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There is mounting interest in synthetic microswimmers
(“micromotors”) as microrobots as well as a model system for the study
of active matters, and spatial navigation is critical for their success.
Current navigational technologies mostly rely on magnetic steering or
guiding with physical boundaries, yet limitations with these strategies are
plenty. Inspired by an earlier work with magnetic domains on a garnet
film as predefined tracks, we present an interdigitated microelectrodes
(IDE) system where, upon the application of AC electric fields,
metallodielectric (e.g., SiO,—Ti) Janus particles are hydrodynamically
confined and electrokinetically propelled in one dimension along the
electrode center lines with tunable speeds. In addition, comoving
micromotors moved in single files, while those moving in opposite

directions primarily reoriented and moved past each other. At high

particle densities, turbulence-like aggregates formed as many-body

interactions became complicated. Furthermore, a micromotor made U-turns when approaching an electrode closure,
while it gradually slowed down at the electrode opening and was collected in large piles. Labyrinth patterns made of
serpentine chains of Janus particles emerged by modifying the electrode configuration. Most of these observations can be
qualitatively understood by a combination of electroosmotic flows pointing inward to the electrodes, and asymmetric
electrical polarization of the Janus particles under an AC electric field. Emerging from these observations is a strategy that
not only powers and confines micromotors on prefabricated tracks in a contactless, on-demand manner, but is also
capable of concentrating active particles at predefined locations. These features could prove useful for designing tunable
tracks that steer synthetic microrobots, as well as to enable the study of single file diffusion, active turbulence, and other

collective behaviors of active matters.

interdigitated microelectrodes, ICEP, electroosmosis, hydrodynamic trapping, micromotors, active colloids

ver the recent years, research on synthetic micro-
swimmers (“micromotors”) have attracted mounting
'~'> They convert external energy stored in
the environment into motion in liquid and move in a way
similar to microorganisms such as bacteria and algae."’ These
biomimetic microparticles are thus expected to find uses in
applications ranging from sensing to drug deliveries.'* In
addition, their mimicry to biological microswimmers makes
them promising model systems for the study of active
matters, >~ an interdisciplinary research field that is rapidly
advancing,

Whether used for practical applications or as model systems
for fundamental studies, strategies for controlling the locations
and orientations of a synthetic microswimmer is crucial for the
task.'®7*' Most of existing techniques of spatial controls of a
microswimmer fall into three categories. The first category of

attention.
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technique uses magnetic fields to actively steer a magnetic
microswimmer.””~>" This often requires complicated magnetic
setups such as Helmholtz coils and particles being steered need
to be magnetic. In addition, constant interference, whether
manual or automatic, is also required. The second method
constructs physical boundaries, such as microchannels or
microstructures, along which microswimmers preferably
move.”~** This often requires complicated microfabrication
process such as lithography, and swimmer-wall interaction is
often too complicated to be fully understood. A third and less
developed method is by chemotaxis, gravitaxis, or photo-

taxis,””~>" where a micromotor (especially those powered by
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phoretic mechanisms) move up or down a gradient of
chemicals, gravity, or light. However, our current under-
standing of how micromotors interact with a gradient is still
rather poor and not without debate.

Besides taxis, living systems often rely on self-assembled
tracks that enable well-controlled transport at nano- and
microscales. Prominent biological examples include intra-
cellular microtubules and actin, along which biomotors such
as kinesin and myosin walk and transport cargos. Synthetic
microtracks for guiding micromotors are, on the other hand,
rare. One notable example in 2007 demonstrated magnetic
bacteria and magnetic microrod swimmers moved on the
striped magnetic domains of a magnetic garnet film.*” Yet this
guiding strategy suffers from the fact that the geometries and
locations of magnetic domains are entirely random and that
swimmers need to be magnetic. A few years later, Yoshizumi et
al. pioneered another strategy to guide the motion of bimetallic
Janus micromotors in 1D and 2D by exploiting AC
electrokinetics on coplanar electrodes.”” Upon applying AC
electric fields of kHz frequencies, Au—Pt Janus microspheres
were shown to move along electrodes, and their 2D trajectories
can even be controlled by patterning electrodes on both the
bottom and the top surfaces. This work mostly focused on the
trajectory control of one particular type of chemically driven
micromotors, and one naturally wonders whether this
electrode-based guiding strategy can be made more generic
and useful and what collective behaviors of micromotors could
emerge.

