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Active matter systems involve complex interactions between constituent particles, often mediated by physical or
chemical fields, and in some cases, governed by sensing or decision-making processes. Experimentally controlling such
interactions remains highly challenging, posing a major obstacle to systematic investigation. In this work, we present an
optoelectronic tweezer (OET) platform that uses closed-loop feedback to program both motion and interactions in colloidal
systems by dynamically patterning local electric fields with light. Operating at very low optical intensities, this approach
allows rapid and precise control over dielectrophoretic forces acting on colloidal particles. We demonstrate the capabilities
of this platform through the experimental realization of both a programmable active Brownian particle system and a com-
municating active particle system. This versatile platform bridges theoretical models of active matter and their experimental

realization, enabling direct control over propulsion and interaction rules.
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1. Introduction

Active matter comprises self-driven units that convert
locally stored or ambient free energy into mechanical mo-
tion, thereby sustaining persistent nonequilibrium states.!!=!
At the level of individual units, intrinsic activity-continuously
drives these systems out of thermal equilibrium and gener-
ates diverse forms of interaction. In artificial microswim-
mer systems, for example, colloidal particles interact through
chemical, electrostatic, and hydrodynamic fields, leading to
long-ranged and often non-reciprocal many-body interactions
that violate Newton’s third law.[>~'!] Comparable complex-
ity also emerges in biological collectives, where interactions
are. further shaped by sensing, information processing, and

12,131 Thegse diverse interaction mechanisms

decision-making, !
underpin a broad spectrum of collective behaviors, including
flocking, (%4 swarming, !> clustering and motility-induced
phase ‘separation,>!”! and synchronization.!'8! These emer-
gent phenomena further provide guiding principles for the de-
sign of adaptive and programmable materials./ =

Active interactions mediated by complex physical fields
or behavioral rules are generally difficult to control experi-
mentally in conventional active-matter systems. To address
this challenge, researchers have increasingly turned to artifi-

cial platforms based on macroscopic robots and microscopic
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active colloids, in which feedback control provides an addi-
tional degree of freedom for engineering effective interactions.
These two classes of systems offer complementary routes to-
ward programmable active matter.

At the macroscopic scale, robotic active-matter plat-
forms provide precise agent-level control and flexible im-
plementation of interaction rules, but they typically oper-
ate in an inertial regime that is physically distinct from
the low-Reynolds-number environments relevant to colloidal
and biological active matter.'”) Recent studies have demon-
strated a variety of collective behaviors in such systems, in-
cluding jamming and crystallization in light-responsive robot

5,[2021

swarm I disorder-to-order transitions induced by spon-

taneous cooling regulation,!??! adaptive locomotion and self-

23241 and chiral mo-

reconfiguration in robotic metamaterials, [
tion and hyperuniformity in multispecies robot collectives
with non-reciprocal alignment interactions.>>! At the mi-
croscopic scale, feedback-controlled colloidal systems nat-
urally access fluidic conditions relevant to microorganisms
and cells and can be scaled up to large ensembles with
relatively low hardware costs. Under structured illumina-
tion, colloidal particles can be driven by local temperature
or concentration gradients, and real-time feedback further en-

dows them with effective sensing and information-processing
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capabilitie 1 Such platforms have enabled studies of

quorum sensing, >’ perception-dependent mobility,®! vortex

(28,301 Vicsek-type dynamics,*!! physical reservoir

formation,
computing,3?! time-delay dynamics,®*! and swarm control
through counterfactual reinforcement learning.[34J However,
microscopic colloidal systems are often subject to stronger
stochastic fluctuations, and short-range couplings in the fluid
environment can be difficult to isolate and quantify.

Here, we introduce a feedback-controlled optoelectronic
tweezers (OET) platform, in which patterned illumination on
an a-Si:H photoconductive electrode generates reconfigurable
electric fields and dielectrophoretic forces at ultralow opti-
cal intensities. The platform retains the microscale, low-
Reynolds-number physical environment of colloidal active
matter while enabling low-disturbance and quantitatively con-
trolled programming of both single-particle motility and in-
terparticle interactions. Although OET has previously been
integrated with robotic algorithms for real-time path plan-

351 its use

ning and collision avoidance of biological targets, |
as a programmable physical environment for engineering
active-matter interactions remains largely unexplored. We
therefore first quantitatively calibrate single-particle motil~
ity, control uncertainty, and dipolar electrostatic interactions,

thereby establishing a minimal and transparent physical en-

vironment. Building on this calibrated baseline, we real-
ize active Brownian particles (ABPs) with independently tun-
able motility parameters and programmable interaction rules.
As a second demonstration, we implement chemotactic-field-
mediated interactions between active particles, enabling their

self-assembly into edge-dense, center-symmetric structures.

