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Active colloidal particles typically exhibit a pronounced affinity for accumulating and being captured at
boundaries. Here, we engineer long-range repulsive interactions between colloids that self-propel under
an electric field and patterned obstacles. As a result of these interactions, particles turn away from
obstacles and avoid accumulation. We show that by tuning the applied field frequency, we precisely and
rapidly control the effective size of the obstacles and therefore modulate the particle approach distance.
This feature allows us to achieve gating and tunable confinement of our active particles whereby they
can access regions between obstacles depending on the applied field. Our work provides a versatile
means to directly control confinement and organization, paving the way towards applications such as
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1. Introduction

Biological microswimmers employ sensory and feedback con-
trol schemes to enable a broad range of interactions with
confining surfaces based on decision making and active
response.’? Information exchange with their surroundings
leads to targeted motility modes and behaviors, including
alignment, capture, and accumulation, e.g., when colonizing
surfaces, or avoidance and escape at boundaries, e.g., when
exploring space to ensure proper dispersion."*'* In recent
decades, scientists have been developing active colloidal parti-
cle systems to serve as synthetic model microswimmers.'>™"®
Owing to their ability to convert energy from the environment
into directed motion, these are outstanding candidates for
technological and industrial applications.’®° However, the
vision that they will surpass the range of functions and applic-
ability of the biological systems that inspire them still remains
unattainable to date.>**?

Contrary to their biological counterparts, active colloids
still lack targeted motility modes and comparable behaviors
in relation to confining boundaries. Instead, they exhibit
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sorting particles based on motility or localizing active particles on demand.

“involuntary” affinity and thus pronounced accumulation at
surfaces.**® First, active systems, e.g., the traditional Janus
particles that catalytically self-propel in H,0, solutions, are
bound to move along the walls of their container, due to the
competition between gravity and mass asymmetry on their
bodies.**** In addition, catalytic microswimmers are captured
by secondary structures fixed on the walls due to hydrodynamic
and phoretic couplings.**™*” Said structures act as obstacles
causing permanent immobilization, or alignment followed by
sliding and orbiting.*®>" Overall, escape from obstacles is rare
and poorly controlled, as it stems from variations inherent to
the static shape of the confinement.*>*'*> Designing tunable
interactions between active colloids and obstacles may there-
fore enable novel behavior and modes of active transport across
environments on both the single-particle and the collective
level, e.g., allowing particles to follow complex paths and
realizing environments for gating and tunable confinement.
Here, we engineer long-range repulsive microswimmer-
boundary interactions inside patterned environments. We
employ synthetic microswimmers in the form of metallo-
dielectric colloids self-propelling under an alternating current
(AC) electric field. Unlike catalytically-active colloids, our col-
loids approach and turn away from obstacles with remarkable
robustness, without accumulation or self-trapping.”® We
demonstrate that this turning-away response can be directly
adapted via the field frequency, which sets a repulsive exclusion
zone around the obstacle. This effectively tunes the obstacle
size, turning each obstacle into a ‘“soft” repulsive boundary. By
tuning the frequency, we thus dynamically shape the bound-
aries experienced by the active colloids to direct them along
straight paths or around bends, and to achieve gating and
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confinement as a function of the effective distances between
obstacles. Overall, our work provides an exciting and versatile
way to direct synthetic microswimmer motion and organization
within complex environments, which can prove useful for
future applications towards sorting particles based on their
motility or creating photonic devices with active particles.>*

2. Results and discussion

2.1. Tunable long-ranged interactions between
microswimmers and obstacles instigate novel turn away
response

In our experiments, we explore the interaction between Janus
colloids self-propelling under an AC electric field®® and static
3D-printed obstacles. To that end, we employ metallo-dielectric
spheres comprising a SiO, core with diameter 2R = 3 pm, half-
coated with a thin layer of Pd, see Materials and methods. We
place the Janus colloids in water between two transparent
conductive surfaces separated by a spacer (thickness 2H =
120 pm), see Fig. 1(a). The bottom surface is patterned with
cylindrical obstacles (diameter 10 pm and height 6 um), directly
printed using two-photon polymerization lithography, see
Materials and Methods. We connect the sample to a function
generator through which we apply a transverse AC electric field
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of Vp,p/2H, where V,,;, is the peak-to-peak voltage amplitude. We
follow the colloids with an inverted microscope in real time at
10 frames per second under bright-field illumination. We then
use custom tracking algorithms in Python to identify the
locations of both particles and topographic features.