Inspired by the idea of micromotors walking on one-
dimensional tracks, as well as the questions raised above, we
here report a generic strategy to confine, propel, and collect
metallodielectric Janus microspheres (e.g., SiO,—Ti) by using
a simple interdigitated microelectrode design under an
alternating electric field (AC field). Interdigitated micro-
electrodes (IDEs) are known to exhibit a rich variety of AC
electrokinetics*** and are popular in the applications of
detection and separation of biological samples™** as well as
biochemical and electrochemical sensing.*”*® IDEs have even
proven useful in the elucidation of propulsion mechanisms of
bimetallic microrods.” In the current study, particles are
electrokinetically propelled via induced charge electrophoresis
(ICEP) along the electrode center toward either end of the
electrode and are confined by electroosmotic trapping
originated at the electrode edges. No additional fuel is needed.
The propulsion and confinement of a Janus particle, as well as
their interactions both within a pair and within a dense
population, are described and explained. In addition, particles
turn at the closed end of an electrode but slow down and
become collected at electrode openings, whereby a simple
modification of the electrode configuration causes a dense
populations of Janus particles to form labyrinth patterns made
of serpentine chains. This study offers a rather generic,
electrode-based strategy for controlling micromotors along a
1D track in a configurable, switchable, and contactless fashion.
Importantly, their 1D transport and collection into large, dense
piles are potentially useful for fundamental studies of active
matters, as well as for sensing, sorting, and delivery
applications. These aspects, along with other comments on
our findings, are detailed in the Discussion sections at the end.

Single Particle Dynamics. We first describe and explain
the dynamics of a single metallodielectric Janus particle on
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microelectrodes, illustrated in the Supporting Information
(SI), Video S1. These microelectrodes are configured in an
interdigitated manner, thus upon connecting to a power source
of alternating currents each finger electrode is neighbored by
two electrodes carrying the opposite electric potential. The top
and side views of an experimental chamber containing
interdigitated gold microelectrodes on a glass substrate is
illustrated in Figure la, and an optical micrograph of a typical
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Figure 1. SiO,—Ti Janus particles and interdigitated micro-
electrodes (IDEs). (a) Schematics of the top and side view of a
chip containing interdigitated gold microelectrodes on a glass
substrate. Janus particles sedimented near the electrode surface.
(b) Scanning electron micrograph of SiO,—Ti Janus particles
fabricated by evaporating a thin layer of Ti on SiO, microspheres.
(c) Optical micrograph of a few SiO,—Ti Janus particles on a gold
electrode (bright colored) 3 s after the electric field was switched
on. The trajectories of two Janus particles migrating from the gap
(dark) to the electrode center are shown in red. (d) Janus particles
confined in a line on an electrode under an AC electric field. (e)
Trajectories of four Janus particles being propelled for 4 s along
the electrode centers.

interdigitated microelectrodes (IDEs) can be found in SI,
Figure S7a. Janus SiO,—Ti particles (Figure 1b) were used in
our experiment and were fabricated by evaporating a thin layer
of Ti on the surface of SiO, microspheres of 3 ym in diameter.
Details on the configurations of IDEs and fabrication of Janus
particles can be found in the Methods section at the end of the
manuscript. Note that all IDEs used in this study, with the
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Figure 2. Electrokinetics responsible for the 1D confinement and transport of metallodielectric Janus particles on IDEs. (a) Schematic of the
distribution of electric fields (red arrows) on and near a pair of electrodes with opposite electric potential. (b) Tangential components of the
electric fields couple with the charged double layer of an electrode, inducing electroosmotic flows (black arrows) that sweep Janus particles
toward the electrode center. (c) Top view of the direction and orientation of Janus particles moving on electrodes. (d) Schematic of a SiO,—
Ti particle undergoing induced charge electrophoresis (IECP). See the main text and ref 58 for an expanded discussion of this propulsion
mechanism. Although only half a cycle of an AC field is presented in all figures, particle dynamics do not change over the other half cycle.

exception of perhaps those in SI, Figure S7b,c, are
commercially available in various dimensions and from various
vendors, minimizing the technical hurdle for using this
technique.

Upon being transferred into the observation chamber, and in
the absence of an electric field, SiO,—Ti particles quickly
sedimented to the bottom of the chamber and covered the
entire chip and underwent Brownian motion typical for
colloids of such scale. When an AC voltage was applied to
IDE, however, SiO,—Ti particles in the gaps between gold
microelectrodes immediately migrated to the center of the gold
electrodes (bright regions in all optical micrographs, Figure 1c)
and formed a line (Figure 1d), where they spontaneously
adjusted orientation so the interface separating Ti and SiO,
hemispheres were aligned perpendicular to the electrode
surface. After migration and reorientation, SiO,—Ti particles
moved along the electrode centerline toward either end of the
electrode with their SiO, hemispheres pointing forward
(Figure le), as if being transported on an invisible one-
dimensional (1D) track. Note that the accumulation of Janus
particles on the surface of gold electrodes, rather than within
gaps, is somewhat surprising, as numerous previous studies
with coplanar electrodes have mostly focused on the transport
and assembly of colloids (Janus or not) within the gap between
two electrodes.”* ™"