2. Feedback-controlled optoelectronic platform

Our experimental setup is schematically illustrated in
Fig. 1(a). Polymethyl methacrylate (PMMA) microspheres of
radius @ = 5 um are confined in an opto-electronic tweezer
(OET) chip and actuated by individually-addressed blue-light
spots (450 nm wavelength). The illumination patterns are gen-
erated by a spatial light modulator (SLM) and projected onto
the chip through a 10 objective. Particle motion is recorded
by a digital camera through a 4 x objective under uniform red
illumination (660.nm wavelength), and the particle positions
are tracked in real time. The detected positions are streamed
to the 'computer,- which computes the required updates and
drives the SLM to continuously adjust the locations and in-
tensities of the light spots. In this closed-loop configuration,
both the magnitude and direction of the DEP force acting on
each particle can be prescribed in real time, enabling fully pro-
grammable two-dimensional control of particle motion.
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Fig. 1. Experimental setup and actuation mechanism. (a) Schematic of the feedback-controlled optoelectronic tweezer (OET) platform. (b) OET
chip geometry and force components acting on a particle near a blue-light spot. The electrode gap H is 100 um; an AC voltage of 20 Vp, at
300 kHz is applied. (c) Finite-element calculation of the induced charge density and the resulting dielectrophoretic (DEP) force near a circular
blue-light spot. (d) Experimental three-dimensional particle trajectory measured by holographic microscopy; the equilibrium levitation height
without blue light spot is g = 2.9 pm. The blue shaded area indicates the projected light spot. (e) Variation of the mean radial DEP force Fg(r)
with the lateral spot—particle distance. The blue line shows numerical results. The Gaussian blue-light spot has a full width at half maximum

(FWHM) of 4.7 um and a peak intensity of 6.06 mW /cm?.

2.1. Actuation mechanism

The opto-electronic chip consists of upper and lower elec-
trodes (Fig. 1(b)). The lower electrode is coated with hydro-
genated amorphous silicon (a-Si:H),?*%) enclosing a liquid
film of thickness 100 um. An AC voltage of 20 V,;, at 300 kHz
is applied across the electrodes. Upon blue-light illumination,
electron—hole pairs are generated within the a-Si:H layer, rais-
ing the local photoconductivity by up to four orders of mag-

nitude compared to the dark state.3°! Because the photocon-
ductive response of a-Si:H at 450 nm is more than two orders
of magnitude stronger than at 660 nm,[*"! blue light can ef-
ficiently reshape the electric-field distribution while red light
can be used for imaging without perturbing particle motion.
The light-induced increase in photoconductivity locally low-
ers the impedance of the a-Si:H layer in the illuminated re-

gion, generating a steep conductivity gradient that produces
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a strongly nonuniform electric field in the surrounding liquid.
Because the conductivity and permittivity of the microspheres
differ from those of the medium, each sphere becomes polar-
ized in this field (with the induced charge density illustrated
in Fig. 1(c)). The polarized particles then experience negative
dielectrophoresis in the nonuniform field and are driven away
from the illuminated region in our experiments. [414%]

In the low-Reynolds-number regime near a wall, the par-
ticle velocity v in the horizontal plane is linearly related to the
DEP force Fi according to!*?!

v =pu(h)Fg, 6]

where p(h) is a height-dependent mobility and & denotes the
separation between the particle and the wall. Using finite-
element Stokes-flow calculations under the experimental ge-
ometry, we determine (L (h) for a particle at different heights A
above the bottom plate, as shown in Fig. S12 in the supplemen-
tary information. We actuate a particle by projecting a Gaus-
sian blue-light spot beneath it. The three-dimensional particle
trajectory is measured using digital holographic microscopy
and plotted in Fig. 1(d). The particle is propelled predomi-
nantly in the horizontal plane away from the light spot, while
exhibiting a weak vertical displacement (typically < 1 pum),
indicating quasi-two-dimensional motion. We use Eq. (1) to
compute the radial dielectrophoretic force Fg(r) from the par-
ticle velocity and plot the averaged result from 40 indepen-
dently tracked particles as symbols in Fig. 1(e). - The DEP
force peaks when the spot is positioned near the particle sur-
face (r = a) and decays rapidly over a distance of 3a, defin-
ing the effective range of opto-electronic actuation. This spa-
tial dependence is also investigated by finite-element calcula-
tions that resolve the light-induced electric field and compute
the corresponding DEP force through the Maxwell stress ten-
sor (Section 2 in.the supplementary information). We eval-
uate the DEP force acting on a particle positioned along the
experimentally measured trajectory; numerical results (solid
line in Fig. 1(e)) are in good agreement with experimental
values. At a distance r = 5.2 um, the particle velocity is
vg(r = 5.2 pm) = 5.86 um/s, corresponding to a DEP force
Fg(r =5.2. um) = 0.65 pN.

