tion than its swimming motion. The stick-slip motion is induced under
an oscillating field around the y at an angle 6 of 60° axis within the
YOZ plane, as clarified in Fig. SA-II. The magnetic torque lifts the mi-
crorobot’s head during the first half of the cycle; subsequently, the head
descends with the field and strikes the wall boundary in the second half
of the cycle. This motion occurs when the contact point between the
microrobot and the wall boundary slips, similar to the stick-slip motion
observed by Pawashe et al. [41]. The simulated fluid dynamics around
the microrobots in rolling and stick-slip motions are depicted in Fig. 5B.
During the rolling motion, the flow velocity increases at the front and
the rear of the teardrop-like microrobot. Conversely, for the tadpole-like
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Fig. 5. Locomotion characterization of teardrop-like and tadpole-like microrobots. (A) Time-lapse micrographs of (I) the teardrop-like microrobot’s rolling motion
under a rotating magnetic field and (II) the tadpole-like microrobot’s stick-slip motion under an oscillating magnetic field with an oscillating angle of . White curves
represent their motion trajectories. (B) Simulated fluid distribution around (I) the teardrop-like microrobot under rolling motion and (II) the tadpole-like microrobot
under stick-slip motion (see Materials and Methods). (C) Frequency response curves of (I) teardrop-like microrobots’ rolling motion and (II) tadpole-like microrobots’
stick-slip motion. The legend describes the corresponding experimental conditions.

microrobot, the maximum flow velocity is observed at its tail end, with
considerably lower flow velocity around the head. This suggests that the
greater flow velocity at the tail enables the microrobot to move forward
during the stick-slip motion.

To clarify the role of the tail in the locomotion, we conduct compara-
tive experiments between the tadpole-like and teardrop-like microrobots
during the stick-slip motion. Our findings indicate the velocity along the
oscillating axis is negligible for the teardrop-like microrobot, in con-
trast to the significantly higher velocity observed for the tadpole-like
microrobot, as shown in Fig. S9A. Furthermore, we compute the fluid
distribution around both microrobots (Fig. S9B). The results demon-
strate that the presence of the tail leads to a larger flow velocity at
the rear end, underscoring the role of the tail in enhancing locomotion
during stick-slip motion. To further investigate the effects of the tail’s
length, width, and curvature on the rear flow velocity, we conduct sim-
ulations to compute the fluid distribution around the microrobots with
varying geometric parameters of the tail. Fig. SI0A demonstrates that
the rear flow velocity increases with the tail length. The higher flow ve-
locity at the tail’s rear results in a faster velocity, which corresponds
well with our observation that the tadpole-like microrobot exhibits a
faster stick-slip motion with a longer tail (Fig. 5C-II). Conversely, vari-
ation in the tail width gives rise to negligible changes in the rear flow
velocity, as depicted in Fig. S10B. Fig. S10C indicates the effects of the
maximum curvature at the rear half of the tail. As the tail’s curvature

increases, the maximum flow velocity shifts to the tail segment with the
maximum curvature, accompanied by a decrease in the rear flow veloc-
ity. This reduction might contribute to a decrease in the velocity of the
tadpole-like microrobot.

Next, the locomotion ability of each group of magnetic alginate mi-
crorobots was quantitatively assessed. During one rotation cycle, the
teardrop-like microrobot moves forward at a distance proportional to its
perimeter. Therefore, the teardrop-like microrobot’s velocity increases
with the perimeter size at a constant actuation frequency. This cor-
relation aligns with the experimental results shown in Fig. 5C-I. The
teardrop-like microrobots fabricated with the L-sized nozzle show the
maximum velocities of 1728 pum/s at 2 Hz. The velocity increases with
the frequency and decreases dramatically beyond the step-out frequency
[42]. Fig. 5C-I illustrates that teardrop-like microrobots of varying di-
mensions exhibit distinct step-out frequencies, ranging from 2 to 4 Hz.
The tadpole-like microrobots demonstrate considerably lower velocities
than the teardrop-like microrobots, yet they exhibit higher step-out fre-
quencies than the latter. Their frequency response curves are displayed
in Fig. 5C-II. The tadpole-like microrobots obtained at 2000 rpm using
the L-sized nozzle exhibit a maximum velocity of 346 um/s at 5 Hz. The
velocity would increase with the tail length, as demonstrated by the fre-
quency response curves of the tadpole-like microrobots fabricated using
the S- and M-sized nozzles. An exception was observed for those pro-
duced at 2000 rpm using the M-sized nozzle, which shows nearly zero
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Fig. 6. Ultrasound imaging of magnetic alginate microrobots. (A) Schematic of the experimental setup for magnetic actuation and ultrasound imaging of the
microrobots. (B) Time-lapse ultrasound images show (I) the rolling motion of a single microrobot, (II) the rolling motions of two microrobots, and (III) the degradation

of multiple microrobots.

velocities. This can be attributed to their respective short tail length
(around 85 pm) in contrast to the head size with the average Feret di-
ameter of 280 pm.