The confinement and 1D transport of SiO,—Ti particles on
IDEs described above can be qualitatively understood in the
following way. AC electric fields applied on IDEs produced
electric field lines that pointed outward and inward on
neighboring electrodes, respectively (illustrated in Figure 2a),
as confirmed by numerical simulations (SI, Figure S4). The
electric field lines can be separated into horizontal and vertical
components. The horizontal electric field lines exerted an
electrical body force on the charged double layer of the
electrode surface, inducing an electroosmotic flow (Figure 2b)
that pointed from the gaps toward an electrode and converged
at its center. Its profile and magnitude is quantified in a later
section (see Figure S). Such an electroosmotic flow on
alternating electrodes has been previously discovered in
coplanar microelectrodes with similar configurations to
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40,52,53 . .
ours ”””7 and are known to reach tens of micrometers into

a microelectrode along its surface.”® Consequently, Janus
particles scattered all over the bottom of an IDE chip were
convected by this electroosmotic flow toward the center of the
electrode surfaces (Figure 1d), where they were confined, in a
way similar to how optical or acoustic tweezers trap colloidal
particles. When driven at sufficiently large voltages and low
frequencies, electroosmotic flows converge at the center of an
electrode, and Janus particles are therefore carried upward and
away from the electrode surface (SI, Video S2). This upward
convection is carefully minimized in the following studies.
Importantly, this induced electroosmosis was maintained
inward at all times, despite that alternating AC fields were
applied, because the signs of the charges on an electrode
surface changed concurrently with the alternating electric
fields.

The vertical component of the electric field pointing in and
out of electrodes, on the other hand, reorients a Janus particle
to align its equator perpendicular to the electrode surface
(Figure 2c.). This is because metallodielectric Janus particles,
such as SiO,—Tij, are electrically polarizable and prefer to align
their equators parallel to the electric fields to maximize
electrical polarization and therefore minimizing energy. Such a
reorientation of metallodielectric Janus particles along an
electric field line is a common feature in the literature and can
give rise to in-plane and out-of-plane dipolar interactions that
enable particle assembly into ordered structures.”> We note,
however, that assembly of Janus particles, either parallel or
vertical to the electrode plane, was not observed in our
experiments at driving frequencies between ~1 and 100 kHz.

Confined to the electrode center and aligned with its
equator vertical to the electrode surface, a SiO,—Ti Janus
particle moved along the centerline of an electrode by induced
charge electrophoresis (ICEP) (Figure 2d).%°7% To briefly
introduce this mechanism, the Ti hemisphere, being metal,
polarizes much more strongly than SiO, hemispheres in an
electric field, and more charges are induced on the surface of
Ti. The two hemispheres therefore attract different amounts of
counterions from the solution in the electrical double layer.
Under an electric field, the charged double layers move by
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Figure 3. Tuning the speed of SiO,—Ti Janus particles. (a) Speeds of Janus particles under different driving voltages (peak to peak).
Experiments were carried out at 10 kHz with a gap size of 30 um. (b) Speeds of Janus particles at different driving frequencies. Experiments
were carried out at 1 V,_, with a gap size of 30 pum. (c) Speeds of Janus particles using IDEs of different gap widths. Experiments were

carried out at 2 Vop and 10 kHz.

electroosmosis that is more intense on the Ti side than that on
the SiO, side. Janus particles therefore move away from their
metal hemispheres. Janus particles undergoing ICEP has in
recent years been employed as a model active colloidal system
to investigate interparticle interactions and collective behav-
iors,”” the concept of effective temperature,”” dynamic
assembly,6O and active steering,61 to name a few. Although
driven by the same mechanisms, Janus particles demonstrated
here walk on narrow planar microelectrodes rather than being
sandwiched between two pieces of indium—tin oxide (ITO)
glass, which is the typical configuration used in most of current
literature. In addition, unlike earlier studies carried out with
planar electrode configurations where Janus particles moved
within the gap between two oppositely charged electrodes,*® in
our experiments, they moved on the surface of IDEs (rather
than in the gaps) as a result of strong electroosmotic trapping
among tightly spaced microelectrodes. We emphasize that it is
such a difference in electrode configuration that leads to
unusual observations such as 1D transport, U-turns, and
collection at electrode exit. These observations are significantly
different from those made in previous studies and will be
discussed in more detail in a later section.

Before moving on to controlling motor dynamics and more
complicated interparticle interactions, we note an interesting
observation that particles were often found to stray from the
electrode center while moving forward, only to quickly return
to the track. Such a fluctuation in particle direction
phenomenologically resemble an under-damped oscillator.
To qualitatively understand such oscillations, we suspect that
the rotational diffusion of a SiO,—Ti Janus particle, when
coupled with its active propulsion, moves the particle toward
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one side of the electrode. As the particle deviates from the
center, however, it is forced to rotate its body and turn back
due to the electroosmotic flow and now move toward the other
electrode where it will turn back again by the trap. After a few
such oscillations, a Janus particle eventually aligns its
hemispheres properly and moves forward linearly, while
damping could be due to dissipation by hydrodynamic friction.
Because rotational diffusion is inevitable and quite significant
under our current experimental conditions, particles hardly
move in an absolutely linear trap. This track is therefore
considered pseudo-1D. Efforts in minimizing such fluctuations
is under way, but increasing or decreasing the driving voltage
was ineffective because it changed both the trapping and
straying force proportionally.

To summarize the cause of the observed single particle
dynamics: the horizontal component of the electric fields on
and around an interdigitated microelectrode gives rise to lateral
electroosmosis that traps a Janus particle to the center of an
electrode, while the vertical electric field component orients a
Janus particle and induces ICEP that propels it forward in 1D
within the electroosmotic trap.