2.2. Feedback-programmed single-particle motility

After characterizing the particle motion induced by a spa-
tially fixed light spot, we next employ the feedback mecha-
nism to move the spot synchronously with the particle, thereby
achieving continuous and programmable driving. At time 7,
particle i is detected at position 7;;. A Gaussian blue-light spot
of intensity /;, is then positioned near the particle at X;; =
ri; —d;(cos @y, sin@;; ), where 0, specifies the programmed
driving direction. We choose a fixed offset d; = 5 um, corre-
sponding to placing the light spot near the particle rim, which
maximizes the propulsion speed while keeping vertical motion

small (Fig. 1(d)). The resulting DEP force drives the particle
with an instantaneous speed v; ; along direction @;,. A detailed
discussion on the feedback control mechanism can be found in
Sections 1.E and 1.F in the Supporting Information.

To prescribe particle motion, we establish a calibration
function [;; = F(Fg,,) which maps a target DEP force to
the required light intensity. The function F is obtained ex-
perimentally by driving a group of particles with light spots
of fixed direction ® and constant intensity. /. Representa-
tive trajectories are shown in the inset of Fig. 2(a). In-
stantaneous speeds are computed using forward differencing
v(t) = |x(r+ At) — x(t)| /At, where At is the feedback inter-
val. For each light intensity, particle motions are decomposed
into components parallel vy and perpendicular v to the spot—
particle axis. As shown in Fig. 2(a), both components follow
Gaussian statistics!?’]

vy — )2
p(v)) =< exp [( 232”) ]
v —7,)?
p(vy)e<exp {—( lzgzl) } ) )
1

The mean values 7 /v, and standard deviations g| /€, char-
acterize the response and fluctuations of the particle motion
for a given illumination intensity. Using the independently
determined height-dependent mobility tt(hg), these measured
velocities are converted into the corresponding effective DEP
forces (Eq. (1)), yielding a calibration between illumination
intensity and driving force (Fig. 2(b)). The resulting calibra-
tion curve is well described by a double-exponential form,
F(Fg) = aye®’® + aze™ . The calibrated DEP force de-
pends on the dielectric contrast between the particles and the
surrounding medium, and therefore on the effective Clausius—
Mossotti response under the applied AC field. Changes in the
medium conductivity can alter this polarization response and
hence the DEP-force magnitude. Temperature variations may
further affect both the dielectric properties and the fluid vis-
cosity, thereby modifying the force calibration and the result-
ing particle mobility. This calibration is repeated at the be-
ginning of each experiment to account for variations in illumi-
nation conditions, the photoconductive response of the OET
substrate, and changes in the conductivity or temperature of
the liquid medium.

Using the calibration function I;; = F(Fg ), we dynam-
ically adjust the illumination intensity to prescribe a time-
dependent driving DEP force on the particle, which results
This ca-
We impose a sinusoidally

in a velocity by Eq. (1) for an isolated particle.
pability is shown in Movie S1.
modulated driving force corresponding to a nominal velocity
profile v(¢) = 15sin(nt/10)ép pm/s along a fixed direction.
As shown in Fig. 2(c) and Movie S1, the measured velocity
matches closely with the prescribed profile, demonstrating ro-
bust and precise control over time-dependent driving.
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Fig. 2. Feedback-controlled single-particle dynamics. (a) Probability density functions of the velocity components parallel (v|) and perpendicular
(v.) to the spot—particle axis, with Gaussian fits. Inset: trajectories of 40 particles driven at constant DEP force. (b) Mean particle speed v|,; and
standard deviations €, versus light intensity J, (left axis). The right axis shows the corresponding driving force Fi, obtained using the height-
dependent mobility p (/o) and Eq. (1). The blue solid line is a fit to F(Fg) = a;e®E 4 o3 e %%, (c) Prescribed time-dependent target velocity
v(t) = 15sin(77/10) and measured particle velocity. The corresponding driving force Fg is shown on the right axis. (d) Mean particle velocity versus

feedback interval Az. The solid line shows the model prediction based on the radial velocity profile Fg(r) ~ e~ =b12/5 with by = 5.5 pm and

by =4.5 pm.

