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Reconfigurable magnetic microrobot swarm:
Multimode transformation, locomotion,
and manipulation
Hui Xie1*†, Mengmeng Sun1†, Xinjian Fan1†, Zhihua Lin1, Weinan Chen1, Lei Wang1,
Lixin Dong2,3*, Qiang He1*

Swimming microrobots that are energized by external magnetic fields exhibit a variety of intriguing collective
behaviors, ranging from dynamic self-organization to coherent motion; however, achieving multiple, desired col-
lective modes within one colloidal system to emulate high environmental adaptability and enhanced tasking ca-
pabilities of natural swarms is challenging. Here, we present a strategy that uses alternating magnetic fields to
program hematite colloidal particles into liquid, chain, vortex, and ribbon-like microrobotic swarms and enables
fast and reversible transformations between them. The chain is characterized by passing through confined narrow
channels, and the herring school–like ribbon procession is capable of large-area synchronized manipulation,
whereas the colony-like vortex can aggregate at a high density toward coordinated handling of heavy loads.
Using the developed discrete particle simulation methods, we investigated generation mechanisms of these four
swarms, as well as the “tank-treading” motion of the chain and vortex merging. In addition, the swarms can be
programmed to steer in any direction with excellent maneuverability, and the vortex’s chirality can be rapidly
switchedwith high pattern stability. This reconfigurablemicrorobot swarm can provide versatile collectivemodes
to address environmental variations or multitasking requirements; it has potential to investigate fundamentals in
living systems and to serve as a functional bio-microrobot system for biomedicine.

INTRODUCTION
Nature provides a repertoire of examples of living systems organized
in a coordinated manner to solve complex problems and to complete
tasks that transcend individual capabilities. For example, a colony of
ants can collectively achieve complex tasks such as constructing nests
(1) and gathering large prey (2); herrings swimming in a grid can suc-
cessfully capture very alert and evasive copepods in a synchronizedway.
Inspired by natural swarming, a variety of artificial swarm robotic
systems composed of relatively unsophisticated robots that can achieve
local interaction–guided complex collective formations (3, 4) or exhibit
cognitive abilities in complex task sequencing (5) have been reported.
These robot swarms can partly mimic natural living systems by devel-
oping advanced collective algorithms and large-scale decentralized
systems that rely on decreasing price and increasing performance of
drive and communication hardware.

Recently, micro- and nanorobots have demonstrated great po-
tential for in-body diagnosis and treatment at the cellular or even
molecular level, which requires a tiny robot with great precision
and robustness (6). However, integrating drive and sensing functions
into micro- and nanoscale robots remains a challenge. In addition,
because of the limited capabilities of a single micro- and nanorobot,
only a vast number of collaborative micro- and nanorobots with in-
dependent drive and locomotion capabilities would be able to treat
internal parts and organs of the human body that were previously
inaccessible or to offer high-contrast bioimaging of the disease site.

Fortunately, colloidal systems composed of microscopic active agents
provide a promising candidate to build such a micro- and nanorobot
system. Powered by external magnetic fields (7–10), electric fields
(11, 12), light (13), or chemical reactions (14), self-propelled colloidal
individuals can form a swarm-level out-of-equilibrium system via
physical or chemical interactions rather than informatic communica-
tions in the macrorobotic swarm. Nevertheless, regulating swarming
micro- and nanobot systems with high flexibility to implement tasks
in dynamically changing environment remains challenging, because
relevant fundamental mechanisms, swarm-environment interactions,
and the highly flexible coordination strategies in response to environ-
mental changes and task variations are still under investigation.

A simple interactive alignment among a large number of active en-
tities leads to the emergence of large-scale collective behavior. Although,
in theory, substantial progress has beenmade in understanding the col-
lective behavior of out-of-equilibrium systems (15–19), quantifying the
agent-agent interactions is still the central problem when attempting
to reveal the guiding principle of swarm behavior. In addition, the
rich and diverse collective self-organization of recently identified colloi-
dal systems—such as clustering (20–22), flocking (23), schooling (24),
and self-organizing dynamic structures (9, 10, 25, 26) in forms of chain
(27), ribbon (28, 29), and vortex (10, 30, 31)—may provide some in-
sights for understanding complex collective behaviors in living systems.
Nevertheless, using the same colloidal system to mimic complex and
varied collective behaviors of living systems remains a challenge. This
may require us to further understand the relevant mechanisms and to
develop appropriate actuation strategies to programmatically regulate
agent dynamics and the interactions among the agents.

Here, we report a magnetic microrobot swarm that offers high flex-
ibility to collectively perform multiple tasks in a confined environment
through multimode transformation and locomotion. The experimental
systemwas realized by using peanut-shaped hematite colloidal particles
energized by an alternating magnetic field. Driven by different input
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magnetic fields, the individual microrobot exhibited multiple dynamic
modes of oscillating, rolling, tumbling, and spinning, which in turn
triggered a group of microrobots to self-organize into corresponding
swarm formations of liquid, chains (rolling columns), ribbon (tumbling
rows), and vortex, respectively. We uncovered the complex nontrivial
dynamics and generation mechanisms of different swarms by develop-
ing discrete particle simulation and computational methods. By tuning
the frequency of the rotating magnetic field and its polarization in a
three-dimensional (3D) space, we obtained a series of well-controlled,
fast, and reversible transformations among these four collective forma-
tions and demonstrated maneuverability of the swarms by high-
precision trajectory tracking. Experiments demonstrate high adaptability
and functionality of themicrorobot swarm: complex locomotion in con-
fined environments such as narrow paths and channels by reconfiguring
into the chain formation, coordinated handling of heavy loads well be-
yond an individual’s capability by aggregating into the ant colony–like
vortex, and large-area synchronizedmanipulation by reconfiguring into
the herring school–like ribbon procession.

