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Untethered robotic microswimmers are very promising to significantly improve various types
of minimally invasive surgeries by offering high accuracy at extremely small scales. A prime
example is drug delivery, for which a large number of microswimmers is required to deliver
sufficient dosages to target sites. For this reason, the controllability of groups of microswimmers is
essential. In this paper, we demonstrate simultaneous control of multiple geometrically similar but
magnetically different microswimmers using a single global rotating magnetic field. By exploiting
the differences in their magnetic properties, we triggered different swimming behaviors from the
microswimmers by controlling the frequency and the strength of the global field, for example, one
swim and the other does not while exposed to the same control input. Our results show that the
balance between the applied magnetic torque and the hydrodynamic torque can be exploited for
simultaneous control of two microswimmers to swim in opposite directions, with different
velocities, and with similar velocities. This work will serve to establish important concepts for
future developments of control systems to manipulate multiple magnetically actuated
microswimmers and a step towards using swarms of microswimmers as viable workforces for

complex operations. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893695]

The revolutionary potential of micro/nanorobotics to
significantly reduce the invasiveness of surgeries have facili-
tated many studies to improve localized drug delivery by
providing the possibility for high controllability in directing
drug load units to target specific individual cells and
nowhere else." Magnetic particles had been widely estab-
lished as an effective material for robotic nanoparticle drug
delivery methods, steered and pulled using magnetic gra-
dients, they can enhance targeting capability over traditional
methods of using enhanced permeability and retention (EPR)
effect and targeting moieties.”” However, the use of gradient
force may be relatively ineffective against high drag force,
especially in decreasing scales.*”> To enhance propulsion
capabilities in small scales, many efforts followed Purcell’s
work on nonreciprocal swimming' to develop strategies for
low Reynolds number locomotion by utilizing biologically
inspired mechanisms such as the bacterium-like rotating
helical microswimmers®'® and the sperm-like flexible
microswimmers.'"'? Other work, such as the electrically
controlled microbiorobots,'> magnetically steered ciliate
protozoa,'* chemically driven propellers,'>° optically
deformed 3-bead systems,”' bi-flagellated micro-objects,*?
demonstrated effective low Reynolds number propulsion;
while helical micromachines,’ sperm-driven microrobots,>>
microdrills,z“’25 and magnetic microrobots>®2® demonstrated
feasibility for biomedical applications such as minimally
invasive surgeries (MIS), targeted localized drug delivery,
and in vitro cell and tissue manipulation.
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While these examples demonstrated low Reynolds num-
ber propulsion and performance of simple tasks, the idea of
navigating in vivo for drug delivery have not been seriously
considered. Realistically, a large number of microrobots are
needed to carry the necessary dosage, but may result in a rel-
ative small percentage reaching the target.”” This is due to
cumbersome control caused by homogenous responses of
robots under a global control signal and the inability to navi-
gate dimensionally limited pathways, imposing external lim-
itations that hinder the scalability of deployment number and
drug dosage. To approach a feasible solution for drug deliv-
ery, multi-robot control must be implemented in order to
effectively manipulate a large number of micro/nanorobots
to target locations.

In a drug delivery scenario using multi-robot control,
numerous coordinated teams of micro/nanorobots will
approach the target in concert or separately and then con-
verge and gather at a specific location to release the pharma-
ceutical payloads in order to enhance drug accumulation on
small targets such as individual cells; this concept was dem-
onstrated using live bacteria.®® Recent work have demon-
strated different strategies for multi-robot control and
positioning; such as the stress-engineered MEMS microro-
bots driven using transition voltages,’! the wireless resonant
magnetic microactuators controlled through resonant fre-
quencies,”” the identical microrobots selectively positioned
using specialized surfaces,’ the heterogeneous magnetic
microrobots manipulated in 3D using magnetic fields,***
and the magnetotactic protozoan cells steered independently
using single inputs.*®?” The limitations of these strategies
lies in their need for unique near- or on-surface microrobots