Feedback interval At is a crucial parameter that deter-
mines the accuracy of our control strategy. To demonstrate
its effect, we drive particles along a fixed direction using dif-
ferent feedback intervals Ar under three illumination intensi-
ties. As shown in Fig. 2(d), the measured particle velocity ¥
decreases with increasing At, with the effect being more pro-
nounced at higher light intensities, corresponding to faster tar-
get speeds. This observation can be understood as follows.
During each feedback cycle, the light spot remains fixed while
the particle continues to move, leading to an increasing separa-
tion between the particle and the light spot and a concomitant
reduction of the DEP propulsion force. As a result, the time-
averaged particle velocity over one feedback interval,

1 1+At
e /r ve(r(f'))dr, 3)

decreases for longer Ar or higher propulsion velocity. By
incorporating the phenomenological fit of the radial velocity
profile, vg(r) ~ exp[—(r —by)?/b3] (fitting result illustrated in
Fig: S8) into the feedback model, we predict a monotonic de-
crease of the mean particle speed with increasing feedback in-
terval At (Fig. 2(d)), which is confirmed by experimental mea-
surements. A second timescale that influences control perfor-
mance is the latency between image acquisition and light-spot
projection, during which image processing and light-pattern
generation are performed. As discussed in Section LF of the
supplementary information, this latency primarily affects the
magnitude of velocity fluctuations. To ensure reliable control
accuracy in the experiments, we choose a feedback interval of
At = 0.025 s and restrict the prescribed DEP force to values

below a saturation force of v,/ (h), where saturation speed
isvm = 7.5 um/s.

2.3. Particle—particle Interactions

In our system, AC-induced polarization gives rise to long-
range dipolar electrostatic repulsion between particles, %]
while particle motion generates Stokes flows that hydrody-

43.46] These electrostatic

namically entrain nearby particles. !
and hydrodynamic couplings constitute the intrinsic interac-
tion channels that define the baseline interaction landscape of
the system.

To extract the electrostatic interaction law, we drive two
well-separated particles toward each other using equal inward
DEP forces Fg. At large separations, electrostatic repulsion is
negligible and the particles approach each other at a constant
speed vo = u(h)Fg. As the interparticle separation decreases,
the repulsive interaction grows and progressively slows the ap-
proach. The particles eventually reach an equilibrium sep-
aration rgy, at which the outward electrostatic force Fp bal-
ances the inward DEP force Fg (Fig. 3(a)). By varying Fg
and measuring the corresponding equilibrium distance ry, we
directly extract the electrostatic force law. The experimental
results, together with finite-element calculations, are shown in
Fig. 3(a). We find that the electrostatic force obeys the scaling
Fpoecry 4 consistent with induced dipole—dipole repulsion, [44]

Ke.a® R
- Pij, )

Fp(rij) = 7.“(}10)%,-

where r;; is the center-to-center separation between particles i
and j, 7;; is the corresponding unit vector, and the interaction
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strength K. &~ 3.96 x 107 (m-s)~! is obtained from fits to the
experimental and numerical data.
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Fig. 3. Electrostatic and hydrodynamic pair interactions. (a) Two particles
driven toward each other by feedback-controlled light spots reach force equi-
librium at separation rg. Symbols show the measured approach speed vo
(blue) and the calculated electrostatic force Fpp (red) at equilibrium, yield-
ing Fp o< 1y 4 (dashed line). (b) Hydrodynamic entrainment. A particle driven
atv; =5 um/s induces a velocity v, on a neighboring particle at distance r;;,
as obtained from finite-element Stokes-flow calculations, with v, /vy o< rl-;z
(dashed line) at h = 3 um. (c) Experimental radial separation velocity v, of
nearby particles (gray dots), resulting from combined electrostatic and hy-
drodynamic interactions and scaling as v, o< ri;4 (dashed line). Blue and red
circles show the corresponding hydrodynamic entrainment velocity and elec-
trostatic force evaluated at the measured r;; and v,.