Tuning the Speed of a Janus Particle on IDEs. The
design of interdigitated electrodes not only confines metal-
lodielectric Janus particles in 1D tracks but also enables the
tuning of their speeds via varying a number of experimental
parameters, particularly the driving voltages, frequency, and
gap widths of IDEs (Figure 3). First, it is known that the speed
of a Janus particle undergoing ICEP is proportional to the
second power of the electric field strength via the following:*®
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Au electrode

Figure 4. Interactions between SiO,—Ti Janus particles moving on IDEs. (a) Trajectories of two Janus particles during an encounter
(snapshot captured from SI, Video S3). A close-up of the circled part in (a) is shown in (b) with time stamps. (c) Schematic of the two Janus
particles in (a) and (b), illustrating their electrical polarizations (arrows on particles) and flow lines (curved arrows around particles). Both
the dipolar interactions and hydrodynamic interactions between these two particles are repulsive. (d) Optical micrograph of five Janus
particles moving in the same direction (snapshot captured from SI, Video S4). Their interparticle distances are labeled d1 through d4 and
are plotted over time in (e). (f) Chaotic trajectory of one Janus particle in a dense, turbulent group (snapshot captured from SI, Video S5).
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where ¢ is the electrical permittivity of the medium, R is the
radius of the spherical particle, 7 is the medium viscosity, E is
the electric field strength, and 6 is the ratio of the differential
capacitance of the compact layer to the diffusion layer (an
intrinsic parameter of the electrical double layer that changes
over solution ionic strength). Since E scales with the driving
voltage when other parameters are fixed, one naturally expects
that the speeds of SiO,—Ti Janus particles on IDEs are
proportional to the second power of the driving voltage. This is
indeed confirmed in our experiments (Figure 3a).

Figure 3b shows that the average velocity of the particles
gradually decreases as the frequency of the electric field was
increased from 5 to 30 kHz. No motion was observed at or
below 1 kHz, or above 100 kHz, similar to previous reports of
ICEP made with coplanar or sandwiched configurations of
electrodes.”®>” A mismatch of time scales is responsible for this
frequency window. More specifically, at low driving frequencies
(e.g., <1 kHz), the charged double layer on the electrode surface
could alternate its polarization in sync with the applied electric
field, thus effectively screening the electric field outside the
double layer. As a result, a Janus particle on an electrode
surface was only very weakly polarized and ICEP was
consequently weak. Increasing the driving frequency causes
the double layer on the electrode surface to not be able to
catch up, and Janus particles begin to move under ICEP.
However, at much higher driving frequencies (e.g., >100 kHz),
the rapidly switching electric field was too fast for ions in the
double layer of the Janus particles to respond to, and ICEP was
therefore shut down. Such an analysis of differences in time
scales has been eloquently given in ref 62. Moreover, although
previous studies showed that metallodielectric Janus particles
reversed their direction when the driving frequency was raised
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59,61,63,64 1 - .
O00%5% this was not observed in our

above tens of kHz,
experiments, which raised an interesting point that this reversal
could depend on electrode configurations.

Coming back to eq 1, the electric field strength E is also
affected by the gap width D between two neighboring
electrodes approximately via E = AV/D, where AV is the
difference in the electric potential between two neighboring
electrodes. Numerical simulations show deviations from this
simple estimate near the electrode edges (SI, Figure S5), where
the field strength is the highest. Nevertheless, this simple
scaling suggests that as the gap width D increases, the electric
field strength at the electrode center would decrease
proportionally, resulting in a slower Janus particle undergoing
ICEP according to eq 1. This is confirmed in our experiments,
where particle speeds were measured on IDE electrodes with
gap widths of 10, 30, and 50 um, as shown in Figure 3c.
Indeed, electrodes with the smallest gap yielded fastest Janus
particles.

Particle—Particle Interactions. Having quantified and
explained the single particle dynamics on IDEs, we move on to
particle—particle and particle—electrode interactions. A Janus
particle moving along the center line of an electrode can move
toward either direction. When two particles moving in
opposite directions encountered each other, the scenario that
occurred most often in our experiments was that the pair
moved past each other by slightly reorienting their bodies
(Figure 4a,b, and SI, Video S3). Less frequently, one particle in
the pair would completely reverse its direction before moving
in contact with the opposite particle. In very rare situations,
two particles could also collide head-on and stay still for a short
period of time before gliding past each other and continuing
their separate ways. These observations suggest that between
two Janus particles approaching each other from opposite
directions there is in-plane repulsion (Figure 4c), which when
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coupled with the rotational diffusion of Janus particles, leads to
their reorientation.

The repulsion between two approaching SiO,—Ti particles
could originate from electrical dipolar interactions and
hydrodynamic interactions (Figure 4c). More specifically, a
previous calculation by Yan et al. (see Figure 2c of ref 59)
showed that at a driving frequency around 10 kHz, the typical
frequency used in our experiment, both the SiO, and Ti
hemispheres are electrically polarized in the same direction. As
a result, two approaching Janus particles would repel each
other via a repulsive dipolar interaction.””® In addition,
previous theoretical and experimental studies have found that
the flows near a particle undergoing ICEP point outward near
its front and rear ends (and inward at the equator), thereby
causing a hydrodynamic repulsion between two ICEP particles
moving toward each other.®*"%” However, because the
electrical polarization is weak for the leading SiO, hemisphere
of a SiO,—Ti Janus motor, both the dipolar interaction and
hydrodynamic flows between two approaching SiO, hemi-
spheres are weak. Two motors were therefore able to briefly
collide before they moved past each other rather than repelling
each other from far apart as recently demonstrated by two
approaching Janus motors with strong magnetic dipolar
repulsion.