A summary of recent magnetic microrobots inspired by sperm, fish,
and tadpoles is presented in Table S2 to evaluate the locomotion ca-
pabilities of our tadpole-like microrobots. It outlines their fabrication
methods, step-out frequencies, maximum velocities, types of motion,
and locomotion efficiencies. During the swimming motion, the tadpole-
like microrobot achieves a locomotion efficiency of 0.13 body lengths/s
through its tail undulation. When it switches to the stick-slip motion,
the microrobot can improve the locomotion efficiency to 0.42 body
lengths/s. This motion mode employs both the tail undulation and inter-
actions with a wall. The improvement in locomotion efficiency consid-
ers practical environments, as most magnetic microrobots are operated
close to walls for locomotion and biomedical applications. The loco-
motion efficiency of our tadpole-like microrobots with the stick-slip
motion is comparable to or exceeds that of many existing tadpole-like
and sperm-like microrobots. Additionally, our tadpole-like microrobots
exhibit a step-out frequency of 5 Hz, which is modest but close to some
recent magnetic microrobots inspired by sperm and tadpoles [22,23,43].
For accurate tracking and control, magnetic microrobots are typically
actuated below 5 Hz for in vivo applications [44-46]. Consequently, our
microrobots maintain functional utility in practical biomedical scenar-
ios with a step-out frequency of 5 Hz.

To showcase the capabilities of two distinct motions, we performed
obstacle crossing and navigation in constrained spaces on the teardrop-
like and tadpole-like microrobots, as illustrated in Fig. S11 and Movie
S2. The teardrop-like microrobot utilizes rolling motion to success-
fully climb over the obstacle, while the tadpole-like microrobot, em-
ploying stick-slip motion, is unable to cross (Fig. S11A). Although the
teardrop-like microrobots demonstrate obstacle-crossing abilities and
higher speeds, they have limitations in environments with vertical con-
straints due to their rolling motion along their long axis. Each rolling
cycle of the teardrop-like microrobots involves a full rotation, which
could be restrictive when navigating them in environments with limited
vertical space. In contrast, the stick-slip motion of the tadpole-like mi-
crorobots does not undergo an entire rotation. This motion pattern and
compact design allow them to pass through the vertically constrained
channel, as shown in Fig. S11B. Such capability is crucial for potential
applications in the cardiovascular system or minimally invasive diag-
nostics in the gastrointestinal tract, where microrobots must navigate
through varied and confined spaces.

3.5. Ultrasound imaging of magnetic alginate microrobots’ locomotion and
degradation

The locomotion capability of microrobots is a prerequisite for mi-
crorobotic systems, tracking microrobots is also important after deploy-

ment. The localization of microrobots can be easily achieved through
a microscope in vitro. However, optical imaging proves ineffective in
vivo due to its limited ability to penetrate tissue. To overcome this
limitation, advanced imaging modalities, such as magnetic resonance
imaging (MRI), ultrasound (US) imaging, computed tomography (CT),
positron emission tomography (PET), and single-photon emission com-
puted tomography (SPECT) are incorporated into microrobotic systems
[47,48]. In this study, a US imaging system was utilized to track the
position of the magnetic alginate microrobots, capitalizing on the acous-
tic impedance mismatch between the microrobot and the surrounding
fluid. Magnetic actuation systems, including systems with permanent
magnets and systems with electromagnets, are commonly employed to
actuate microrobots [49,50]. Considering the specific requirements for
a large operational area, permanent magnet systems are favored for in
vivo applications [51-53]. The experimental setup, which includes a ro-
tating permanent magnet system and a US imaging system, is illustrated
and presented in Fig. 6A and Fig. S12.