RESULTS
System design
We addressed multimodal patterning, transformation, and locomotion
of the swimming microrobotic swarms for applications of multitasking
in complex environments. As shown in Fig. 1A,multiple desiredmodes
of swarming behavior can be synthetically programmed in the same col-
loidal systemby regulating the dynamics of the individuals. In the study,
the microrobotic system consists of a large number of peanut-shaped
hematite colloidal particles with a long axis length equal to 3 mm and
a short axis of 2 mm (inset in Fig. 1A). Themicrorobot has a permanent
momentm (m≈ 7 × 10−16 Am2) along its short axis. In the absence of

an external energization, the microrobots spontaneously aggregate into
amass because of their ownmagnetic dipole force. The external rotating
magnetic field (section S1) can be circularly polarized in any plane of 3D
space to excite themicrorobots in different motionmodes (e.g., oscillat-
ing, rolling, wobbling, tumbling, and spinning), which determine the
interaction among the active agents. The onset of large-scale collective
behavior significantly depends on such simple interaction, and changes
in the individual’s dynamics will trigger the emergence of various forms
of self-organizing systems.

The microrobot system exhibited an evenly distributed configura-
tion, called the liquid form (section S2), when a uniform vertical alter-
natingmagnetic fieldHl(t) =Hl[sin(wt)ez] energizes the microrobots to
oscillate at a rate of Vl; here, Hl is the magnitude of Hl(t) (subscript l
represents the swarm formation of liquid; hereafter, c, v, and r represent
swarm formations of chain, vortex, and ribbon, respectively), w is the
angular frequency of the magnetic field, t is the time, and ez is the unit
vector along the z axis (hereafter, ex and ey is that along the x and y axes,
respectively). Furthermore, when applying a circularly polarized rotat-
ing magnetic field in the x-z plane, given by Hc(t) = Hc[cos(wt)ex −
sin(wt)ez], the microrobots rolled and polymerized into connected
chain arrays (procession is along the alignment direction with a ve-
locity of Vc) because of the dipole and hydrodynamic interactions
among them. Specifically, the adjacent chains can be merged to
evolve into longer chains. In addition, the rotating magnetic field
Hv(t) =Hv[cos(wt)ex − sin(wt)ey] in the x-y plane resulted in the spin
motion of the microrobots. Dynamic vortex arrays that span the en-
tire colloidal system eventually emerged with constant collisions and
fusion among the spinningmicrorobots. The fusion of two neighbor-
ing vortices with the same polarity was observed over time, and the
chirality of the vortices was easily transferred by varying the spin di-
rection of individual agents. Last, ribbon arrays (a procession direction
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Fig. 1. Multimode transformations and collective manipulation. (A) Schematic of four programmable collective formations and the transformation between them.
The hematite colloidal microrobots (inset) with the magnetic momentm were energized by alternating magnetic fields. The collective formations—liquid, chain, vortex,
and ribbon—were programmatically triggered by alternating magnetic fields of Hl(t), Hc(t), Hv(t), and Hr(t), respectively. Moreover, it is possible to program the fast,
reversible transition between these four formations. (B) Schematic showing collective manipulation capabilities of microrobotic swarms that emulate biological swarms:
passing through a confined channel (C), handing large loads (V), and large-area synchronized manipulation (R) by reconfiguring into narrow chains, ant colony–like
vortices, and a herring school–like ribbon procession, respectively.
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perpendicular to the alignment with a velocity of Vr) were observed
in a system of tumbling microrobots driven by a conical magnetic field
Hr(t) = Hxex + Hr[cos(wt)ez − sin(wt)ey]; here, Hx is a DC component
along the x axis. The ribbon, which consists of microrobots that are
parallel to one another along their long axes, is an energetically favorable
configuration due to the permanentmagneticmoment. By reorganizing
to follow the change in the magnetic field’s polarization direction, all
swarms in different formations can rapidly change their direction of
motion.Moreover, because of the versatility of themode transformation,
the microrobotic system is capable of passing through the confined
channel in the narrow chain formation, handling large loads (translation
rate Vv) in the colony-like vortex formation (angular velocity wv) and
large-area synchronized manipulation in the herring school–like ribbon
procession (Fig. 1B).

Individual microrobot dynamics
To investigate the origin of the collective behavior, we first studied the
dynamics of the individualmicrorobots in a very low concentration sys-
tem, where the particle interactions are negligible. In the rotating
magnetic fieldHc(t), the microrobot rolled around its long axis (x axis)
with a mean angular velocity of ŵ, owing to a magnetic torque equal
to Tm = m0(m ×H); here, m0 is the vacuum permeability equal to 4p ×
10−7 Hm−1. The microrobot cannot produce a net displacement in
the reciprocal motionmode at low Reynolds numbers (Re≪ 1) (32).
Once there is a boundary at the bottom, the microrobot rolls along
the surface because the apparent viscosity increases toward the sur-
face. As shown in Fig. 2A, below a critical frequency wcl (2pfcl), the

velocity of the microrobot is proportional to the driving frequency,
with ŵ ¼ w. For w > wcl, the microrobots can no longer follow the
drive synchronously because of the marked increase in the liquid-
induced viscous torqueTvisco ¼ �8phŵr3 (r is the equivalent radius
of the microrobots and h is the fluid viscosity). In this case, ŵ can be
estimated by ŵ ¼ w 1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1� ðwc1=wÞ2Þ

p� �
. We observed that the

chain often emerges in the low-frequency band (yellow region) within
the sync area.

