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We demonstrate a system for performing logical operations (OR,
AND, and NOT gates) at the air—water interface based on Marangoni
optical trapping and repulsion between photothermal particles. We
identify a critical separation distance at which the trapped particle
assemblies become unstable, providing insight into the potential
for scaling to larger arrays of logic elements.

A powerful mechanism for manipulating microscale objects at
the interface between two media is provided by the Marangoni
effect — i.e., convective flows arising from gradients in surface
tension.'”” Mechanisms of generating surface tension gradi-
ents generally involve either the inhomogeneous distribution of
surface-active species or the localized generation of heat. The
former method has been employed to realize active droplets®®
and Marangoni boats'®'" that release oil or solvent molecules to
generate a local surface tension gradient and solutocapillary
flow, thereby driving autonomous motion. The latter mechanism
is especially promising because photothermal effects can be
used to transform light into heat, thereby providing opportu-
nities for high resolution spatiotemporal control over Marangoni
forces. Light-driven thermocapillary actuation has been used to
demonstrate high-speed colloidal surfers,'>"* self-assembled
robots,> and cell manipulators.’* Interaction and cooperation
between multiple swimmers at the interface have also been
examined to realize collective motion and synchronization.">*
Despite the promise of this area, efforts to exploit thermocapil-
lary actuation of multiple microscale objects to conduct desired
tasks remain in their early stages.

A rising area of interest in soft matter systems is the design of
unconventional mechanisms for performing logical computations
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that can be directly embedded in material systems, thereby
eliminating the need for connected electrical control systems.
Basic logic gates have been engineered using a variety of systems
including micro-mechanical elements,>>® metamaterials,””>°
origami designs,*® molecules,*™** DNA,*"** enzymes,* thermal
elements,***” topological defects in liquid crystals,***® and micro-
fluidic devices."***> Despite these advances, progress toward
systems capable of performing more complex computations
remains limited, and hence the development of new modalities
for computation is of interest. Although the ability to rapidly and
simultaneously address many strongly-interacting objects via
thermocapillary forces presents an intriguing platform for realiz-
ing complex logic operations in a material, to our knowledge this
direction has been largely unexplored.

In this communication, we demonstrate that thermocapillary
forces can be harnessed to design interactions between collec-
tions of particles in Marangoni optical traps and thereby realize
basic logic elements. The spatiotemporal control of light inten-
sity allows us to engineer Marangoni forces on photothermal
particles via two modes: particle trapping and interparticle
repulsion. Particle trapping is achieved by generating a dark
pattern surrounded by an illuminated region, providing a greater
surface tension in the cooler unilluminated regions. Interparticle
repulsion is generated due to the temperature gradient around
each particle, and the corresponding surface tension gradient
across a neighbouring particle. We design a bistable trap defined
by a dark pattern and place an output particle in the trap. Then
we use the repulsive force from an input particle that determines
the position of the output particle in the bistable trap. By tuning
the geometry of the trap and the position of the input particle,
we demonstrate basic logic elements - AND, OR, and NOT gates.
We also investigate the possibility of scaling such a system to
larger 2D arrays of trapped particles. Because of the long-ranged
nature of the Marangoni repulsion between particles, we find
that the repulsive ‘potential’ per particle increases with the
system size in a 2D arrangement of trapped particles. We identify
a critical neighbouring distance at which a particle assembly
becomes unstable causing the particles to escape their traps.
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The microparticles used in our experiment are photo-
responsive hydrogel nanocomposite disks (HNDs) that generate
thermocapillary flows at the air-water interface under visible
light irradiation. The HNDs are fabricated using two-step
photolithographic patterning of a polymer film - poly-
(diethylacrylamide-co-N-(4-benzoylphenyl)acrylamide-co-acrylic acid)
containing gold (Au) salt precursors. First, the polymer film
(thickness =~ 6 um) is crosslinked and then the gold salt is
photochemically reduced to form gold nanoparticles (Au NP)
inside the crosslinked film.'®** After development and release,
the fabricated microscale HNDs (diameter d = 2a = 375 pum) are
placed at a planar air-water interface (see Section S1 and S2 of
the ESIf for detailed experiment methods and ref. 43 for
nanoparticle-polymer characterization data). When irradiated
with a white light source, the HNDs generate heat due to the
surface plasmon resonance of the gold nanoparticles, introdu-
cing a gradient in temperature, and therefore surface tension,
around them. If a small dark region is placed within an
illuminated region, the dark region acts as Marangoni optical
trap because a portion of the HND in the dark will experience
higher surface tension, therefore tending to hold it in the trap.
The mechanism of this Marangoni optical trap and its influ-
ence on a particle is shown in Fig. 1a, and demonstration of
trapping a particle is presented in Fig. 1b, and Movie S1 (ESIf).
The Marangoni force that operates to restore an off-centre
particle can be expressed as Fiap, & yraAT, where a is the disk
radius, yr is the variation in surface tension with temperature
(0.14 mN m ™" K ' for an air/water interface near room tem-
perature), and AT is the temperature difference between the
leading and the trailing edge of the disk.***> We design the trap
size to be close to the particle diameter (w = 0.6d — d) and keep
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Fig.1 (a) Schematic illustration of a trap showing that a disk-shaped
particle (dark red color) experiences an attractive force towards the
dark (gray color) circular region due to the Marangoni force. The
orange/yellow colored region around the particle illustrates the tempera-
ture increase around it. (b) Experiment showing an HND remains trapped
inside the illuminated region when the stage moves to the right (shown by
the displacement of the tracer particle at the top in the dark region of the
screen). A small circular dark region with a width of w = 0.7d located
concentrically inside the illuminated region performs the function of the
trap. (c) Schematic illustration of the repulsive interaction between two
HNDs. (d) Experiment result showing two particles moving away in
opposite directions as the repulsive interaction is turned on with light
irradiation.
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the light intensity in the range of 0.6-1.3 W cm ™. In prior work
we have studied how smaller traps (W < 0.5d) and higher light
intensities (>2.0 W cm™?) lead to oscillation of particles within
the trap;'® while here we seek to hold the particles static.
When two HNDs are placed in proximity in an illuminated
region, the surface tension gradient around each particle gives
rise to a repulsive force on the neighbouring particle (Fig. S2
and S3, ESIf). Assuming purely diffusive heat transfer, the
temperature profile around each particle at the interface can