At field frequencies f between 100 Hz and 10 kHz, similar to
the ones tested here, metallo-dielectric Janus colloids self-
propel due to asymmetric electrodynamic flows generated
along their surfaces.’®”” In this frequency range, the period
of the applied electric field, T = 1/f, lies between two key charge
relaxation times: the charge relaxation time of the electric
double layer (EDL) at the electrode interface, 7. = A,H/D (where
D is the electrolyte diffusivity and A, is the Debye screening
length), and the charge relaxation time of the particle, t, = /oR/
D. This implies that the EDL at the electrode interface builds up
only partially, while there is sufficient time for the metallic cap
of the Janus particle to fully polarize in response to the electric
field. The resulting polarization induces a charge distribution
on the particle surface. The interaction between the applied
electric field and this induced charge gives rise to electrohy-
drodynamic (EHD) flows around the particle through induced-
charge electro-osmosis (ICEO).**®° If the particles were com-
positionally symmetric, the flows around them would be sym-
metric and quadrupolar,® resulting in no motion. However,
due to different polarizability of the metallic and dielectric

i'.

Fig. 1 Synthetic microswimmers turn away from obstacles. (a) Our experimental system: we study the active motion of 3 um SiO, Janus colloids with
thin Pd caps self-propelling under an AC electric field. We place the colloids in water between two transparent conductive surfaces separated by a spacer
and connected to a function generator, and image particle motion with an inverted microscope. The bottom surface, parallel to which colloids self-
propel, is patterned with 3D-printed obstacles in various configurations. Upon approach, the active particles reorient and avoid the obstacle surface due
to tunable long-range repulsive interactions. Microscopy images obtained at a fixed 6 V peak-to-peak amplitude and frequency (b) 9.0 kHz, (c) 1.0 kHz,
and (d) 0.6 kHz, illustrating the turning-away response. Trajectories are colored according to the normalized instantaneous velocity of the particle. Scale
bars are 10 pm.

This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 3850-3858 | 3851


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01512f

Open Access Article. Published on 16 April 2025. Downloaded on 1/22/2026 12:35:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

sides of the particles, there exists an asymmetric induced charge
distribution and thus an imbalance in the electrohydrodynamic
flows between the two sides, causing self-propulsion with the
metallic half at the back. Under the conditions applied in our
experiments this leads to self-propulsion velocities ranging
between 12 and 20 um s, see Fig. S1 in the ESL}

We first examine the effect of a single cylindrical obstacle on
approaching microswimmers, and find that they change their
motion direction and turn away from the obstacle. Example
active trajectories that illustrate this effect are shown in
Fig. 1(b)-(d) and Video S1 (ESIY).

Specifically, at a frequency of f = 9.0 kHz, the particle
“senses” the obstacle and avoids it, see Fig. 1(b). We find that
this behavior persists for a range of frequencies, see f= 1.0 kHz
in Fig. 1(c) and f = 0.6 kHz in Fig. 1(d), albeit with “sensing”
and turning away taking place at increasingly larger distances.
We observe that, at low frequencies, particles slow down as they
swim towards the obstacle and subsequently reorient and swim
away with a higher speed (see the trajectories color-coded
according to the instantaneous self-propulsion velocity in
Fig. 1 and quantification of the average self-propulsion velocity
versus radial distance from the pillar in Fig. S2 in the ESIt).
Sufficiently far away from the obstacle, particles recover their
frequency-dependent swimming speed. We note that at fre-
quencies f >» 9.0 kHz the particle self-propulsion effectively
ceases until at f < 50 kHz the Janus particles start moving with
their metallic caps oriented forward.®® In this frequency range,
the metallic caps of the Janus particles exhibit a strong attrac-
tion toward the pillar when in close proximity, leading to its
immobilization at the pillar surface.
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We now focus on the sub-kHz to low-kHz frequency range to
investigate in detail how the applied frequency influences
particle dynamics. To this end, we quantify microswimmer
-boundary interactions at applied frequencies ranging from
f=0.4 kHz to f= 9.0 kHz, where repulsive behavior is observed
(see Fig. 2(a)-(c)). We compute time-averaged particle density
profiles around the obstacles (see Methods and Fig. 2(d)—(f) for
representative examples). In these maps, dark regions corre-
spond to a high probability of finding a particle, whereas light
regions indicate low probability.