When applying the rotating magnetic fieldHv(t), the microrobot
rotated around the z axis. As the drive frequency increased, the angle
q between the microrobot’s long axis and the z axis underwent a pro-
cess of first decreasing and then increasing. A similar dynamical be-
havior of paramagnetic ellipsoidal particles has been observed under
a conically rotating magnetic field (33). As shown in Fig. 2B, we quan-
tified this process with a normalized projected area S/S0; here, S0 is the
projected area occupied by the vertically rotatingmicrorobot. The angle
q was about 90° at a frequency of 1 Hz, where the microrobot accounts
for the largest projected area. At a frequency of about 20Hz, q decreased
to 0, which resulted in the smallest projected area. When the frequency
exceeded 30 Hz, q increased from 0° to 90°, and the microrobot even-
tually laid down again on the surface. Our findings demonstrate that the
frequency range of 15 to 75 Hz is the band (orange region) that is most
effective for the emergence of the vortex.

The microrobots exhibited a tumbling motion under the conical
magnetic fieldHr(t). Because of the DC componentHx, the microrobot
rotated at a tilt angle y between its long axis and the rotating axis of the
magnetic field, as shown in Fig. 2C. The precessing microrobot was
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Fig. 2. Individual microrobot dynamics and corresponding collective formations. (A) Average velocity v versus the driving frequency f of a rolling microrobot (insets)
subjected to a circularly polarized rotating field in the y-z plane (the bottom inset) with an amplitude of Hc = 4000 A m−1. The yellow area indicates the formation interval of
the chain (about 1 to 20 Hz). Error bars indicate SD. (B) The relationship between the projected area of a spinning microrobot (insets) and the input frequency. The orange area
indicates the formation interval of a vortex (about 15 to 75 Hz) under the magnetic field Hv(t), which is characterized by Hv = 2000 A m−1 circularly polarized in the x-y plane.
(C) Averaged velocity v as a function of driving frequency f of a tumbling microrobot (insets) subjected to a conical field (Hr = Hx = 4000 A m−1). The green area indicates the
formation interval of the ribbon (about 25 to 250 Hz). (D) Snapshots (20×) from the left to right showing swarming patterns of the liquid (Hl = 4000 A m−1, f = 10 Hz), chain (Hc =
4000 A m−1, f = 5 Hz), vortex (Hv =2000 A m−1, f = 30 Hz), and ribbon (Hr = Hx = 4000 A m−1, f = 150 Hz) in the microrobotic system. Scale bars, 50 mm.
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characterized by a wobbling motion under a low frequency due to the
rotation-translation hydrodynamic coupling. As the drive frequency
increased, the microrobot motion gradually transitioned to tumbling
mode due to the increase of the resistance. In addition, its translational
velocity first increased and then decreased, with a critical frequency (fc2)
of about 34 Hz. Self-organization of the ribbon swarm was more likely
to occur in the tumbling microrobot system. A wide frequency range of
about 25 to 250Hz is an effective band (green region) for the emergence
of the ribbon.

When the density of the microrobots increased, neighboring agents
started to interact. Each agent was subjected to a magnetic dipole force
Fm, a hydrodynamic thrust force Ft, a repulsive force Fr, a hydro-
dynamic attractive force Fa (only vortex), and a net force of gravity
and electric repulsion Fn (see Materials and Methods). On the basis
of Stoke’s law (34), the microrobot was also subjected to a drag force
when moving in a liquid with a velocity u, given by Fd = 6phau. When
the Reynolds number was low, a dynamic equilibrium among the
abovementioned forces could be obtained

∑
N

a¼1;b≠a
fFma;b þ Fta;b þ Fra;bg þ Fa þ Fn ¼ Fd ¼ 6phaðv � v0Þ ð1Þ

where a and b are indexes of the microrobots and v0 represents the
mean velocity of an isolated microrobot that can be experimentally
measured. The velocity v of the individual microrobot in an active sys-
tem will be displaced with the velocity of the fluid flow (25). With this
model, it is possible to accurately determine the complex dynamics of
the individual microrobots. By tuning the magnetic field, we demon-
strated all of the regimes depicted in Fig. 2D (movie S1).

Emergence of the programmable chain
Driven by the rotating magnetic field Hc(t), the two adjacent, rolling
microrobots tended to interact because of the coupling of their fluid
fields and magnetic dipole forces (see section S3). At low frequencies
(f≤ 20 Hz), hydrodynamic interactions and the magnetic dipole forces
within the coupling formed a dynamic equilibrium, which resulted in
a stable rotating pair ofmicrorobots that roll forward together (Fig. 3B,
t = 0.28 and 2.10 s). As shown in the schematic diagram (Fig. 3A), the
rotating pair was capable of trapping additional microrobots that were
close to its trajectory, evolving into a tri-microrobot to more complex
dynamic chain structures [Fig. 3B (t = 2.74 s) and movie S2].