The locomotion and degradation of the magnetic alginate micro-
robots were monitored via the US imaging systems (see Materials and
Methods, Movies S3, and S4). In the experiment, these microrobots were
placed in a water tank, while the US probe was submerged in the wa-
ter at an angle of 45° [54]. Notably, the teardrop-like microrobots and
the tadpole-like microrobots exhibited rolling motion in the presence
of the rotating permanent magnet. The US imaging experiments were
conducted on the teardrop-like microrobots fabricated at 1000 rpm us-
ing the L-sized nozzle, whose average Feret diameter is 649 pum. The
US imaging system was operated at its highest frequency of 14 MHz to
enable the highest pixel resolution. Time-lapse sequences of the rolling
motions of single and two teardrop-like microrobots are presented in
Figs. 6B-I and 6B-II. Furthermore, the stability and degradation of the
magnetic alginate microrobots were validated in the simulated gastric
fluid (pH = 1.2) and the phosphate-buffered saline (PBS) solution (pH
= 7.4). Fig. S13 indicates the microrobots can remain intact within the
acid fluid for one day and completely degrade in the PBS in one hour.
The degradation of the multiple microrobots was captured by the US
imaging system, as shown in Fig. 6B-III. The imaging signal intensity of
the microrobots weakens over time, implying their degradation. After
20 min, the weak imaging signal can still be observed. This is because
the clusters of magnetic nanoparticles remain adhered to the substrate
after the degradation of the alginate hydrogel. The degradation can be
attributed to the swelling of the alginate particles in the PBS solution
[55], offering the potential to achieve drug release using these alginate
microrobots. Moreover, the stability in acidic fluids can ensure the mi-
crorobots’ integrity when passing through the stomach, making them
suitable for use in orally administered pharmaceutical pills [56].



Z. Wang, W. Li, C. Li et al.
4. Conclusion

In summary, we present a simple and high-throughput fabrica-
tion method for constructing magnetic alginate microrobots, including
teardrop-like and tadpole-like microrobots, using a centrifugally driven
flow. The dimensions of the teardrop-like microrobots can be adjusted
by tuning the nozzle diameters, while the tail lengths of the tadpole-like
microrobots vary with the revolution speeds. Our simulation results re-
veal that the extruded flow velocity varies with the nozzle diameters and
revolution speeds, enabling customization of the microrobots’ shapes
and dimensions. A quantitative analysis of the microrobots’ dimensions
is thoroughly performed and validated against experimental measure-
ments. Moreover, the teardrop-like and tadpole-like microrobots can ex-
hibit rolling and stick-slip motion by programming the external fields to
capitalize on their different morphologies. The dual-motion patterns of
our microrobots enable them to perform different tasks, including obsta-
cle crossing and navigation in vertically constrained spaces. Moreover,
the tadpole-like microrobots achieve locomotion performance compara-
ble to or better than some of the more complex and costly bioinspired
magnetic microrobots. Last, the locomotion and degradation of these
microrobots are successfully detected with a clinical US imaging sys-
tem. The biodegradability of our microrobots opens up possibilities for
cargo/drug delivery, as cargo or drugs can be encapsulated within the
microrobots during fabrication and released after complete degrada-
tion. This feature, combined with their dual-motion patterns and effi-
cient locomotion, positions our microrobots as versatile tools for various
biomedical applications.

In addition to alginate sodium, the proposed fabrication method is
versatile in material selection. It can employ any monomer that un-
dergoes a sol-gel transition when exposed to liquid crosslinkers. This
adaptability enables the incorporation of specialized functional materi-
als, designed to fulfill the specific functionalities of microrobots. Nev-
ertheless, our current work needs further exploration. While the com-
parable locomotion efficiency of our microrobots to existing sperm-like
and tadpole-like microrobots, our results indicate a step-out frequency
of 5 Hz. Given that most previous studies on the wireless actuation of
microrobots have been conducted below their step-out frequencies, in-
creasing the step-out frequency of our microrobots is crucial. Strategies
to achieve this include increasing the strength of the applied magnetic
field, using high-magnetization materials, and modifying the surface
wettability of the microrobots. Furthermore, the teardrop and tadpole
contours have been known to reduce fluidic drag during translating mo-
tion. The motion modes presented in our study do not fully capitalize
on this streamlined contour of the microrobots, as the fluid flow does
not consistently move smoothly around the streamlined contour during
locomotion. This indicates the necessity for additional research to inves-
tigate how these streamlined contours can be better utilized to enhance
locomotion efficiency or upstream motility. In future research, we can
explore these effects by employing the actuation of magnetic force or
catalytic reaction to achieve translating motion.
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