Unlike those approaching each other, Janus particles moving
in the same directions preferred to maintain a certain distance
away while moving in a single file. Figure 4d,e demonstrated
such a procession of 5 SiO,—Ti Janus particles moving along
the center line of an electrode (SI, Video S4). Although their
interparticle distances fluctuated over time, the relative
position of all five particles remained largely stable (Figure
4e). One can naively attribute this stable sequence to the fact
that all Janus particles were more or less of the same sizes and
composition and would therefore move in similar speeds, but
additional repulsive interactions could also contribute, such as
the dipolar interactions and hydrodynamic interactions
discussed earlier.’” We note that a stable procession of
multiple particles could be disrupted by defects along the way,
including scratches or particles stuck on the electrode surface
or by the end of an electrode, where particles are forced to turn
180° and travel back (SI, Video S6, and discussed in more
detail later). Despite these limitations, hydrodynamic trapping
of colloidal particles into a 1D chain at an electrode could
prove to be a useful technique for the study of single file
diffusion,”" ~"* especially that of active particles.”> This will be
discussed further in the Discussion section.

As the particle number density is increased, the directional
transport of SiO,—Ti Janus particles along the electrode gave
way to chaos (SI, Video SS). One snapshot from SI, Video SS
is given in Figure 4f, and the trajectory of one Janus particle
within a dense group is plotted in red, illustrating how it was
unable to break free even though its average speeds (and that
of its neighbors) remained high. Apart from the crowdedness
that hindered the directional transport of Janus particles, they
appeared to be actively repelling each other, possibly via
dipolar and hydrodynamic interactions discussed earlier that
quickly escalated in complexity due to many-body interactions
in a strongly confined environment. Because of these
interactions and constraints, any one Janus particle of a
dense, active group finds it extremely difficult to move far (and
is even forced to turn around), and the whole group becomes
“active turbulence”. Similar turbulence of active 7garticles such
as magnetic spinners,76 bacteria,”” and cells,”® have been
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recently discovered in 2D systems driven far from equilibrium,
and such mesoscale turbulence can even be put into useful
work.”” Our system therefore presents a promising playground
for studies of active turbulence, and this is discussed further in
the Discussion section.

At the Two Ends of Electrodes. So far we have described
the dynamics of SiO,—Ti particles in a quasi-1D confinement
defined by the electrode edges on both sides while particles are
free to move along the center line of the electrode. What
happens when these particles reach the end of an electrode? To
begin with, we note that the characteristic configuration of an
interdigitated electrode dictates that one end of the finger is a
closure (a dead end), while the other end opens to a much
bigger gold pad where half of all the fingers are connected to
(see Figure Sa for schematics). Therefore, a Janus particle
moving along the long axis of an electrode for an extended
period of time could very likely reach either end of the
electrode.

At the electrode dead end (Figure Sb, SI, Video S6), the
particle is forced to make a U-turn and go back along the
center line of the electrode. The inward electroosmotic flow
along the long axis of the electrode, which shares the same
origin as the flow that confines particles from electrode sides, is
most likely responsible for the reversal of an incoming Janus
particle when coupled to its rotational diffusion. Other sources
of repulsion, such as dielectrophoresis,48 is likely too small to
contribute because the particle reversed ~20 ym away from
the electrode dead end.

To further examine the effect of this electroosmotic flow on
the reversal of a Janus particle, we measured the instantaneous
speeds (U) of 10 micromotors before (Uppoye) and after (U,ge,)
they made U-turns (Figure Sc). If we consider U as the
combined result of electroosmotic drag forces that pushes a
particle away from the electrode end (Fy,) and ICEP
propulsive forces which always move the particle away from
its metal cap (Fcgp), then we have Uygre = Uicpp — Ugp and
ULer = Uscpp + Ugo (all speeds are in absolute values). Simple
math would then separate the contributions of these two
forces, which are plotted in Figure 5d. Results show that a
Janus micromotor approaching the electrode dead end is
subjected to a vertical electric field that increases its strength
first but decays near the end (thus a similar change in Uycgp).
In addition, the electroosmotic flow along the long axis of an
electrode is the strongest ~20 pm inside the electrode, a profile
in qualitative agreement with both literature reports and our
measurements with tracer microspheres (see SI, Figure S6) in
similar electrode configurations.