The chain’s generationmechanisms and collectivemotionwere ana-
lyzed and simulated on the basis of the investigation of the magnetic
attractive potential, hydrodynamic interactions, and viscous resistance
(Eq. 1). Figure 3C shows the simulation results on the motion be-
haviors of a chain composed of threemicrorobots (A, B, and C) using
LabVIEW.Unlike the “walking-like”motion andworm-like translation
of the chain formed by paramagnetic colloid particles (29), the spatial
trajectory of the microrobots in the x-z plane indicates that eachmicro-
robot (even the linkedmicrorobots) experienced a “tank-treading”mo-
tion during the advancement of the chain. Themicrorobot’s fluctuation
on the z axis made a positional exchange possible, and the hopping ad-
vancement along the x axis resulted in the movement of the chain.
As shown in Fig. 3D, this interesting behavior was observed by display-
ing the spatial positions of the microrobots on the x and z axes, sepa-
rately. The seven typical phases, illustrated in the top and side views,
describe the movement of the tri-microrobot chain during an entire
motion cycle (movie S2). More complicated motion behavior was ob-

served in the simulation results of the quad-microrobot chain (see sec-
tion S4). Longer chains (more than 100 microrobots) emerged
identically to the tri-microrobot one, except that the alternatingmotions
among the microrobots and their forward transmission were more
complicated.

Figure 3E shows themotion velocities (Vc) of chains composed of a
different number of microrobots (Ns) under the same drive frequencies.
Both the experimental (white square) and simulation data (blue dot)
indicate thatVc increased rapidly asNs increased to less than 6; then, the
growth rate of Vc gradually decreased until it reached a specific stable
value of about 6.5 mm s−1. This finding is mainly due to the superposi-
tion of the flow field to produce a stronger thrust. This superposition
effect is obvious with small Ns. As Ns increased, the effect became less
pronounced because of the averaging effect. This phenomenonwas also
observed under different magnetic drive frequencies and strengths. In
addition, Fig. 3F shows a linear increase in vc of the trimer (Ns = 3) and
the pentamer (Ns = 5) versus the magnetic field frequency ( f ). Error
bars in Fig. 3 (E and F) represent the SD of the averaged values from
three measurements. We experimentally observed that the motion of
longer chains had the same response to the magnetic drive frequency.

Emergence of the programmable vortex
Under the external magnetic field Hv(t), the spinning microrobot
produced a small vortex fluid field with itself as the vortex core. The
spinning-induced hydrodynamic interaction and the time-averaged
magnetic dipole forces attracted the microrobots to approach one an-
other, and short-range repulsion kept the microrobots from getting too
close to one another. A vortex was thus formed as more microrobots
continue to aggregate. The process has been also demonstrated in the
self-assembly ofmagnetic Janus particles into unusual crystals via rotat-
ing magnetic fields (10, 30).

Snapshots in Fig. 4A show the growth process of vortices from the
dispersion to the vortex state. The dynamic assembly of the vortex was
significantly affected by the surface area fraction of themicrorobots, be-
cause density-dependent diffusion in a nonequilibrium system leads to
phase separations and an enormous number of fluctuations (35, 36). At
a given time of 60 s, only a few small vortices (less than fivemicrorobots)
were observed at the low fraction (ϕ = 2.08%), whereas large vortices
emerged at a higherϕ of about 11.99% (see section S5). The measured
mean vortex size presented in Fig. 4B shows a transition fromnormal to
a number of fluctuations above a critical surface fraction equal to ϕ =
6.90%. A slope of 0.22 was obtained by linearly fitting the measured
mean vortex sizes against the surface area fraction below the critical val-
ue, whereas the slope above the critical surface fraction was 1.21. This
significant difference indicates a phase separation in the vortex size
growth, which is typical for the out-of-equilibrium system. Simulation
results using COMSOL show a cross section of the velocity and vorticity
distributions of a single particle as functions of the radius, and the ve-
locity and vorticity maps of two, four, and six microrobots illustrate the
fluidic interactions at the beginning of the vortex formation (Fig. 4C).
Velocity distribution of a vortex is characterized by a linear azimuthal
profile (Fig. 4D), which is in accordance with the simulation results.
Using the developeddiscrete particle simulationmethod,we further sim-
ulated the generation process (lasting 15 s) of a vortex composed of
40 microrobots at a frequency of 20Hz (Fig. 4E). The resulting snapshots
show that a steady vortexwas formed in7.8 s (movie S3). The correspond-
ing velocity fields demonstrated the coherent motion of the vortex (see
section S6). Figure 4F shows an example of quickly transferring the vortex
chirality from clockwise (CW) to counterclockwise (CCW) within 0.1 s
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by alternating the rotation direction of the magnetic field, which de-
monstrates that the programmed vortex exhibited good maneuverabil-
ity and controllability. The chirality is further quantified by the polar
order parameter fR; here, fRðtÞ ¼ 1

N s
∑Ns

i¼1eφi⋅viðtÞ (eφi and vi are the
in-plane unit vectors in angular directions and unit velocities of the in-
dividual microrobots, respectively) (22). Regardless of whether the ro-
tation was CW or CCW, the vortex was characterized by a high polar
order parameter value of about 0.76, which is close to the ideal global
polar state. The vortex in our experiment was a controlled reproducible
system; its emergence did not depend on the presence of constraints or
geometrical boundaries.

As a dynamic integral system, the vortex exerted long-range attract-
ive forces on neighbors, resulting in vortex fusions. The simulation re-
sult and the experimental observation (Fig. 4G) demonstrate that the
merging process typically includes three stages: exchange, fusion, and
stabilization (movie S4). First, once the vortices were close enough,
the nearest parts of the two vortices began to exchange members. Sec-

ond, all the members entered the fusion zone to form an irregularly
shaped vortex. Eventually, a large stable circular vortex that fused all
members of the two vortices was formed. By swallowing small vortices
into a main vortex one by one along a spiral trajectory, a giant vortex of
more than 300 mm in diameter was formed in a few minutes, which
contained more than 10,000 microrobots (section S7 and movie S5).