Hydrodynamic interactions are investigated using finite-
element Stokes-flow simulations. As illustrated in Fig. 3(b),
two particles. are positioned at the same height 2 above the
electrode and separated by a distance r;;. The left particle is
driven at a prescribed horizontal velocity vi =5 um/s. The
entrainment velocity v; is defined as the velocity at which the
net hydrodynamic force on the right particle vanishes, thereby
providing a direct measure of the hydrodynamic coupling. Re-
peating this procedure for different separations r;; at a fixed
height 7 = 3 um yields the distance dependence of the hy-
drodynamic interaction. As shown in Fig. 3(b), the induced
velocity decays as

Kh Vi
vy =, )
rl-j

where K}, = 7.8 x 10~!! m? characterizes the coupling strength
and is obtained by fitting the numerical results.

The electrostatic and hydrodynamic interaction laws are
further tested in independent experiments. We first turn off

the voltage applied to the electrodes, identify two nearby par-
ticles, and then reapply the voltage without imposing any illu-
mination pattern. The resulting electrostatic repulsion drives
the particles apart, and the radial separation velocity decays as
V, o< ’"134’
Eq. (4), we estimate the electrostatic force Fp and the cor-
responding velocity contribution u(h)Fp at each separation.

as shown by the gray symbols in Fig. 3(c). Using

The predicted velocities are in good agreement with the exper-
imental measurements. By contrast, the hydrodynamic contri-
bution computed from Eq. (5) is substantially smaller over the
separation range probed here, showing that electrostatic dipo-
lar repulsion provides the leading contribution to the measured
radial separation dynamics. Nevertheless, when particles are
very close, hydrodynamic entrainment can act as a near-field
correction and slightly modify the relative velocity. Accord-
ingly, the close-range pair dynamics should be interpreted as
primarily electrostatic, with an additional weaker hydrody-
namic contribution.

3. Experimental realizations of programmable
active matter

Our actuation and control framework naturally extends
from single-particle manipulation to programmable many-
body organization. In the following, we demonstrate two rep-
resentative realizations enabled by the platform: an experi-
mental implementation of the standard active Brownian parti-
cle (ABP) model with independently tunable motility param-
eters, and programmable self-assembly of communicating ac-
tive particles.

3.1. Feedback-controlled colloids as an experimental ABP
realization

Over the past two decades, the ABP model has become a
standard minimal description of active matter, in which parti-
cles undergo constant self-propulsion with orientational per-
sistence and rotational noise. This simple framework cap-
tures a wide range of nonequilibrium phenomena, includ-
ing collective motion and motility-induced phase separation
(MIPS) 3447501 and has therefore become central to the study
of nonequilibrium phase coexistence, interfacial behavior, and
the breakdown of equilibrium intuition in active systems.[#7->1]
However, in experiments it is challenging to independently
tune the propulsion speed, rotational diffusion, and interpar-
ticle interactions.[!1-92-53]

Motivated by these challenges, we use our platform to re-
alize a minimal ABP system, whose target dynamics are pre-

scribed as

6, = /2D m;i(t), (6)

where vy is the propulsion speed, n; = (cos 6;,sin 6;) denotes

T = Von,;,

the particle polarity, and D; is the effective rotational diffu-
sion coefficient of the realized ABP dynamics. Here, n;(¢)
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is Gaussian white noise with (1;(z)) = 0 and (1;()n;(¢')) =
0;;0(t —1'). Translational Brownian diffusion is neglected due
to the large particle size.

Experimentally, these dynamics are implemented us-
ing feedback-controlled light spots with intensity I, =
1.83 mW/cmz. For each particle, a light spot is placed at a
fixed distance from the particle center with fixed intensity, so
that the resulting DEP generates self-propulsion with speed vy.
The instantaneous propulsion direction is determined by the
vector from the particle center to its assigned light spot. To in-
troduce orientational fluctuations, we let the angular position
O; of the light spot relative to the particle evolve stochastically
according to

@i(t—FAt):@i(l)-i-A@i, @)

where A®; is sampled from a Gaussian distribution A®; ~
N(0,2DgAr) generated by a standard pseudorandom number
generator. Through this stochastic update of the spot direction,
the particle realizes ABP-like motion, and the corresponding

effective rotational diffusion coefficient D, is quantified below
from the measured trajectories by fitting the MSD.