be expressed as T ~ , where Q is the total heat generation

2nkr
by the particle (Q oc I, I: light intensity), k is the thermal

conductivity of water (0.6 W m~* K™"), and r is the distance
from the particle centre.'>*>*® From the expression of
Marangoni force F =~ yraAT, we can estimate the repulsive
Marangoni force on a particle exerted by its neighbour:

2
a
Frepulsion ~ 'VTCI[T(I’) —T(r+ 2(1)} ~ jgrirz :

neglected a geometric prefactor of order 1. Fig. 1c schematically
depicts the mechanism of this repulsive interaction between
two HNDs in a fully illuminated region. Demonstration of the
repulsive interaction is presented in Fig. 1d and Movie S2
(ESIY), where two closely located particles move away from each
other upon light illumination. We find that even particles
initially separated by a distance of 3d show a measurable
repulsion upon illumination (Fig. S4, ESIt), consistent with
the long-ranged nature of the interaction. We modelled particle
displacement over time using the abovementioned expression
of Marangoni repulsive force and found good agreement with
experimental observations over relevant separation distances
(Fig. S5, ESIt). Using a far-field approximation (r > a), we can
express this interaction in terms of a pseudo-potential energy
U(r) ~ rrQa’
2nkr
capillary attraction because the displacements of two adjacent
particles in the absence of light illumination have found to be
negligible at experimentally relevant timescales (1-2 s).

The motion of the HNDs can be programmed if the Mar-
angoni trapping and repulsive interactions are combined
together. The Marangoni trap is designed with an “H” shape
using patterned illumination to ensure stable trapping condi-
tions at either of the vertically-oriented sides. Because the
height % of these sides is larger than the height of the rectangle
that connects them (2 > 117 pm, as shown in Fig. 2b), the area
of the dark region as well as the trapping potential energy must
be lower at the sides. This design allows for the trap to function
as a bistable element (Fig. 2a). If a neighbouring particle is
moved close enough to a particle placed on one side of the
bistable trap, the additional energy due to thermocapillary
repulsion will cause the particle to become unstable in the
original position and switch its position to the other side of the
bistable trap.