At a frequency of f= 9.0 kHz, we do not observe any apparent
exclusion region around obstacles, as in Fig. 2(d). However, as
we decrease the frequency of the electric field to 1.0 kHz in
Fig. 2(e) and 0.6 kHz in Fig. 2(f), a well-defined exclusion region
appears, indicating an increase in the effective size of the
obstacle. Using the corresponding time-averaged density pro-
files, we calculate the normalized average particle density at
each distance from the obstacle surface and at different fre-
quencies. We show example curves that correspond to frequen-
cies of f= 9.0, 1.0 and 0.6 kHz in the inset of Fig. 2(g). We
subsequently extract the distance from the obstacle where the
time-averaged density profile equals 0.9, corresponding to a
90% probability for a microswimmer to be able to reach the
corresponding distance from the obstacle (represented by a
horizontal dotted line, rq¢, in the inset of Fig. 2(g)). Plotting the
extracted rq values as a function of fin the main panel in turn
reveals a monotonically-decreasing separation distance with
increasing frequency. Detailed data at various frequencies
within the f = 0.6-9.0 kHz range can be found in Fig. S3 in
the ESL{
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Fig. 2 Tunable long-ranged microswimmer—obstacle interaction through adjusting the applied field frequency, f. Bright-field microscopy images
with active colloids in proximity to a cylindrical obstacle (diameter 10 um, height 6 um) under a fixed 6 V peak-to-peak amplitude and f of (a) 9.0 kHz,
(b) 1.0 kHz, and (c) 0.6 kHz. (d)—(f) Time-averaged particle density profiles around the obstacle corresponding to a—c, normalized by the time-averaged
density in the sample far away from the obstacle. (g) Particle-obstacle separation distance rqo, defined as the distance at which the normalized time-
averaged microswimmer density is equal to 0.9, as a function of f. Inset shows the normalized particle density as a function of radial distance from the
obstacle for f = 0.6 kHz, 1.0 kHz, and 9.0 kHz. The dotted line indicates the extracted ryg value. Scale bars are 10 um.
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The data in Fig. 2(g) are well fitted with the expression
90 =;+ ¢, with @ = 6.7 £+ 0.2 and ¢ = 2.2 £+ 0.2, um for this

specific sample (see dashed line). Notably, the inverse relation-
ship between field frequency and the size of the exclusion
region around the obstacles is remarkably robust, persisting
across Janus particles with varying core materials, metal caps
and sizes, as shown in Fig. S4 in the ESL.{ A similar dependence
of the exclusion region on fis also observed for bare 3 pm SiO,
spheres, ie., non-self-propelling ones. However, these spheres
exhibit a larger exclusion zone compared to their metallic-
capped counterparts (see Fig. S6 in the ESIt). It is worth noting
that the self-organization of bare, passive spheres differs from that
of the active Janus spheres, particularly in the low-frequency
regime where bare particles form large aggregates,”””> potentially
affecting the observed exclusion zones.

The qualitative robustness of the frequency-dependent
exclusion zone surrounding the cylindrical obstacle and its

1
790 o</7 scaling point at the presence of EHD flows induced by

the dielectric pillar residing on the bottom electrode. In the
absence of the obstacle, the applied electric field causes coun-
terions to migrate toward the electrodes and co-ions to be
repelled, resulting in the formation of an electric double layer
near the electrodes. Consequently, the charges on each elec-
trode are balanced by those in the diffuse layer, and the fluid
remains stationary. However, when the dielectric obstacle is
introduced, it induces an electric field gradient, with a compo-
nent tangential to the bottom electrode. This disturbance
causes the charges within the electrode polarization layer to
move, driving fluid motion, commonly referred to as EHD flow.