© 2014 AIP Publishing LLC
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or specialized test bed surfaces, which consequently narrow
the range of potential applications. Here, we present a strat-
egy to control multiple geometrically similar rotating mag-
netic microswimmers in bulk-fluid, for which each swimmer
is given the same control input. This concept of multi-robot
control capitalizes the microswimmers’ magnetic heteroge-
neity, which is applicable not only to the three-bead micro-
swimmers discussed in this paper but also to most rotating
magnetic microswimmers such as the widely studied helical
structured microswimmers.%”?1° Further, the inorganic na-
ture of the applicable microswimmers allows for a wide
range of operational environments such as various pH and
ionic conditions. Also, biocompatible materials and coatings
can be used.”’**-?

The microswimmer consists of three beads, forming an
achiral structure with one plane of symmetry, hence the
name achiral microswimmer. Upon actuation by a rotating
field, the microswimmers produce propulsion by rotating
about non-symmetrical axes (Fig. 1(a)). By controlling the
field’s frequency, strength, and direction, we manipulated
the microswimmers’ velocities, modes of motion, and head-
ing direction, respectively. The mode of motion is defined as
the rotation axis relative to the microswimmer’s distance and
orientation (Fig. 1(c) left), in other words, the swimming
forms of the microswimmers. For multi-robot manipulation,
two microswimmers with different magnetic properties will
exhibit different modes of motion under a global field, thus a
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FIG. 1. (a) Schematic of an achiral microswimmer rotating about non-
symmetrical axes to achieve propulsion. The dashed arrow line is the rota-
tion axis, which also indicates the swimming direction. (b) Schematic for
analyzing torque balance. (c) (Left) illustrations showing the parameters
used for the characterization of rotation axis and (right) the distances of each
beads from the rotation axis corresponding to L;,3; from Eq. (3). (d)
Qualitative comparison of the simulation prediction to the experimental
characterization of the change in rotation axis. Scale bar is 5um. (e)
Quantitative comparison of the orientation and the distance of centroid from
the rotation axis.
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single control input will yield two different motions resulting
in two distinctive velocities from the two microswimmers.

Three-bead microswimmers were fabricated using three
magnetic micro-particles (4.35 um) linked together via
biotin-streptavidin. The chemical binding helps overcome
the linearity of magnetic self-assembly to form curved struc-
tures (Fig. 1). Magnetic beads (Spherotech) have iron oxide
cores and are amino-coated. The beads were separated into
two batches; one batch was mixed with 1 mg/ml of purified
avidin protein and the other with 25 mg/ml N-hydroxysucci-
nimide-biotin, and subsequently incubated for 2h. The
batches are diluted using 30mg/ml NaCl solution to
0.1 mg/ml to avoid aggregation and then combined in a reac-
tion mix to yield three-beads microswimmers. Mixing intro-
duces randomness to the process resulting in different
structures; nonetheless, the three-bead structures can be eas-
ily obtained. Biotin-streptavidin linkage provides a very
strong bonding,**™** ensuring structural perseveration under
time-varying magnetic forces.

Under the low Reynolds number approximation, the two
opposing angular torques, magnetic torque T,,, and hydrody-
namic torque T,, must counterbalance in order to achieve
synchronous rotation between the microswimmer and the
magnetic field at a steady angular velocity*>**

T, =-T,. (1)
The magnetic torque is expressed as
T, =m; x B,

where m; is the magnetic moment vector of the micro-
swimmer and B is the magnetic field vector. Fig. 1(b) illus-
trates our analysis for the magnetic torque T,, and
hydrodynamic torque T,. As a three-bead magnetic chain, the
magnetic torque of the microswimmer can be calculated as

the sum of the torque exerted on each bead,434‘6 resulting in
27 ugm? .
T, = Wsm@a) n,

where 1 is the permeability constant (47 x 10~7 T-m/A), R
is the radius of the beads, m is the magnetic dipole induced
by the B field, o is the phase lag angle, and n is the unit vec-
tor perpendicular m; and B vectors. For steady synchronous
rotation, the phase lag o should be less than 7/4.**