A Janus particle moving near the open end of an electrode,
on the other hand, gradually slowed down as it neared the exit
(SI, Video S7). The trajectory of one decelerating Janus
particle is presented in Figure Se, and the instantaneous speeds
of four consecutive Janus particles as they exited the same
electrode are plotted in Figure Sf (data acquired from SI,
Video S7). To understand the observed change of particle
speed, we examined via numerical simulation the changes in
electric field strength along the center line of an electrode.
Simulation results revealed that the second power of the field
strength at the exit of an electrode is only roughly 1/10 of that
deep in the electrode (Figure Sf, solid line), which matches
well with the change in particle speeds measured exper-
imentally (Figure Sf, empty dots). The physical reason for the
decline of the electric field is as follows: the configuration of
IDE:s is such that each electrode finger is ~40 ym shorter than

DOI: 10.1021/acsnano.9b02100
ACS Nano 2019, 13, 8842—8853


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_004.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_006.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_006.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_006.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_007.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_007.avi
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02100/suppl_file/nn9b02100_si_007.avi
http://dx.doi.org/10.1021/acsnano.9b02100

ACS Nano
';
b)g =—m ©) ————Fj3— Jd -
1 H 25 g O 1.0 |
1 — e — .
2 ! " o0 M I
| 5 g | * |
F 04
1 2 5 Ubes z 1
O——b | g 0 etore :D- 0.2 F|CEP 1
| 8 5t 0.0 1
| » -10f 02 w 1
15k
| 04 F, 1
| 20r \\//A/U;: 06 EO |,
| -2515 2‘0 2'5 3‘0 3‘5 20 15 20 25L 30 35 40 1
m
1 ® L (um) (um) :
|
r ______________________________________ 1
_ m/s !
: e) , (U25 ) f) 30 E2/E2 I
|
TR 251 % 110 ,
1 20 @ |
: ¢ € 20 electrode |
o .
_ ( ) i . 15 25l opening :
L ® ; {05
® 10l ° Particle1 1
Iym L 10 Q o Particle2 1
I r 1 2] 51 Particle3 1
1 { o Particle4 1
: ’ 5 ol — Simulation 100 :
1 0 100 80 60 40 20 1
1 L (um) |

Figure S. SiO,—Ti Janus particles moving close to electrode ends. (a) Schematic of the configuration of IDEs, showing closed ends (circled
red) and open ends (blue). (b) Optical micrograph of a Janus particle turning around near the closed end of an electrode, with white arrows
indicating the electroosmotic flows and a red line indicating the particle trajectory during 3.6 s. (c) Instantons speeds of 10 micromotors
before (top, red) and after (bottom, blue) making U-turns. (d) Calculated ICEP propulsive forces (Fjcgp, top, red) and electroosmotic drag
forces (Fgo, bottom, blue) from (c). (e) Optical micrograph showing the trajectory (instantaneous speeds are color coded) of a Janus
particle moving toward the open end of an electrode. (f) Instantaneous speeds of four consecutive Janus particles moving toward the
electrode opening (scattered data points). L is defined as the distance from the opening into an electrode. Simulation results (solid line)
confirm the change of electric field strength along the long axis of an electrode toward its opening.

the separation between two electrode pads (Figure 1a). This
means that the two closest neighboring electrodes of —V will
have closed up long before the middle electrode of +V opens
to the large pad. As a result, the gap D between electrodes
widens as a Janus particle moves close to the electrode
opening, and the electric field it experiences decreases in
proportion.

A natural consequence of the above two scenarios, turning
around at the dead end and slowing down at the open end of
an electrode, is that Janus particles that were initially uniformly
scattered on the entire chip surface would eventually be
collected at the electrode openings. Figure 6a and SI, Video S8
demonstrates this process, where after 20 s a large number of
particles had accumulated at the openings of all the fingers
(although Figure 6a only shows one side of the whole IDE
chip, the same is observed on the other side). The pile of
particles was fan-shaped, likely because of the electroosmotic
flow pointing from gaps into electrodes (Figure 6a, white
arrows in the last panel).

Although Janus particles on the large gold pad at the
electrode exit show little activity beyond Brownian motion,
they can be easily activated by slightly modifying the electrode
configuration. An example is given in Figure 6b, where the
inert glass top cover of the experiment chamber in Figure 1a is
replaced with a conductive ITO glass (coating facing down).
Upon electrically connecting this ITO layer to one set of the
finger electrodes, the expelled Janus particles on the large pad
now experiences an additional vertical AC electric field
generated between the bottom gold pad and the top ITO.
As a result, they move and interact in the same way as in a
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typical ITO sandwich configuration (SI, Video S9). For
example, Figure 6¢ shows the formation of SiO,—Ti Janus
particles of labyrinth patterns made of serpentine chains,
simila24to a previous report carried out with a ITO sandwich
setup.

DISCUSSION

The core idea of this manuscript is to introduce interdigitated
microelectrodes (IDEs) as a useful platform for the study of
active matters (micromotors in particular), where electro-
osmotic trapping confines particles in 1D tracks and ICEP
propels them along the track. Following the descriptions of the
rich dynamics of Janus metallodielectric particles shuttling on
these electrodes and their interactions, we in this section
discuss the following three aspects that suggest practical
usefulness of this strategy: (1) the difference and advantages of
electroosmotic trapping compared to other trapping techni-
ques, (2) the usefulness of confined propulsion of Janus
particles on IDEs in the study of active matters, and (3) the
generality of this technique in terms of particle selections and
electrode designs.