The observed inverse relationship between the applied field
frequency and the size of the exclusion zone surrounding the
pillars aligns with theoretical predictions by Ristenpart et al.,*>
who demonstrated that the strength of EHD flows induced by a
dielectric object near a conductive surface decreases with
increasing field frequency. We use tracer particle analysis (see
Fig. S5 and Video S4 in the ESIf) to visualize the flow field
around the pillars in our system and confirm outward-directed
hydrodynamic flows along the substrate whose maximum

. 1 .
velocity, ¥max, scales as —. These observations further support

/

that EHD flows cause the repulsive interactions between the
pillars and Janus particles, as we schematically depict in the
insets in Fig. S5b-d in the ESIL.{ Additionally, the presence of
electric field gradients will also generate dielectrophoretic
(DEP) forces. To evaluate their importance, we have calculated
their magnitude as a function of radial distance from the pillar
(see Section S7 and Fig. S7 in the ESIt). The DEP force exerted
on the dielectric core of the Janus particles by the pillar is
repulsive, remains approximately constant across different
frequencies, and is shorter ranged than the EHD flow field.
Therefore, we do not expect DEP to contribute to particle
repulsion strongly. In contrast, the DEP force acting on the
metallic cap of the Janus particles is attractive across the entire
range of investigated frequencies (see Fig. S8 in the ESIt). While

This journal is © The Royal Society of Chemistry 2025
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we do not expect this contribution to significantly affect the
magnitude of the DEP force on the Janus colloid - DEP forces
scale with volume and the volume of the dielectric core is much
larger than the volume of the metallic cap - this attractive
interaction may contribute to the characteristic turning-away
behavior observed as Janus particles approach the pillar,
potentially in combination with hydrodynamic coupling
between the outward monopolar flow field generated by the
pillar (Fig. S5b-d, ESIt) and the quadrupolar flow field around
the metallo-dielectric Janus microswimmers.®%°*

In practical terms, the discussion above implies that a
simple adjustment of the frequency allows for fine-tuning
the size of the exclusion zone around the cylindrical obstacles
in our experiments, transforming each obstacle into a ‘soft’
repulsive boundary whose effective size can be dynamically
controlled.

We observe that the size of the exclusion zone also depends
on the strength of the applied field (see Fig. S9 in the ESIT).
Specifically, at lower frequencies, (roy) decreases as the field
strength increases. This contrasts with the expected quadratic
increase in the magnitude of EHD flows as a function of
applied voltage, suggesting that at higher frequencies, the
self-propulsion force of the Janus particles - which increases
significantly - begins to play a more dominant role in deter-
mining how closely can the microswimmers approach the
pillar. In this manuscript, however, we focus on tuning the
interactions by varying the frequency of the applied field, which
enables broad control over the effective size of the obstacles
while maintaining a relatively constant self-propulsion speed.

2.2. Microswimmer gating in patterned environments

The frequency-dependent effective obstacle size allows us to
tune the behavior and self-organization of our active particles
across different environments patterned with obstacles. We
fabricate lattice configurations with different patterns, and vary
both the spacing between neighboring obstacles as well as the
effective obstacle size dynamically through frequency modula-
tion, as established above.

First, we examine active motion within straight arrays of
obstacles with lattice spacing of 10 pm in the x direction and 35
pm in the y direction. We find that at a frequency f = 9.0 kHz,
particles move through the obstacle arrays without any pre-
ferred direction. In Fig. 3(a), we overlay example particle
trajectories on top of a micrograph depicting the obstacle array
and show that the active colloids are able to explore the
environment unimpeded, as also evidenced by the distribution
of directions in the particle displacements in the inset. As
shown in Fig. 2(d), the effective obstacle size at this frequency
is very similar to its physical dimensions and substantially
smaller than the gaps between the obstacles, so the particles
can easily swim between them. However, note that this case is
different from the one of catalytically-active particles which are
captured by obstacles,?*73848751

At a frequency f = 1 kHz, particles instead move predomi-
nantly in straight paths in the x direction parallel to the
obstacle array, and rarely cross along in the y direction

Soft Matter, 2025, 21, 3850-3858 | 3853
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Fig. 3 Tunable microswimmer gating across environments with obstacles in straight and bent path configurations. Representative active trajectories of
colloids self-propelling through arrays of cylindrical obstacles with a lattice spacing of 10 um in the x and 35 um in the y direction, at varying applied
frequency f of (a) 9.0 kHz, (b) 1.0 kHz, and (c) 0.6 kHz. Insets show the distributions of directions in the displacements of the particles over 1 s intervals,
extracted from at least 60 trajectories of 2 min duration. Representative active trajectories of colloids self-propelling through an obstacle array with a
lattice spacing of 10 um in the x and 35 um in the y direction constructed to form a path with a 90° bend, at f of (d) 9.0 kHz, (e) 1.0 kHz, and (f) 0.6 kHz. The
peak-to-peak field amplitude is fixed in all experiments at 6 V. Scale bars are 50 pm.