The hydrodynamic torque due to rotational motion
under stokes approximation is

T, = 777M97

where # is the dynamic viscosity, M are the rotational resist-
ance tensors, and Q are the rotational motion.*” The torque
T, can be considered as the combined torque of the three
individual beads revolving from the rotation axis.*® The drag
of i-th bead is modeled using Stoke’s law

F,; = —6mnRv;,

where v; is the tangential velocity of the i-th bead. The
hydrodynamic torque due to the drag of the i-th bead can be
written as
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T, =r; xFy;, 2
= —6mnR(r; X V;), 3)

where r; is the vector position of the i-th bead. Taking the
sum of the hydrodynamic torques from each of the three
beads, we get

Tr = Tr,l + Tr,Z + Tl‘,3)

3
= —67HR Zri X Vi,

i=1
3

= —67mRZr,» X (Qxr;).
i=1

Denote
Q=[-,0,0",
ri = [xi, yi, Zi]T
From here, it follows that

r; X (Q X l',') = w[—y,z — Z?, x,vy,-,x,-z,-]T
Therefore

3 T

3 ;
T, = 6mnRw Zylz + Z,-27 Z —XYi, Z —XiZi

i=1 i=1 i=1

Under the assumption of (1), the y and z components of T,
are zero. Therefore,

T, = 6mpRo[L? + L3 + 12,0, 0], )
where

L= \/y[2+2i21

T, = —6myR(L: + L3 + [3)Q, (5)

where L, ; ; are the beads’ distances from the rotational axis
(Fig. 1(c) right). The microswimmers were observed to be
rigid; hence, the angular velocity  is the same for all three
beads.

Based on the torque balance (Eq. (1)), we experimen-
tally characterized the changes to the rotation axis that will
lead to different modes of motion by increasing the field’s
frequency (1-6 Hz) at a constant strength of 5.06 mT, which
match favorably with our analytical prediction (Fig. 1(d)).
Noted that the rotation axis changes in the body-fixed per-
spective; whereas in normal frame, the microswimmer’s ori-
entation changes. The angle between the major axis to the
rotation axis, f3, and centroid’s distance from the rotation
axis, d, were compared between the simulation and experi-
ment (Fig. 1(c) left), where the discrepancies were less than
0.35rad and 0.55 um, respectively (Fig. 1(e) and Table I).
The relationship in Eq. (1) depicts that L, ; 3 in Eq. (5) must
change in order to maintain torque balance; hence, the rota-
tion axis will change accordingly given the microswimmer’s
structural constraints; likewise, the same will happen if fre-
quency stays constant while field strength changes. The
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TABLE I. Value for L1, L2, and L3 for the simulation and experiment in
Fig. 1(c).

1Hz 2Hz 3Hz 4Hz SHz 6Hz

Experiment L, 3.84 3.60 2.40 1.76 0.80 0.16
L, 0.08 0.08 0.64 0.80 0.88 0.64
Ly -408 —416 -280 -2.00 —-128 048

Simulation L, 5.07 4.64 3.49 3.49 0.91 0.48
L, 0.87 0.44 2.18 2.18 1.74 1.31
Ly -333 =377 —-105 -1.05 032 -0.12

corresponding velocity profile (Fig. 2) categorized observ-
able three modes of motion, (1) near-symmetrical rotation
resulting in negligible propulsion, (2) non-symmetrical rota-
tion resulting in non-reciprocal motion and active propul-
sion, and (3) wiggling motion resulting in negligible
propulsion. The images in Fig. 2 show the trajectory of a rep-
resentative microswimmer under the three modes of motion
for 3s. The wiggling motion is a result of the phase lag angle
o being larger than /4.