Emergence of the programmable ribbon
The microrobots exhibited a tumbling motion under the conical mag-
netic fieldHr(t). The componentHx orients the permanent moment of
the microrobots along the x axis, which facilitated the spontaneous
assembly of a lateral ribbon along themagnetization direction. Adjacent
tumbling microrobots were subjected to hydrodynamic and mag-
netic dipole forces. The hydrodynamic force first captured the micro-
robots in the vicinity. When entering the magnetic dipole attraction
range, the trappedmicrorobots were closely aligned along the short axis
of polarization and lastly assembled into a ribbon (Fig. 5A), which was
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previously demonstrated using ferromagnetic ellipsoids (29). Figure 5B
presents snapshots of the generation process of a ribbon that consisted
of six microrobots (movie S6); as seen, the dispersed microrobots were
first polymerized into three pairs and then evolved into a hexamer.

To investigate the emergence of the ribbon, we used the developed
computational model (see Materials and Methods) to simulate the
role of the flow field around the tumbling microrobot. A streamplot
of the flow velocity in the profile (on the x-y plane) shows the fluid

approaching the ribbon (Ns = 6) from left and then pulling out to the
right (Fig. 5C). Therefore, the flow was an attractive force behind the
ribbon but a repulsive force in front of it. Figure 5D shows the flow
velocity in the 3D profile, in which the distribution of the flow veloc-
ity is significantly different at the ends (characterized by a V-shaped
trajectory) and the middle of the ribbon (characterized by a straight
trajectory). The velocity field was calculated at the profile 1 mmabove
the ribbon.
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Fig. 4. Emergence of the programmable vortex. (A) Snapshots (20×) of the growth process from dispersion (t = 0 s) to the vortex state (t = 52 s) (f = 30 Hz,Hv = 6000 Am−1).
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By adding silver tracer particles (diameter, 1 mm), the motion trajec-
tories of the fluids at different positions relative to the ribbon were also
experimentally investigated. Experiment results in Fig. 5E demonstrate
that the tracer particles in the flank of a ribbon (located at the top left
and bottom left of the ribbon) were obliquely attracted to the ribbon
first and then were pushed away by the water flow with a V-shaped tra-
jectory. In contrast, the tracer particle located directly behind the ribbon
was attracted along a straight line and then pushed away in the moving
direction of the ribbon. The experimental observation (movie S6) is
consistent with the simulation.

Figure 5F shows themotion velocities (Vr) of ribbons with different
Ns values under the same drive frequencies. The experimental data in-
dicate that Vr underwent a process of first increasing and then stabiliz-
ing asNs increased. This phenomenon is also due to the combination
of the enhancement of the flow field superposition and the average
effect. In addition, Fig. 5G shows the relationship inVr of the pentamer
(Ns = 5) versus the magnetic field frequency ( f ) under different drive
strength. Error bars represent the SD of the averaged values from three
measurements. Similar to tumbling individual microrobot dynamics,

changing the drive frequency could transform the ribbon dynamics
from a synchronous regime to an asynchronous one.We experimental-
ly observed that the motion of ribbons can be controlled precisely be-
cause of this characteristic.

Multimode transformations
Changes in the external magnetic field stimulus can break the original
collective state and create a new dynamic steady state for the system.
Our experiments have demonstrated that, by programmatically varying
the external drivemagnetic field, fast and reversible transformations can
be accomplished between four swarming patterns mentioned above,
which include a total of twelve transformations.

Figure 6A shows time-lapse image snippets (movie S7) that illus-
trate the process of programmatically reforming themicrorobot swarms
from liquid, vortex, and ribbon states to the chain. The transition started
immediately when the magnetic field began switching, and the entire
process lasted from a few seconds to 12 s. The density of the formed
chains from the liquid state was relatively low because of the lower con-
centration. In contrast, the vortex-to-chain transition presented a
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Fig. 5. Emergence of the programmable ribbon. (A) Schematic showing a generation process of a ribbon subjected to a circularly polarized rotating magnetic field
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(movie S6). (C) Simulated flow streamlines on the (x, y) plane generated by a ribbon (Ns = 6) translating from left to right. (D) Simulation results of the 3D motion
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scenario in which dense and long chains formed instantly and moved
forward together for a long time to disperse into a stable density. The
transition exhibited excellent dynamic performance, especially in the
ribbon-to-chain transition, where the chains rapidly formed and
aligned perpendicular to the initial ribbon. When the rotating direction
of the external magnetic field changed drastically, the long chains reas-
sembled instantly into a new alignment. Because of this excellent ma-
neuverability, the chain could be programmed to steer in any direction.

Figure 6B shows a series of time-lapse image snapshots (movie
S8), which illustrate the reforming process of the ribbon swarm from
liquid, vortex, and chain. As expected, the density of the ribbon formed

by the liquid was relatively low because of the lower concentration. In
contrast, the vortex-to-ribbon transition immediately produced signif-
icant dense ribbons that underwent lateral rolls back and forth several
times before beingdispersed into a lower density. In the chain-to-ribbon
transition, the ribbon was rapidly formed at a density similar to that of
the chain. The long ribbon could reassemble rapidly in a new alignment
to follow the varying magnetic field. Like chains, these highly maneu-
verable ribbons could be programmatically steered in any direction.