(Fig. 3(b)). This behavior becomes even more pronounced at
frequency f = 0.6 kHz (Fig. 3(c)), where active particles only
appear to move along the x direction and in the middle of the
obstacles, which now effectively act as channels. This is further
reflected in the distribution of directions, see the corres-
ponding insets, as follows from Fig. 2(e)—-(g). In those two cases,
the separation between the obstacle columns is smaller than
the effective obstacle size reported in Fig. 2(d), such that the
gaps between obstacles in the y direction are effectively closed,
while providing a guiding action in lanes in the x direction.
Tuning the effective obstacle size thus allows us to gate active
particle motion along specific directions.

This frequency-dependent gating also enables guiding par-
ticles along more complex paths, i.e. around sharp bends. In
Fig. 3(d)-(f) and Video S2 (ESIt), we add a 90° bend in the same
lattice as previously described and, as before, we observe that at
frequency f = 9 kHz, our active colloids freely explore the
obstacle lattice and actively distribute themselves across the
entire available space (Fig. 3(d)). Adjusting the frequency to f=
1.0 kHz (Fig. 3(e)) and to f= 0.6 kHz (Fig. 3(f)), again prevents
particles from crossing across different rows in the lattice and
forces them to follow obstacle lines, also around the bends,

3854 | Soft Matter, 2025, 21, 3850-3858

indicating that our frequency-dependent gating allows direct-
ing particles within complex environments, suggestive of ana-
logies to liquid gating technologies.®

2.3. Tunable microswimmer confinement in disordered
environments

Finally, the gating strategy reported above gives us the oppor-
tunity to tune and directly control the confinement of active
particles inside environments with a broad distribution of
separations between obstacles, which we print here to form a
2D disordered environment. We show representative active
trajectories obtained from 2 min recordings within these dis-
ordered environments in Fig. 4(a)-(c) and Video S3 (ESIf).
Already from the trajectories, we see that tuning the applied
field frequency leads to particle localization.

At a frequency f = 9.0 kHz, the trajectories of the swimmers
approach the obstacles closely such that they can cross all gaps
between the obstacles freely and explore all available space
(Fig. 4(a)). However, upon changing frequency to f= 1.0 kHz in
Fig. 4(b), a given fraction of gaps, i.e those for which the
distance between obstacles becomes smaller than rq, is effec-
tively closed for the particles, which limits the regions they can

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Tunable confinement of synthetic microswimmers within disordered environments. Representative trajectories of active colloids within a
disordered array of 3D-printed obstacles under a fixed peak-to-peak voltage of V,, = 6V, and frequency f of (a) 9.0 kHz, (b) 1.0 kHz, and (c) 0.6 kHz.
Trajectories are overlaid on top of a bright-field image of the patterned environment. Circles with black dots represent the active colloids in the last frame
of the 2 min recording of their trajectories. Insets show corresponding mean squared displacements of individual colloids (IMSDs, (Ar?)) as a function of
lag time 7. (d)-(f) Time-averaged microswimmer density profiles corresponding to (a)-(c). Each dataset represents an average over 16 measurements
with a duration of 4 min. Obstacles are plotted as light grey circles with dark grey edge lines. Changing the frequency increases the effective size of the
obstacles, as discussed earlier, creating closed paths, where the distance between obstacle surfaces d is smaller than the corresponding rggp value
(marked by a red line connecting the obstacles). Insets show the distribution of nearest distance between obstacle surfaces, subtracted by the rqg value of
the corresponding frequency. Values of d — rgg below 0 (black dashed line) correspond to closed paths, plotted as red bars in the distribution, whereas

open paths are plotted as blue bars. Scale bars are 100 um.

explore. This effect becomes more pronounced when we lower
the frequency further to f= 0.6 kHz in Fig. 4(c). The occurrence
of gating strongly influences active trajectories, as clearly
shown by the mean square displacements of individual colloids
as a function of lag time reported in the insets. In the presence
of restrictions in space exploration, plateaus in the mean
square displacements emerge as microswimmers become
caged inside the larger cavities and cannot escape through
the gaps between the obstacles.