For multi-robot control, geometrically similar micro-
swimmers with distinctive magnetic properties were fabri-
cated using two types of magnetically different beads of
the same size (Spherotech AM-40-10 and AFM-40-10).
Microswimmers with the same magnetic properties, fabri-
cated with same type of magnetic beads, will respond
similarly under a global magnetic field. However, with dis-
tinctive magnetic properties, the individual microswimmers
will exhibit unique responses under a global rotating field,
thereby leading to different swimming velocities, modes of
motion, and directions. Additionally, geometrically dissimi-
lar microswimmers can also be used as long as they possess

| |
1.8 + |
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141 |
g 12r near-symmetrical | non-symmetrical wiggling
= 1t rotation rotation motion
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FIG. 2. Plot showing average speed of a microswimmer at various frequen-
cies of the rotating field with a constant field strength. Under this condition,
the microswimmer undergoes varying torque balance conditions resulting in
different modes of motion. The error is from the pixel size of the camera
and the time of observation. The images show the trajectories of the
three modes of motions for 3 s. Scale bar is 5 yum. (Multimedia view) [URL:
http://dx.doi.org/10.1063/1.4893695.1]
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different magnetic properties, such as four beads or five
beads; the possibility of which increases scalability and flexi-
bility for different scenarios where different shapes of micro-
swimmers are needed.

The field strength (mT), rotation direction (CW/CCW),
and rotation frequency (Hz) of the magnetic field can be con-
trolled through our magnetic control system (see supplemen-
tary material*”). For xy-planar control, the resultant field can
be expressed as

B = Bo[sin(0)sin(wr), cos(0)sin(wr), cos(wt)]’, (6)

which rotates with angular velocity o around the unit vector

n = [—cos(6), sin(6), 0], (7

which corresponds to the swimming direction, where B, is
the amplitudes of the field generated by the xyz coils, o is
the rotational frequency, and 0 is the rotation of the plane of
the rotating field. For our approximate Helmholtz coil, the
magnitude of the field B, of a pair of coils can be modeled as

HolIR coit
2(R%, +d*> —2Dd + D?)

col

By =

3/2

MR coit
2(R%,,; + d* +2Dd + D?)

el ®)

where 1, is the permeability constant, n is the number of
turns of the coils, I is the applied current, R ,; is the radius
of the coils, D is the distance between a pair of coils, and d is
the position between the coil. At the center of the coil, which
is the position we are interested in, the position d is equal to
zero. For more details on the approximate Helmholtz coil
configuration, refer to Cheang ef al.®

Using Egs. (6)—(8), we fully manipulated the field’s fre-
quency, strength, and direction, which allow us to manipu-
late the torque balance and control the microswimmers’
modes of motion as described in Fig. 2. Under non-
symmetrical rotation, as shown in Fig. 2, their velocity can
be modulated linearly with rotation frequency, provided their
rotation axis remains the same (Fig. 3). Through this, we can
apply a global magnetic field on multiple magnetically

35

25+
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Velocity [um/s]

0.5} E
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FIG. 3. Average swimming speed of four different microswimmers with

increasing frequency, while maintaining a constant frequency to field
strength ratio.

Appl. Phys. Lett. 105, 083705 (2014)

different microswimmers and observed different swimming
behaviors (velocity, direction, and mode of motion). In case
of fluids with high viscosity, the only difference will be the
required power to actuate the microswimmers since the mag-
netic torque is directly relates to the viscosity, as suggested
in Eq. (5).

The microswimmers were transferred to a polydimethyl-
siloxane (PDMS) chamber (3 mm diameter, 2 mm height)
and submerged in NaCl solution to increase buoyancy. The
chamber was sealed to prevent evaporation and to minimize
flow. The chamber was then placed inside the approximate
Helmbholtz coils for experiments.