First, the electroosmotic trapping demonstrated with these
IDEs are different from other major strategies that confine
micromotors. Previously, physical boundaries such as tight
channels,*”®" trenches,***® edges,84 pillars,85 and heart-shaped
structures®® were fabricated by lithography and were able to
geometrically limit and guide the transport of micromotors
moving nearby. However, physical boundaries also introduce a
complicated interplay of electrostatics, electrokinetics, hydro-
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Figure 6. Accumulation of Janus particles at the electrode openings. (a) Time elapsed optical micrographs over 20 s at the openings of the
electrodes, with white arrows indicating the electroosmotic flows. (b) Modified electrode configuration. The top cover is replaced with an
ITO-coated coverslip, which is electrically connected to the bottom electrode with a switch. (c) Upon turning on the switch from (b), a
vertical electric field between the top and bottom electrodes activate the accumulated piles of Janus particles in (a), forming labyrinth

patterns made of serpentine chains.

dynamics, and steric effects between a microswimmer and a
surface with which it is in close contact. This feature is not only
poorly understood but could also be mechanism-dependent so
that it only applies to certain types of micromotors. The other
major limitation is the lack of an on—off mechanism to enable
and disable the confinement as needed. Once a microswimmer
suspension is added to these physical structures, there is very
little control over when the particles become confined and how
(or whether) they can be released.

In contrast, electroosmotic trapping offers an alternative
strategy that addresses both issues, by being easily turned on
and off and by being contactless. (Note that although our
experiments involve a charged boundary at the bottom, it does
not confine particles in the sense that is discussed here.)
Although optical or acoustic trapping also exhibit both
features,”” electroosmotic trapping compares favorably in that
it applies to a wider range of particles, including metallodi-
electric Janus particles that would spontaneously spin in either
optical or acoustic traps.”*®” The much less complicated
experimental setup of electroosmotic trapping techniques is
another advantage.

There are certainly limitations to be noted too. For example,
the trapping force exerted on a Janus particle in our experiment
is on the order of pN, smaller than intense trapping offered by
optical or acoustic trapping. Motors are therefore only loosely
confined in a somewhat flexible track, especially if the driving
voltage (therefore electroosmotic flow magnitude) is small.
The trapping potential is also less well-defined, with possible
defects and inhomogeneity as a result of electrode fabrication.
In addition, due to fluid continuity, a trapped particle is often
in an unstable state, easy to be convected upward or downward
by converging flows, or trapped in a vortex. Finally, even
though a hydrodynamic trap is contactless and on/off-
switchable, features that are missing from physical constraints,
both trapping techniques require microfabrication and are
therefore more or less fixed/static. Optical or acoustic traps are
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on the other hand dynamic and promise spatiotemporal
manipulation. It is perhaps only fair to compare these trapping
techniques on a scenario-specific base.

Given its features and limitations, we envision the fast and
on-demand collection and enrichment of active particles at
specific locations demonstrated in this study could prove
particularly useful in a few scenarios. First, by mixing Janus
SiO,—Ti particles with bare SiO, microspheres, we see that
Janus particles move along the electrode center and plough
through clusters of inactive SiO, spheres (SI, Video S10). With
proper surface chemistry and selection of particles, this could
be useful for biosensing and cell/bacteria separation based on
specific surface—surface interactions.”””" In addition, due to a
difference in activity, Janus particles and non-Janus particles
can be sorted by collecting Janus particles at the electrode
exits. Second, the collection of a dense population of particles
at the electrode exits could serve as a useful technique for the
study of collective behaviors of active matter in a dense
population,%_98 such as jamming, swarming, phase separation,
etc. Unlike conventional techniques for these studies that
involve concentrated particle suspensions, enriching particles
with IDEs requires much fewer samples, a great benefit for
samples that do not come in large quantities (such as cells).
Third, the current setup enables interesting possibilities for
studying single file diffusion of active particles and their
collective behaviors in a strongly confined and driven system.
Single file diffusion seen in Figure 4d and active turbulence
seen in Figure 4f may very well be the two ends of a spectrum
of rich dynamics. For example, a previous study of the
emergent band of Quincke rollers moving along a racetrack®
suggests that confining a dense group of interacting, motile
active particles does NOT necessarily lead to turbulence, in
contrast to our observations. There seems to be a phase
transition from turbulence to order (or vice versa) among
densely populated active particles that is regulated by the
degree of confinement and/or the nature and strength of
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interparticle interactions. Our current setup, upon modifica-
tion, could prove useful for probing this very interesting
question with far-reaching impact.