This frequency-dependent caging is clearly visualized by
evaluating time-averaged microswimmer density maps under
various applied frequencies, see Methods and Fig. 4(d)-(f). In
particular, we mark closed gaps, which microswimmers cannot
cross, with a red line that connects neighboring obstacles in

This journal is © The Royal Society of Chemistry 2025

Fig. 4(e) and (f) corresponding to f = 1.0 and f = 0.6 kHz,
respectively. The number of closed paths in the system
increases with decreasing frequency, as shown in the distribu-
tion reported in the inset. Specifically, the blue bars in the
distribution correspond to open, permitted paths and red bars
to closed ones following to the corresponding values of rg.

3. Conclusions

In summary, we demonstrate that we can engineer long-range
interactions between colloids self-propelling under an electric
field and obstacles configured in prescribed paths forming
complex tunable environments. As a result of these interac-
tions, active colloids turn away from obstacles and avoid

Soft Matter, 2025, 21, 3850-3858 | 3855
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accumulation at boundaries, showing a distinctive difference
from the classically-observed behavior for catalytic synthetic
microswimmers. By dynamically varying the effective obstacle
size we can achieve gating and confinement of active colloids
via a modulation of the gaps between obstacles that can be
easily opened and closed.

The precise and rapid regulation strategy that we describe
here offers high potential for the dynamic control of active
particle gating, and bypasses key limitations of previous
studies that utilized catalytically self-propelled colloids in
topographically-patterned environments. In particular, by
introducing feedback schemes that connect gating to real-
time particle distributions, we envisage future work towards
motion rectification, dynamic sorting of particles based on
motility, and creation of tunable self-assembled active particle
patterns. We therefore propose that electric fields open up
exciting avenues for manipulating synthetic active matter in
complex environments giving access to interaction modes with
confinement geometries that expand existing possibilities
towards the realization of advanced autonomous active units.

4. Materials and methods

4.1. Janus particles

Metallo-dielectric Janus colloids are fabricated by drop-casting
an aqueous suspension of SiO, spheres (2R = 2.96 um, SiO2-R-
LSC84, microparticles GmbH) on a plasma-cleaned microscopy
slide, followed by depositing a thin (2 nm) Cr adhesion layer
and a 6.5 nm Pd layer. The resulting Janus spheres were
dispersed in 50 mL Milli-Q water, and washed 3 times by
centrifugation and redispersion in fresh Milli-Q water. Finally,
the particles were concentrated to a volume of 0.5 mL to obtain
a suspension of approximately 2 mg particles per mL solution.
For the Janus particles with varying sizes, core materials, and
metallic caps, the same fabrication procedure was applied
using the following core-cap combinations: SiO, spheres with
diameter 2R = 2.06 pum (SiO2-R-L1561, microparticles GmbH)
coated with a 6.5 nm Pd hemispherical layer, SiO, spheres with
diameter 2R = 2.96 pm (SiO2-R-LSC84, microparticles GmbH)
coated with an 8.0 nm Au hemispherical layer, and polystyrene
spheres with diameter 2R = 2.99 pm (PS-FluoRed-Fi306, micro-
particles GmbH) coated with a 6.5 nm Pd hemispherical layer.

4.2. Patterned environments

Microstructures were produced with a nanoscribe photonic
professional GT2, which uses two-photon lithography. Designs
comprised cylindrical obstacles with height 6 um and diameter
10 pm in various configurations, and were designed using a
CAD software (Autodesk Fusion) and processed with describe.
Obstacles were printed onto UV-ozone treated ITO-coated glass
slides (Nanoscribe) using the commercial photoresist IP-S as a
pre-polymer. Standard printing parameters were selected, as
specified by the manufacturer: the printer was equipped with a
25x-immersion objective (Zeiss, NA = 0.8) and used to print in
DiLL mode. After printing, the structures were developed by
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submersion in propylene glycol methylether acrylate for
15 min, immediately followed by gently dipping into isopropyl
alcohol and gentle drying with a nitrogen gun. This procedure
reliable removes the unpolymerized photoresist. All micro-
patterning steps were performed under yellow light. Finally,
the printed structures were post-cured for 6 min under a UV
lamp with wavelength 565 nm.