Programmable transformations from the liquid, ribbon, and chain
to the vortex are shown in Fig. 6C (movie S9). The transformation from
the liquid to the vortex took longer than transformations to the other
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two collective states. This finding ismainly due to the small gap between
the individuals in the chain and the ribbon, which saves time for re-
aggregation. However, because of uneven and dense microrobot
distribution, large vortices with irregular shapes often emerged in the
transitions from both the ribbon and the chain, whereas a uniform vor-
tex array typically occurred in the transition from the liquid. In addition,
more than one vortex (in the field of view) was often observed in all of
the transitions, and merging phenomena among neighboring vortices
were exhibited.

Transformations from the other three modes to liquid were rela-
tively simple, and there were no complex dynamic changes. Once the
oscillatingmagnetic fieldHl was applied, the microrobots suddenly dis-
persed from the original patterns and gradually formed a uniform
distribution, as shown in Fig. 6D (movie S10). The transformation from
the chain and ribbon to liquid was faster than that from the vortex,
which is due to the larger density of the vortex. The vortex-to-liquid
transformation presented a distinct firework-like behavior that lasted
for more than 100 s until all were completely dispersed.

Navigated locomotion
To evaluate the swarm’s mobility, as well as its localization and tracking
accuracy, we performed tasks of vision-navigated trajectory tracking
with the small chain and vortex and ribbon swarms. Because the inertial
force can be neglected at low Reynolds numbers, the swarms could be
modeled as a first-order kinematic system (seeMaterials andMethods).
Thus, by changing the steering angle a and frequency of inputmagnetic
field, the swarms could be navigated to targets along a planned path
(Fig. 7A). During the navigation, the microrobot swarms’ velocities
were indirectly regulated by tuning the frequency of the input magnetic
field. In addition, considering the stability and efficiency of the steering

of the swarm, the upper limit of the steering anglea for each adjustment
was set at 20°. In addition to the frequency, the angle g between the
rotating magnetic field and the x-y plane could also be used to adjust
the translational velocity of the vortex. However, to ensure the sta-
bility of the vortex, the angle g was generally set to a fixed value be-
tween 15° and 20°.

A microrobot swarmnavigated from the current position (xc, yc) to
the reference position (xr, xr) along a planned path via the control
scheme

v ¼ kmin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2x þ e2y

q
þ f min; f stepout

� �

Da ¼
arctan

ex
ey

� �
if arctan

ex
ey

� �
< 20°

20° if arctan
ex
ey

� �
≥20°

8>><
>>:

ð2Þ

where ex = xc − xr, ey = yc − yr, fmax is the upper limit of the driving
frequency, and fmin is the minimum driving frequency capable of over-
comingBrownianmotionof themicrorobot or other external disturbance.

The locomotion navigation was performed using the entire closed-
loop controller (section S8 andmovie S11). Figure 7 (B to D) shows the
locomotion results of the chain, vortex, and ribbon in tracking planned
paths of a pentagon, circle, and rectangle, respectively. Figure 7E shows
the corresponding distribution histograms of tracking errors, which
demonstrate that the swarms can achieve high-precision path track-
ing with high maneuverability and pattern stability. In contrast, the
tracking accuracy of the ribbon and the chain is relatively higher,
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which is comparable to that of the individual microrobot (37) or roll-
ing microdevices (38).

Environmental adaptability and collective manipulation
To demonstrate manipulation capabilities of the microrobot swarms,
we prepared a microfluidic device (Fig. 8A), which mainly consisted
of two microcells, named microcell 1 and microcell 2, for aggregat-
ing microrobots and performing manipulation tasks, respectively. A nar-
row channel characterized by a section size of 6 mmby 6 mmand a length
of 260 mm was designed to link these two microcells. During the ex-
periment, the microrobots, deposited in the cell 1, must pass through
the channel toward the target microcell 2 to complete tasks of collect-
ively handing heavy loads and large-area synchronized manipulation.

We first investigated the interaction between the microrobot and
microfluidicwall using theCOMSOLMultiphysics RotatingMachinery
module. The velocity fields of a microrobot that rotated along its long
axis perpendicular (rolling) and parallel (spinning) to a nearby wall
were studied (section S9). By analyzing the instantaneous velocity
distribution on the plane across the particle center and perpendicular
to the long axis, we demonstrate that the flow velocity decreased as
the distance from the particle increased, and the smaller the separation
between the particle and the wall, the faster the rate of decrease. Similar
results were obtained in the simulation of the particles rotating along the
short axis (tumbling). It can be understood that the hydrodynamic force
and couplings acting on the rotating microrobot exhibited complex be-
havior when the microrobot was close to the wall (39). The motion of
the rotating microrobot was substantially suppressed by the viscous
resistance introduced by the rigid wall. The magnitude of viscous
resistancewas not only related to the orientation of thewall with respect
to the axis of rotation (40) but also increased rapidly as the microrobot
got closer to the wall.

Because a microrobotic swarm was formed by a plurality of self-
organized microrobots, it naturally interacted with the boundary in
the near vicinity. As shown in Fig. 8B, when the vortex encountered a
narrowing channel during themovement, it was subjected to a resisting
torque from the channel wall, which forced the vortex to change shape
or even dissipate, impeding passage through the narrow flow channel as
a whole, resulting in inefficient delivery. For the ribbon, the ends near
the wall were also subjected to a drag torque from the wall, which hin-
dered its advancement and split it into small ribbons, resulting in low
efficiency of delivery. In contrast, the chain could efficiently pass the
narrow channel. Although the speed of movement was slightly reduced
because of the drag torque from the microfluidic walls, the chain’s col-
lective formation could be well maintained because of its shape con-
forming to the narrow channel.