We measure particle trajectories in a dilute suspension
with an area fraction below 0.15% (inset of Fig. 4(a)) and
compute the mean-squared displacement (MSD). As shown
in Fig. 4(a), the MSD exhibits ballistic scaling at short times,
MSD ~ #2, and crosses over to diffusive behavior at long times,
MSD ~ 114471 We fit the measured MSD to the standard free-
ABP prediction*#7]

2 _ 27‘}(2) —Drt
(AP(1)) = 50 (D + exPioy]) ®)

from which we extract the propulsion speed vg and the ro-
tational diffusion coefficient D;. In this analysis we neglect
translational Brownian diffusion, which is subdominant on
the timescales and length scales probed here. As shown in
Figs. 4(b) and 4(c), the fitted parameters quantitatively con-
firm the programmability of ABP motility in our platform.
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Fig. 4. Feedback-controlled realization of active Brownian particles (ABPs). (a) Mean-squared displacement (MSD) for particles under different
prescribed ‘angular-noise strengths Dg. Dashed lines indicate short-time ballistic scaling ~ 7> and long-time diffusive scaling ~ 7. Insets show
representative trajectories for Dg = 0.2 s™! (red) and 1 s~! (cyan). (b) Measured orientational persistence time (1/D;) versus the prescribed noise
timescale (1/Dg); the dashed line indicates 1/D; = 1/Dg. (c) Measured propulsion speed vo versus the prescribed noise timescale (1/Dg); the
dashed line denotes the mean speed. (d) Velocity of two approaching particles when dipolar repulsions are compensated by feedback control (see
text). The solid line shows the estimated velocity in the absence of compensation. (e) Pair correlation function g(r) for low-density ABPs with
compensated dipolar repulsions. (f) Pair correlation function g(r) for low-density ABPs with uncompensated dipolar repulsions.

Having validated the single-particle dynamics in the di-
lute limit, where interactions are negligible, we next extend
the feedback scheme to program interparticle interactions. The
same closed-loop architecture allows us to superimpose an ar-
bitrary, user-defined interaction model on top of the prescribed
propulsion. Specifically, the overdamped Langevin dynamics
of particle i reads

i =voni+ f(ho) Y FP % (i) + (ko) Y Fo(ri)),
7 i

éi: \/2Dﬂ7,’([)7 (9)

where von; sets the target propulsion, FP%(r;;) is a pro-

grammable pairwise force that can encode an arbitrary interac-
tion rule, and Fp(r;;) denotes the electrostatic dipolar repul-
sion of the physical particles (Eq. (4)). Experimentally, both
the propulsion and the programmed interaction are realized by
the feedback controller through the placement of illumination
spots and the modulation of their intensities. As a demon-
stration, we design FP°¢ to compensate the dipolar repulsion
while preserving a strong short-range exclusion:

. Kaa®
VmTij—ﬁT‘ip |rij| < 2r,
ul) Fs(rg) =4 1T (10)
—|lf7-|4’f‘,’j, "I"ij| > 2}"07
1
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where r;; = r; —r; and #;; = r;;/|r;j|. Here, vy = 8 um/s
sets the magnitude of a constant outward drift that enforces
a hard exclusion for separations |r;;| < 2r¢, with re = 10 pm.
The coefficient K, = 3.9 x 107 (m-s)~! is chosen such that the
long-ranged term in Eq. (10) compensates the drift generated
by the electrostatic dipolar repulsion as defined in Eq. (4).

To quantify the resulting effective interaction, we con-
sider a two-particle experiment in which two particles are
driven to move toward each other with prescribed speed v
along their line of centers. With the compensation enabled,
the measured relative approach speed v, remains close to vy
for r > 2r. and then rapidly decreases to zero as r — 2rc, as
shown by symbols in Fig. 4(d). For comparison, the approach
speed expected in the absence of compensation is plotted as
the black solid line, w(ho)FP(r) —vg. Overall, the compen-
sation scheme yields an effective hard-disk-like interaction:
particles approach nearly freely down to r o~ 2r;, where the
imposed short-range exclusion arrests further approach, corre-
sponding to an effective disk radius r.

We quantify the collective consequences of the pro-
grammed interactions by measuring the pair correlation func-
tion g(r) in many-particle systems with and without compen-
sation. Experiments are performed with N =200 ABPs in.a
square arena of size L = 1000 um with reflecting boundaries
(see Movie S2 and supplementary information Section 4).
With compensation enabled, g(r) displays a pronounced peak
near r ~~ 2r, together with a sharp exclusion for < 2r., con-
sistent with effective hard-disk-like interactions (Fig. 4(e)). In
contrast, without compensation, g(r) increases smoothly be-
yond the excluded separation set by the maximal active drift
and shows no pronounced peak, consistent with a long-range
dipolar repulsion (Fig. 4(f)).