4.3. Preparation of the experimental cell

Prior to the experiments a small amount of the Janus particle
suspension was mixed in a 1:1 ratio with a 2% surfactant
(pluronic-127, Sigma Aldrich) solution. A 5 pL droplet of the
suspension was placed in a custom-made sample cell consist-
ing of two transparent electrodes separated by an adhesive
spacer with a 9 mm-circular opening and 120 um height (Grace
Bio-Labs SecureSeal). The bottom electrodes were decorated
with obstacles as described above and the top ones were plain
ITO-coated slides cleaned via 20 min sonication in acetone and
Milli-Q water, followed by drying with a pure nitrogen stream
before assembling the sample cell. Once the particles were
added and the electrodes adhered via the spacer, the electrodes
were connected using copper tape to a function generator
(National Instruments Agilent 3352X) that applies the AC
electric field (f= 0.6-9.0 kHz, V;,, = 6 V).

4.4. Imaging

The sample cell was mounted on an Eclipse Ti2 inverted
microscope in bright-field mode and videos were recorded at
a frame rate of 10 frames per second using a CMOS camera
(Orca Flash 4.0 V3, Hammamatsu). Data for particle density
mapping were obtained using a 4x objective (Plan Fluor 4x,
Nikon, NA = 0.13) with 1.5 magnification lens. In addition,
higher magnification data were obtained for particle tracking
and Janus cap visualization using 20x (S plan fluor 20x, Nikon,
NA = 0.45) and 40x (S Plan Fluor 40x, Nikon, NA = 0.60)
objectives.

4.5. Particle tracking

The acquired images were preprocessed in Python by inverting
their intensity values and binarizing them to enhance the
contrast between obstacles and the background. The centers
of the obstacles were identified in the binarized images using
OpenCV. Obstacle detection was achieved by applying an area
threshold to select features within the desired size range.
Once identified, obstacle regions were masked out from
the images to exclude them from further analysis. Particle
tracking was then performed on the remaining masked images
using a centroid finding algorithm implemented in Python
(Trackpy).®**

4.6. Time-averaged density maps around single obstacles

For the time-averaged density maps around obstacles, we
followed the same preprocessing procedure as described above.
However, instead of tracking the particles, the masked images
were overlaid. To obtain the density profiles shown in Fig. 2 as
well as Fig. S3 and S6 (ESIt), 16 image sequences with a field of

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01512f

Open Access Article. Published on 16 April 2025. Downloaded on 1/22/2026 12:35:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

view of 102 x 102 pixels, each lasting 2 minutes and recorded at
10 fps, were overlaid. The images were normalized by the mean
pixel value calculated from the 10 pixels along the edges of the
time-averaged image. For the density profiles shown in Fig. 4,
data from 16 experiments, each lasting 4 minutes with a field of
view of 550 x 550 pixels, were overlaid based on the best
alignment of the obstacle centers in the corresponding image
sequences. The resulting density maps were normalized by the
time-average pixel intensity measured 50-55 pm away from the
disordered lattice.

4.7. Tracer particle experiments

For the tracer particle experiments, the experimental cell was
prepared as described above; however, instead of the Janus
particle suspension, a suspension containing fluorescent poly-
styrene spheres (2R = 200 nm, 0.5 mg mL ") was added to the
sample cell. Data were acquired as described above using a 60 x
objective (S Plan Fluor 60x, Nikon, NA = 0.70) in fluorescence
mode. Optical flow analysis was then performed on the
acquired frames using the Farnebick algorithm®® implemented
in OpenCV Version 4.4.0.°” Consecutive frame pairs were
processed to compute the dense optical flow fields using the
following algorithm parameters: pyramid scale = 0.5, number of
pyramid levels = 3, window size = 15, iterations = 3, polynomial
expansion size = 8, and standard deviation = 1.2. The resulting
velocity vectors were averaged over time to obtain a mean flow
field, and the flow magnitude was extracted from the horizontal
and vertical components.
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