To design basic logic gates such as OR and AND, we need to
understand the interplay between trapping and repulsive
potential that a trapped ‘output’ particle experiences as a
function of the bistable trap geometry and the location of two

where we have

. In making this estimate of U(r), we ignored
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Fig. 2 (a) Schematic illustration showing that the output particle moves its
position from one trap to the other due to repulsion from the input
particle. (b) The geometry of an “H"-shaped bistable trap. (c) For h =
184 um, the output particle moves from “0" to “1", as the input particle A
moves from “0” to “1". (d) For h = 250 pm, the output particle stays at “0",
as the input particle A moves from “0"” to "1". (e) Operation of gates with six
different trap heights is demonstrated by the output particle displacement
over time during approach of one input. All scale bars are 300 pm.

‘input’ particles. If the approach of only one input particle is
sufficient to shift the position of the output particle, then the
bistable will serve as an OR gate. If the particle requires two
neighbouring particles for the repulsive potential to exceed the
trapping potential, the bistable trap will function as an AND
gate. To establish suitable designs, we first set initial condi-
tions where two input particles (‘A’ and ‘B’) are placed at
positions ‘0’ in separate Marangoni traps, and one output
particle (output ‘C’) is placed at the left side (position ‘0’) of
the “H’”-shaped trap at time ¢ = 0 s (Fig. 2c and d). One of the
input particles (input ‘A’) is then guided toward the output
particle ‘C’ at ‘0’ by shifting the trap position at a speed of
160 um s~ ', which is sufficiently slow for the input particle to
follow the trap location (Movie S3 and S4, ESIt). As shown in
Fig. 2e, the value of & determines whether the gate functions as
an OR gate or not. For all values of 4 < 184 pm, setting particle
A to 1 causes particle C to shift from 0 to 1, while for all values
of 4 > 209 pm, C remains at 0. The total time required to move
the input particle and have the output particle reach its final
state is approximately 1 s.

Based on the design parameters established in Fig. 2, we
next use bistable traps to demonstrate operation of three
fundamental logic gates: AND, OR, and NOT. We first choose
h =184 pm, which based on the above is expected to serve as an
OR gate. Indeed, as shown in Fig. 3a, when either or both input
particles are set to 1, the output particle successfully reached 1.
Notably, the additional repulsive force from the second particle
is not sufficient to destabilize the particle in the second trap
state (Movie S3, ESIt). To design an AND gate, we choose a
larger trap height of 2 = 250 pm. Again, as expect from Fig. 2,
when only one of the input particles is set to 1, the output
remains at 0. Now, however, when both particles are set to 1,
the output particle is forced to 1 (Fig. 3b and Movie S4, ESIY).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) For an OR gate, the output particle C reaches 1 when either or
both of the input particles, A and B are 1. (b) For an AND gate, the output
particle C reaches 1 only when both of the input particles, A and B are 1. (c)
For a NOT gate, the output particle B reaches 1 when the input Ais 0 and B
remains at 0 when A is 1. (d) Design of a half-adder circuit that adds inputs
A and B to produce two outputs—sum of A and B (A XOR B) and carry (A
AND B). The XOR gate can be designed as a combinatino of AND, OR, and
NOT gates. All scale bars are 300 pm.

We find successful signal operation up to z = 300 pm for the
input (1,1). However, if both & and the width of the trap
(previously fixed at 117 pm) are increased, a (1,1) input is no
longer sufficient to push the output particle to 1 (Fig. S6, ESIT),
causing the AND gate to fail. Finally, we designed a NOT gate
using a value of 2 = 130 pm, however, we placed the gate directly
above the input signal such that the distance between the input
and output particles is longer when one of the particles is at 1
and the other is at 0 compared to the case when the particles
are both at 0, or both at 1 (Fig. 3c and Movie S5, ESI). This
arrangement of a NOT gate still allows for the cascading of
multiple different gates in a logic architecture, as shown by the
proposed design of a half adder circuit in Fig. 3d. A half-adder
circuit can add two input bits and produces two outputs— a sum
and a carry. In contrast to the prior demonstrations of half-
adder circuits based on molecular systems,*”*° our proposed
half-adder circuit will require ten particles in total - six of them
must be placed at logic gates (two NOT, three AND, and one OR
gate) and four of them must be used as inputs, since we do not
currently have a route to split one input into multiple signals.
In any case, engineering complex logic architecture in this
manner will require scaling up the number of particles posi-
tioned in a given region of the interface.