Looking ahead, this tunability provides a practical route
to test whether long-ranged hydrodynamic and/or electrostatic
interactions obscure MIPS in active-matter experiments. >%! In
particular, by increasing the exclusion distance r, while keep-
ing the single-particle motility fixed, we can suppress the rela-
tive contribution of long-ranged interactions and drive the sys-
tem toward an effectively short-ranged, purely repulsive ABP
limit.

3.2. Interaction and assembly of communicating active
particles

Many biological and synthetic agents navigate by produc-
ing (or consuming) a shared scalar “resource” field and ad-
justing their motion according to the deviation of the locally
sensed field from an individually preferred optimum. To inves-
tigate this interesting phenomenon, we use our platform to im-
plement the communicating active-particle model of Ref. [57].
In this model, the field c¢(r,¢) (e.g., oxygen, chemoattractant,
or temperature) evolves according to a diffusion—decay equa-
tion with point sources at the particle positions and, in the

fast-field (adiabatic) limit, yields a quasistatic superposition
of Yukawa kernels,

er) = LY (r ),
J

e*Kr

Y(r)=A —

x = v/ka/D, (11)

where D and kq are the diffusion coefficient and decay rate of
the field ¢(7,). Each agent then moves either up or down the
local gradient depending on whether the sensed field is below
or above the optimal value cop, as encoded by

F, = =2 (c(r;) —esp) Vie(ri). 12)

Substituting Eq. (11) into Eq. (12) makes explicit that the re-
sulting interactions are generically non-pairwise: the force can
be decomposed as F; = F; ;, + F;, where the Hamiltonian pair
contribution reads

_FiJ,: 71/2Vi Z[Y(Vij)fcop]z, (13)

jl=i

and the intrinsically non-Hamiltonian triplet term is

F =—-AVi), Y Y(rij)Y(ra), (14)

JFil#L 0>
highlighting the existence of effective three-body couplings
beyond standard attraction-repulsion models. Interaction
laws are incorporated into an overdamped Langevin equa-
tion to drive particle motion, defining a closed minimal
model for collective self-optimization through field-mediated

communication.”]

(a) Hamiltonian:
100 pm

(b) Non-Hamiltonian:

N=4 N=5 N=7 N=9 N=12 N=13 N=14 N=20

Fig. 5. Representative experimental snapshots of feedback-controlled as-
semblies with particle numbers N =4,5,7,9, 12, 13, 14, and 20. (a) Hamil-
tonian (pairwise) protocol. (b) Non-Hamiltonian protocol including triplet
interactions. The corresponding control parameters are shown in Section 5
of the supplementary information.

We experimentally implement both the Hamiltonian
(pairwise) protocol based on the pair term in Eq. (13) and
the full non-Hamiltonian protocol including the triplet con-
tribution in Eq. (14), using the same feedback-controlled ar-
chitecture (see Movie S3). Experimental parameters and im-
plementation details are provided in Section 5 of the supple-
mentary information. We vary the particle number N = 4, 5,
7,9, 12, 13, 14, and 20, and identify stable configurations
after a relaxation time 7 = 100 s from random initial con-
ditions (see Fig. 5). The Hamiltonian model yields ordered
triangular-lattice clusters consistent with energy-minimizing
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configurations of pairwise interactions (Eq. (13)), as shown
by the top panels in Fig. 5. In contrast, in the non-Hamiltonian
system, force balance can be achieved either by reaching the
optimal field value, c¢(r;) = cqp, or by forming locally uni-
form fields, V;c(r;) = 0 (Eq. (12)). The resulting assemblies
(bottom panels in Fig. 5) are edge-dense and approximately
center-symmetric, in agreement with the numerical findings
of Ref. [57].

4. Discussion and conclusion

We have developed a feedback-controlled optoelectronic
tweezers (OET) platform that enables programmable active
colloids in a quasi-two-dimensional environment. In our plat-
form, patterned illumination on an a-Si:H photoconductive
electrode creates reconfigurable dielectrophoretic forces on
particles (Fig. 1). We have calibrated the motility of individ-
ual particles and control uncertainty, and characterized dipo-
lar electrostatic interactions between particles (Figs. 2 and
3). Building upon these measurements, we developed ac-
tive Brownian particles with independently adjustable motil-
ity parameters and programmable interaction rules (Fig. 4).
Additionally, we programmed communication-mediated inter-
actions between the active particles, leading to self-assembly
into edge-dense, center-symmetric structures (Fig. 5).