We captured a 40s video (63x magnification and 60
fps) showing three different scenarios, as representative
results, where two microswimmers exhibited different speed
and directions under a global magnetic field (see multimedia
in Fig. 4). In each scenario, the control inputs, rotation

(b)

Speed [pum/s]

0 5 10 15 20 25 30 35 40
Time [seconds]

FIG. 4. (a) Experiment demonstrating control of two magnetically heteroge-
neous microswimmers (red and blue trajectories). The three images show dif-
ferent time intervals when the microswimmers exhibited different modes of
motion. (Top) from 0 to 23s, the two microswimmers swam in opposing
directions with comparable velocities. (Middle) from 23 to 32s, the red
microswimmer swam to the right while the blue microswimmer showed no
active propulsion. (Bottom) from 32 to 40s, the microswimmers swam in
opposing directions with different velocities. The scale bar is 10 um. (b) Plot
showing the average velocities of the two microswimmers in during the
experiment. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4893695.2]
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frequency, and field strength varied to trigger different modes
of motions from the two microswimmers. In the first scenario,
from O to 2s, the two microswimmers swam in opposite
directions with similar speed profiles, where the red (solid
line trajectory) and blue (dotted line trajectory) micro-
swimmers traveled at average speeds of 0.357 um/s and
0.346 um/s respectively (Fig. 4(a) top); the rotation frequency
and field strength were 6 Hz and 2.315 mT, respectively. The
opposite swimming directions are due to the handedness of
the achiral structure, which is a result of the direction of the
microswimmers’ dipoles. The oscillation in the middle in Fig.
4(a), when the two crossed paths, was due to hydrodynamic
interaction causing them to swirl around each other which
corresponds to the peak speed at 12s in Fig. 4(b). At around
23 s, both microswimmers stopped because no magnetic field
was applied, demonstrating on/off control (not shown in Fig.
4, see multimedia in Fig. 4); the small observable speeds
were due to diffusivity, unsteady fluid conditions, and small
residual magnetic field from out of focused/view neighboring
magnetized beads. In the second scenario, from 23 to 32 s, the
red microswimmer swam to the right side at an average speed
of 0.719 um/s, while the blue microswimmer maintained
near-stationary with an average speed of 0.112 um/s (Fig.
4(a) middle). The frequency and field strength were 6 Hz and
1.8 mT, respectively. In the third scenario, from 32 to 40s,
the microswimmers swam in opposing directions where the
red microswimmer swam at an average speed of 0.646 um/s,
while the blue microswimmer moved at a noticeably smaller
average speed of 0.429 um/s (Fig. 4(a) bottom). The rotation
frequency and field strength were 6 Hz and 2.025 mT, respec-
tively. Fig. 4(b) shows a plot of the speed profiles, measured
every 4 s, of the two microswimmers for the full duration of
the 40 s video. For all three scenarios, the ratio of rotation fre-
quency and magnetic field strength was different; therefore,
our experiment demonstrated manipulation of the micro-
swimmers’ modes of motion using the relationship estab-
lished by the torque balance model to control multiple robotic
microswimmers. Additional experiments had been performed
to verify different modes of motion and swimming velocities
of multiple microswimmers under a global field (see supple-
mentary material*®).

In conclusion, we have demonstrated a method to con-
trol multiple robotic microswimmers in bulk fluid using a
global magnetic field by taking advantage of their magneti-
cally heterogeneity. The achiral microswimmers were fabri-
cated by conjugating three beads together using magnetic
self-assembly and biotin-streptavidin linkage into arcs,
where their magnetic properties can be made different by
using two types of magnetic beads of the same size. Using
analytical modeling and experimental characterization, we
characterized their swimming behavior and developed a con-
trol scheme to simultaneously manipulate multiple units to
exhibit different velocity and direction while given the same
control input. This multi-robot manipulation strategy holds
promise to address the some of the realistic challenges to uti-
lize multiple units of micro/nanorobots for localized targeted
operations, such as drug delivery.
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