To better understand the possibilities for extending to more
complex logic operations, we must consider the stability of
large two-dimensional arrays of trapped particles. In particular,

1
due to the long-ranged repulsive interactions U(r) x " which
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Fig. 4 Stability of 2D particle arrangement in Marangoni optical traps. (a)
N = 3 particle arrangement becomes unstable when interparticle separation
distance becomes smaller than D.. (b) N = 6 particle arrangement becomes
unstable when interparticle separation distance becomes smaller than D..
D for N = 6 is longer than D, for N = 3. (c) Repulsive potential energy of a
particle in the ring arrangement for N = 2,3,4,5,6 for different interparticle
separation distances. (d) Experiment results and model show that the critical
separation distance increases with N. All scale bars are 300 pm.
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scale the same way as the Coulomb potential between two
charges, the repulsive energy of the system scales superexten-
sively, i.e., the energy per particle increases with the system
size. For a fixed trapping energy, the increase in repulsive
energy will cause the particles to escape from their traps at a
critical density.

To demonstrate this fundamental limitation, we place N parti-
cles (N =2, 3, 4, 5, or 6) at the equidistant points of a ring with
radius R, and then gradually reduce R by projecting different light
patterns in a sequential manner (Movie S6, ESIT). This experiment
allows the particles to approach each other while keeping all
interparticle separation distances uniform. We find that for each
N, there exists a critical separation (centre-to-centre distance
between traps) between nearest neighbours D., at which at least
one particle becomes unstable and escapes its trap, as shown in
Fig. 4a and b. We also find that D, increases with the system size N,
indicating that the additional repulsive energy from the neighbour-
ing particles combining with the long-range nature of the repulsive
potential can cause the trap arrangement to become unstable even
at longer interparticle separation distances (D, =~ 400 um for N =6).
The particle trap diameter in this experiment was chosen to be w =
0.68d and the light intensity was 0.72 W cm ™2,

To provide a deeper understanding of the superextensive
energy increase with the system size, we estimate the repulsive
potential energy per particle for the ring arrangement as

Q@ N=1'1 . . :
Urep = Tk ; r—l_, where r; is the distance between the particle
of interest and the ith particle on the ring. From the numeri-
cally calculated repulsive potential plotted as a function of the
distance between the nearest neighbours D, in Fig. 4c, we see
that the potential energy per particle grows with increasing N at
a constant nearest neighbour distance D. We next posit that
when this energy equals the (constant) value of the pseudo-

potential energy holding each particle in its trap, Uyap, at least
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one particle will escape, i.e., corresponding to the experimental
measurement of D.. Thus, using Uy, as a fitting parameter in
our model, we compare measured and predicted values of D, as
a function of N in Fig. 4d, and find good agreement between
the two. The best-fit value of Uyap = 1.8 x 10~ J is represented
by a dashed horizontal line in Fig. 4c, while the measured
values of D, for each N are represented as circles along this line.
The fact that each point lies very close to the corresponding
solid curve of inter-particle repulsive potential provides another
way of visualizing the good agreement between the measure-
ments and this simple model.

In summary, we have exploited thermocapillary actuation to
program precise motion of interfacially-adsorbed particles via
spatiotemporal control of light intensity. Dark regions inside
an illuminated area near a particle serve as Marangoni optical
traps, while the bright regions lead to interparticle repulsive
interaction. The interplay between trapping and repulsion
allowed us to demonstrate AND, OR, and NOT logic gates at
the air-water interface for the first time. Additionally, we found a
critical stability condition that indicates that the nearest-
neighbour distance between the traps must be kept longer than
a critical value that increases with system size. This has important
implications for designing complex logic architectures that
require many particles, as well as other devices based on thermo-
capillary interactions. The effect of long-ranged repulsive interac-
tions can be likely be at least partially mitigated in future work if
the devices are arranged in geometries that are extended in one
dimension and compact in the other to weaken the superexten-
sive energy growth, or if mechanisms are exploited to screen the
long-range interparticle interactions while preserving short-range
repulsion. Future experiments on scaling up the number of logic
gates will also require careful consideration of relevant experi-
mental parameters, ie., trap dimensions, light intensity, and
particle size. This platform of thermocapillary logic gates may
find intriguing applications in providing computation capabilities
to the transport of drugs, cells, and other biomaterials.
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