Inversely, the hydrodynamic flow generated by the swarm has
proven to be an effective means for noncontact micromanipulation
(7). As the simulation results show in Fig. 8C (top), the microfluidic
flow induced by the moving vortex was strongly coupled to the bound-
ary of a passive particle in the near vicinity, forming aU-shaped “micro-
fluidic end effector” (the shape of the flow distribution) to push the
passive particle. Similarly, as shown in Fig. 8C (bottom), the passive par-
ticles could be either pulled or pushed when located behind or in front
of the active ribbon (22), respectively. The streamplot (Fig. 5C) of the
flow velocity profile shows that the fluid approaching the ribbon
produced an attractive force, whereas the fluid pulling out created a re-
pulsive force. This was experimentally investigated by the motion tra-
jectories of the silver tracer particles at different positions relative to the
propelling ribbon (Fig. 5E).

The ability of vortex, ribbon, and chain microrobot swarms in pass-
ing through the narrow channel (see movie S12) was first tested. As
shown in the Fig. 8D (left), because of strong interactions between
the sidewall and the vortex, even a small vortex with several micro-
robots had difficulty entering the narrow channel, and a phenomenon
occurred in which multiple vortices merged at the entrance of the
channel and a blockage was formed. A similar phenomenon occurred
when the microrobots were reconfigured in the ribbon formation (Fig.
8D, middle). Although the ribbon (angular velocity wv) can break into
small ribbons (two to three microrobots) to pass through the narrow
channel, the efficiency is very low. For the above two swarm formations,
even after a long period (more than a fewminutes), only a small number
of microrobots reached microcell 2. As shown in Fig. 8D (right), the
microrobot swarm in the chain formation proved able to successfully
pass through the narrow channel within 70 s and reach the destination
cell. The chain smoothly passed through the intersection of two narrow
roadswith high stability (34 s), although the boundary conditions at this
site changed a lot.

The hydrodynamic flow induced by the microrobot swarm, as
demonstrated in the simulation results (Fig. 8C), can be applied for
collective manipulation to emulate the nature swarms. Before the
manipulation experiment, the glass cover of the microfluidic device
was removed to accommodate large objects being manipulated at a
height exceeding that of the microcell. Once a significant number
of microrobots reached microcell 2, they were triggered into ribbon
or vortex swarms to perform different tasks by regulating the driving
magnetic field. As shown in Fig. 8E (left), the colony-like vortex mi-
crorobot swarm was demonstrated to push a polystyrene (PS) micro-
sphere with a diameter of 40 mm that is about 40,000 times the volume
of an individual microrobot. At the beginning, the microsphere could
not be moved by a vortex with a small number of members; however,
when more vortices or member microrobots joined, the microsphere
was eventually successfully moved (movie S13). This process is similar
to the ant colony cooperatively carrying heavy foods that exceed the
ability of individual ants. In contrast, the carrying ability of the ribbon
swarm was less than that of the vortex, but it could perform large-area
manipulation in a synchronized manner. As shown in Fig. 8E (right),
because of the fluidic flow induced by the ribbon, the procession
achieved parallel manipulation of multiple microspheres (PS, 8 mm
in diameter) by pushing or pulling manners. During this process,
the microspheres that were not manipulated or lost by the front rib-
bon would continue to be manipulated by the following ribbon, just
like the synchronized hunting of a herring school.

DISCUSSION
Our results demonstrate that a single species of magnetic microrobots
has the potential to produce a variety of active states to address environ-
mental variations or multitasking requirements. By using programmed
alternating magnetic fields, the strategy presented here was capable of
reconfiguring magnetic microrobots into multiple formations and
achieving reversible transformation between these formations. We
identified and characterized four main collective formations—liquid,
chain, vortex, and ribbon—as well as the transitions from one to an-
other. The unique characteristics of each collective state were detailed,
including the periodic motion of microrobots in a chain, the controlled
chirality of a vortex, the fusion of vortices, and the fluid profile of the
ribbon. The main experimental phenomena were accurately reproduced
by the developed computational model, based on the characterization
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of particle interactions. High environmental adaptability and multi-
tasking capabilities of the microrobotic swarms were demonstrated
by passage through narrow channels (chain formation), coordinated
handling of large loads (vortex formation), and large-area synchro-
nized manipulation (ribbon formation). In summary, we have the-
oretically supported and experimentally demonstrated the idea of
achieving the control of a variety of synthetic and living active matter
via a programmed external stimulus, thus increasing the possibilities
of emulating living systems by active matter. Moreover, the physical
mechanisms that govern the dynamics of out-of-equilibrium colloidal
systems were carefully investigated, which is helpful for achieving a bet-

ter understanding of the cooperativemechanisms and self-organization
phenomena that occur in active systems; this provides potential so-
lutions for biomedical applications, such as imaging and targeted
drug delivery.

MATERIALS AND METHODS
Materials and experimental details
The peanut-shapedmicrorobots were synthesized on the basis of a pre-
viously reported work (26). Before magnetic drive experiments, the
synthesized microrobots were subjected to an ultrasonic bath for 3 to
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5 min. Then, the microrobots were dispersed into a container (filled
with deionized water) with a flat bottom (polydimethylsiloxane) and a
glass cover. The containerwasmounted on amicroscope stage (Olympus
BX-URA2 with objectives 20× and 40×). The trajectories of the micro-
robots were captured by a fast camera (Pixelink PL-B724F-R).
Experiments were performed on the developed software based on
the LabVIEW platform, and data analysis was mainly performed
using ImageJ and MATLAB.