Finally, we briefly comment on the generality of the
observed confinement and propulsion of Janus particles on
IDEs. The propulsion of particles is activated by an asymmetric
electrical polarization of a Janus particle under AC electric
fields, and this naturally applies to other metallodielectric
particles beyond SiO,—Ti demonstrated here. Pt coated
polystyrene microspheres, for example, exhibited qualitatively
the same behaviors (results not shown). It is perhaps
important to note that this propulsion mechanism is somewhat
insensitive to the surface functionalization (e.g., gold surface
functionalized with —SH that enables streptavidin—biotin
binding), facilitating biological applications. Confinement, on
the other hand, emerges from the electroosmotic flows
pointing inward the electrodes from the gaps, and this effect
can be easily reproduced by microelectrodes of configurations
beyond simple parallel electrodes. For example, we have
fabricated via photolithography microelectrodes that are
aligned not parallel but with a small offset angle (SI, Figure
S7b), as well as those curling into spirals (SI, Figure S7c), and
observed qualitatively the same confinement and propulsion of
Janus particles on these electrodes. More complicated designs
could in principle enable the directional transport of active
particles along tracks of arbitrary shapes (such as mazes), with
controlled left and right turns, toward a specific target. In
summary, the great variety in Janus particle selections, in
functionalization on either hemisphere, and in microelectrode
designs could potentially enable a wide range of applications.

CONCLUSIONS

By combining ICEP propulsion of Janus particles and
electroosmotic trapping, we demonstrate a strategy to propel,
confine, and collect metallodielectric Janus particles on
interdigitated microelectrodes under AC electric fields.
Notably, the horizontal component of the electric field induces
lateral electroosmotic flows that work as a hydrodynamic trap
to confine Janus particles at the electrode centers, while the
vertical component of the electric field aligns and propels the
particle via ICEP. Interesting observations were also made such
as single file diffusion, particle pairwise interactions and active
turbulence, turning at electrodes, and collection at the
electrode exits, all qualitatively explained by dipolar and
hydrodynamic interactions.

Looking forward, this strategy, although primitive and
limited at its current stage, could be further developed into
functional, tunable tracks that steer synthetic microrobots, as
well as a contactless technique to manipulate the organization
of active matters, useful for the study of their collective
behaviors, single file diffusion, and active turbulence.
Limitations with the current demonstration are detailed in
the Discussion section. A distinct advantage of microelectrodes
is in its tunability, both in the design of its structures and
dimensions via lithography and in controlling experimental
parameters such as driving voltages and frequencies.
Furthermore, the strategy presented here can be extended to
other electrode designs and other types of Janus particle.

METHODS

Experimental Setup. Chips containing interdigital microelectr-
odes used in our experiments were purchased from NanoSPR LLC
(Chicago, USA). According to the manufacturer, IDEs were
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fabricated by evaporating 150 nm of gold on glass substrates, which
formed finger electrodes of 20 um width and separated by regular
gaps (three different chips with gap width of 10, 30, and SO ym were
used in our experiments). An observation chamber was made by
placing carefully over the IDEs a silicone spacer of 200 um in
thickness with a hole of S mm in diameter (Grace Biolabs).
Microparticle suspension was added into the chamber by micro-
pipette, and the chamber was sealed from the top by a precleaned
glass coverslip. The two sets of finger electrodes of an IDE were
connected to a function generator (Agilent33210A) that output
alternating signals (square waves) so that neighboring electrodes
always carried opposite electrical potential. For example, half of all
electrodes carried 1 V while the other half —1 V when 2 V,_, was
applied. In a typical experiment, signals of a few volts (peak to peak)
operating at a few kHz were applied, although other parameters had
been examined and are reported in the main text. Particle motion was
recorded by a CMOS camera (Point Gray, Grasshopper 3) mounted
on an Olympus BXS1 M upright microscope. Reflective microscopy
was used, and gold electrodes were therefore bright in color. Particle
coordinates were tracked by homemade MATLAB codes, which
enabled plotting its trajectories and calculating its instantaneous
speeds. A schematic of the experimental setup can be found in SI,
Figure S1.

Fabrication of SiO,—Ti Janus Particles. A monolayer of SiO, (3
pum in diameter) was first prepared by a drop-casting method. SiO,
microspheres was first suspended in ethanol (20 yL) and dispersed by
ultrasound. The suspension was drop-casted on a piece of glass slide
pretreated by Piranha solution (a mixture of concentrated H,SO, with
30% H,0, in 3:1 volume ratio. Caution! Extremely corrosive!). A thin
film of 50 nm Ti was then deposited on the top of the dried SiO,
monolayer via electron beam evaporation. SiO,—Ti Janus particles
were then collected by sonication and resuspended in deionized
water. An SEM image of the fabricated SiO,—Ti Janus particles is
shown in Figure 1b.

Simulations. Our 3D numerical model was implemented with
COMSOL Multiphysics package (version S$.2a). IDEs of proper
dimensions were sandwiched between bodies of water and glass.
Positive and negative electrical potentials were set on alternating
electrodes and steady-state solutions of the electric potential and
electric fields in the whole domain were calculated. The electrostatic
module in COMSOL was used. Details of the simulation, including
geometry, boundary conditions, and other parameters, can be found
in the Supporting Information.
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Accumulation of a large number of particles at the
openings of finger electrodes (AVI)

Accumulated Janus particles on the large gold pad can
be activated by switching on the vertical electric field
(AVI)

An active Janus micromotor ploughs through inert SiO,
microspheres accumulated at the electrode center (AVI)
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