The scalability of the present platform is'determined pri-
marily by the duration of each feedback cycle and the time
delay. While image acquisition and optical projection are ap-
proximately independent of particle number, the cost of parti-
cle tracking increases with system size, and the control com-
putation depends on the interaction model being implemented
(see Sections 1.E and 1.F in the Supporting Information). For
pairwise programmable interactions evaluated explicitly over
all particle pairs, the computational cost can approach O(N?),
so the achievable feedback frequency decreases as the num-
ber of particles increases. Therefore, although the present
platform already supports moderate-scale many-body experi-
ments, further optimization of tracking and control algorithms
will be important for larger-scale studies such as motility-
induced phase separation. For the motility and interaction
ranges explored here, the feedback delay, which is approx-
imately 50 ms as analyzed in the Supporting Information,
does not affect the main conclusions of the manuscript. For
faster particles or larger many-body systems, however, pre-
dictive control strategies could further enhance the effective
feedback bandwidth. In particular, state-estimation methods
such as Kalman filtering may be used to predict particle posi-
tions in the next frame and partially compensate for processing
delays, providing a promising route toward higher-speed and
larger-scale active-matter experiments.

In our OET platform, each light spot functions as a switch
that locally activates the electric field, enabling operation at

very low optical intensities (1-100 mW /cm?). This low-
intensity operation allows our platform to control large par-
ticle ensembles using a standard commercial LED source, sig-
nificantly simplifying the generation of programmable light
fields and facilitating scaling to large ensembles of parti-
cles. The dielectric response of the OET platform is gov-
erned by rapid Maxwell-Wagner relaxation,?”#! occurring
on the order of several microseconds, which leads to near-
instantaneous generation of dielectrophoretic- (DEP) forces in
response to changes in illumination conditions. This rapid di-
electric response supports robust real-time feedback control of
DEP forces. The combination of low optical power require-
ments and fast dielectric response enables precise control over
DEP forces acting. on large ensembles of colloidal particles.
These favorable characteristics. make the OET platform par-
ticularly well-suited for investigating a wide range of active-
matter phenomena, including non-reciprocal interactions and
information-driven interaction rules. It also enables direct ex-
perimental testing of theoretical predictions and the develop-
ment of adaptive materials based on programmable colloidal
interactions.

Appendix A: Sample preparation and experi-
mental setup

A dilute suspension of PMMA colloids (containing
0.01% Tween20, with a conductivity of approximately
40 uS/cm at 25 °C) is deposited onto the bottom plate of a
chip. The top plate is then placed over the suspension, and
the chip is sealed with adhesive tape around the edges. The
electrode gap is 100 um, and a 20 Vp,p, 300 kHz AC voltage is
applied across the plates.

The system is illuminated using a 660 nm light source
with an intensity of approximately 0.15 mW /cm? and im-
aged with a 4x objective (Nikon MRH20041) set to NA 0.13
and a camera (Basler acA2500-60um). Gaussian-shaped blue-
light spots (450 nm) are projected onto the bottom surface to
drive particle motion. Each spot has an intensity profile I(r) =
Iexp(—r?/21%) + Iy, where I, = 2 pm sets the characteristic
length scale of the illumination and Iy = 0.64 mW /cm? ac-
counts for a uniform background intensity arising from resid-
ual reflected light. These optical landscapes are generated us-
ing a spatial light modulator (HDSLM80Rplus) and relayed
through a 10x objective (Nikon MRD00105) and a tube lens

(Fig. 1(a)).

Appendix B: 3D trajectory reconstruction

We implement digital holographic microscopy by re-
ducing the pinhole size in the red-light illumination path of
Fig. 1(a). After calibrating the coordinate transformation be-
tween the imaging optics and the SLM, the objective lens is
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defocused by approximately 100 um above the microspheres.
Once a particle is identified, a blue-light spot is projected at its
center position, and images are recorded at 20 fps.

To reconstruct particle motion in three dimensions, we
use HoloPy3.5 to generate forward holograms of a 5 um-
radius microsphere with refractive index n, = 1.498 under
660 nm illumination in an aqueous medium of refractive in-
dex ny = 1.31.58) Synthetic holograms are compared to the
measured intensity patterns, and the particle location (x,y,z)
at each frame is obtained by fitting the hologram using the
cmaStrategy of the HoloPy optimization routine. This pro-
cedure yields the time-resolved 3D trajectories of individual
microspheres.
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