Magnetic dipole forces
When a pair of microrobots, a and b, are at a distance of rab = |ra − rb|
from one another, the magnetic dipolar interaction between them is
given by (41)

Uab ¼ m0
4p

ma⋅mb

r3ab
� 3

ðma⋅ rabÞðmb⋅ rabÞ
r5ab

" #
ð3Þ

wherema andmb are the magnetic dipole moments of microrobot a
and b, respectively. Thus, the magnetic force between them can be
calculated as

Fmab ¼�∇Uab ¼ 3m0
4pr5ab

ðma⋅ rabÞmb þ ðmb⋅ rabÞma þ ðma⋅mbÞrab � 5
ðma⋅ rabÞðmb⋅ rabÞ

r2ab
rab

" #

ð4Þ

where ∇ represents the gradient operator. The microrobots are con-
sidered to be uniform spheres of the same size andmagnetic dipolemo-
ment. When flocking, each microrobot can create a mutual magnetic
force that is exerted on the other microrobots. Therefore, the total
magnetic force Fm on a microrobot is the sum of the magnetic forces
generated from the remaining N – 1 microrobots.

Gravitational force and repulsive electrostatic force
The gravitational force Fg = DrgV and the repulsive electrostatic force
Fe = (z/l)e−z/l are a pair of opposite forces whose net force compels
the microrobot to remain in equilibrium. Here, V is the volume of the
microrobot, Dr (4.24 g cm−3) is defined as the density difference be-
tween the microrobot (5.24 g cm−3) and water, l is the Debye length,
and z is a surface charge density-dependent prefactor. Therefore,
when the microrobots are sprinkled into a liquid environment, after
a fewminutes, they will suspend above the bottom boundary by a dis-
tance h, with Fe and Fg reaching a balance. In addition, when the mi-
crorobot floated up and down near the equilibrium position, with a
small offset d, we could derive an effective elastic force to describe
the resultant force of those two forces, using the coupling constant
K = gVDr/l reported in a previous study (42). Thus, the net force of
Fe and Fg (vertical force) for themicrorobot can be given byFn =K ⋅ d.

Hydrodynamic interactions
Hydrodynamic interactions are caused by the fluid field in which a mi-
crorobot is located. For a solid sphere that rotates above a solid surface,
the solid-liquid boundary can be equivalent to an image system, namely,
a hydrodynamic singularity located below the boundary at the same dis-
tance. The hydrodynamic singularity is usually composed of a sphere
that rotates in the opposite direction, with source doublets and addi-

tional stresslet (the sphere’s rotating plane is perpendicular to the
wall), or it can be composed of the first item (the sphere’s rotating plane
is perpendicular to thewall).With this assumption, the exact solution of
the flow u for a rotlet induced by a microrobot with a radius of a, a
rotational angular velocity of W, and a distance h from the stationary
plane boundary is the following (43)

u ¼ a3
eijkWjrk
jrj3 � eijkWjRk

jRj3 þ 2hekjzWj
dik
jRj3 �

3RiRk

jRj5
� �

þ 6ekjz
WjRiRkRz

jRj5
� �

ð5Þ

whereu is the velocity vector,r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx � x1Þ2 þ ðy � y1Þ2 þ ðz � z1Þ2
p

is the position from the center of the microrobot, R ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðx � x1Þ2 þ ðy � y1Þ2 þ ðz þ z1Þ2
p

is the position of its image,
(x1, y1, z1) and (x, y, z) are the locations of the microrobot and target
position for the fluid velocity calculation, respectively, and e is the
Levi-Civita tensor. When Re≪ 1, the superposition of fundamental
solutions becomes available because the Stokes equations are re-
duced to a linear equation (44). Thus, at any point in a multirotator
system, the complete flow field is the superposition of the flow field
caused by all of the members. The velocity of the fluid flowing over
the surface of each microrobot can be obtained to estimate the thrust
force by Ft = 6pha ⋅ u; here, h = 1 × 103 Pa ⋅ s is the viscosity of the flow.

There is also a repulsive force between the rotatingmicrorobots. The
low Reynolds number hydrodynamics can be used to reveal the source
of repulsion. The hydrodynamic repulsion Fr that one microrobot ex-
erts on another microrobot depends on the radius a, the rotational
speed W, the distance d between their centers, and the density of the
fluid r. Fr is proportional to rW2a7/d3, and it acts along the direction
of d and away from other microrobots (45).

In addition to the thrust force and repulsive force, the vortex exerts
long-range attracting forces on other rotating systems (46). The attrac-
tion is positively correlated with the velocity of the vortex core (linearly
correlated with W), whereas it is negatively correlated with the dis-
tance between the vortices. When a microrobot is inside the core of a
vortex, inward trapping forces will be exerted on it (47, 48). In this
study, we simply express the vortex’s attractive force as Fa = C ⋅W/rc,
where C is the scaling factor and rc is the distance from the center of
the vortex.

Swarm locomotion
At low Reynolds numbers, the swarms can be modeled as a first-
order kinematic system

f x
� ðtÞ ¼ v1ðwðtÞÞ þ bðtÞ
y
� ðtÞ ¼ v2ðwðtÞÞ þ bðtÞ
a
� ðtÞ ¼ b

� ðtÞ ð6Þ

with

v1ðwðtÞÞ
v2ðwðtÞÞ

� �
¼ cosðfðtÞÞ 0

0 sinðfðtÞÞ
� �

kwðtÞ
kwðtÞ

� �

where k is the ratio between swarm’s velocity v and frequency w of
the magnetic field, b(t) is random disturbances and noise from the
liquid environment, b

�

is the steering rate of the input magnetic
field, and a

�

is the steering rate of the microrobot swarm.
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