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The development of strategies to assemble microscopic machines from dissipative building blocks
are essential on the route to novel active materials. We recently demonstrated the hierarchical
self-assembly of phoretic microswimmers into self-spinning microgears and their synchroniza-
tion by diffusiophoretic interactions [Aubret et al., Nature Physics, 2018]. In this paper, we adopt a
pedagogical approach and expose our strategy to control self-assembly and build machines using
phoretic phenomena. We notably introduce Highly Inclined Laminated Optical sheets microscopy
(HILO) to image and characterize anisotropic and dynamic diffusiophoretic interactions, which
cannot be performed by conventional fluorescence microscopy. The dynamics of a (haematite)
photocalytic material immersed in (hydrogen peroxide) fuel under various illumination patterns
is first described and quantitatively rationalized by a model of diffusiophoresis, the migration of
a colloidal particle in a concentration gradient. It is further exploited to design phototactic mi-
croswimmers that direct towards the high intensity of light, as a result of the reorientation of the
haematite in a light gradient. We finally show the assembly of self-spinning microgears from
colloidal microswimmers and carefully characterize the interactions using HILO techniques. The
results are compared with analytical and numerical predictions and agree quantitatively, stressing
the important role played by concentration gradients induced by chemical activity to control and
design interactions. Because the approach described hereby is generic, this works paves the way
for the rational design of machines by controlling phoretic phenomena.
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1 Introduction
field and permitted the exploration of emergent phenomena: dy-

The self-assembly of individual building blocks into functional
units is a fundamental goal of science and engineering. Progress
has been made in the assembly of colloidal particles into
isotropic, chiral, and directional equilibrium structures! using
DNA origami23, entropic forces*, anistropic particles®°, or field
induced interactions’19. The resulting equilibrium structures
are static in the absence of an external force, for example opti-
cal tweezers!! or magnetic field 71213,

Dissipative self-assembly from building blocks that consume en-
ergy alternatively allows architectures that are dynamical and
reconfigurable 141> a desirable feature of advanced materials.
Man-made realization of dynamical self-assembly in synthetic sys-
tems were first limited to macroscopic systems %17 but recent
progress in colloidal science have made available self-propelled
colloids (or microswimmers) 1821 and allowed overcoming this
limitation. They notably forged the rise of Active Matter as a
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namic phase transition, clustering, living crystals, or flocking,

14,22 35 well as the field-driven

as examples of self-organization
phase-behaviors of collective assemblies23-24. The realization of
dynamical structures made from microswimmers is however lag-
ging 141> highlighting the lack of simple design rules for dissipa-
tive self-assembly 2526, Field-driven approaches have been suc-
cessful in assembling rotors, chains or clusters of microswimmers
actuated by oscillating electric or magnetic fields 23-2427:28 ' While
the dynamics can be changed by tuning the frequency and ampli-
tude of the fields, the control of the structure at the individual
level is lacking. Templated assembly tackles the issue by guid-
ing the assembly using boundaries to direct self-propelled parti-
cles??-30 and rectify motion2%-3>, however at the expense of lim-
ited flexibility and control from preliminary microfabrication re-
quirements. An alternate approach uses light patterns to encode
information36-40:40-44 " in place of microscopic templates. It is
highly flexible as the the spatiotemporal modulation of illumina-
tion controls particles’ velocity with micrometric resolution and
the convenience of the flick of a switch#°.

In this paper, we show that light patterns together with pho-
tocatalytic particles allow controlling the phenomenon of diffu-
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siophoresis, the motion of a colloidal particle along a gradient
of chemicals#647:47-50  to design anisotropic and dynamic dif-
fusiophoretic interactions. This leads to the robust and faith-
ful assembly of phototactic microswimers into autonomous self-
spinning microgears. We adopt a pedagogical, step by step, pre-
sentation, starting from the characterization of a photocatalytic
haematite component until the hierarchical design of a spin-
ning micromachine. We first engineer a phototactic microswim-
mers 39:40,:42-44,51-53 Next, we harness their response to light gra-
dients to trigger their self-assembly in a controllable and robust
manner. Following adequate light signal, the microswimmers au-
tonomously form chiral rotors, which sustain under uniform il-
lumination. The rotor constitutes a mesomachine and creates a
dynamical and anisotropic cloud of chemicals that induce a re-
pulsive diffusiophoretic interaction, which we characterize using
Highly Inclined Laminated Optical sheets microscopy (HILO). The
results agree with analytical and numerical predictions of a sim-
ple model of a rotor forming a hexapolar sink of fuel. Our results
demonstrate the hierarchical construction of machines from ma-
chines by taking advantage of phoretic phenomena and light to
direct self-assembly.

2 Response of a photocalytic material,
haematite, to light gradients

2.1 Haematite, a photocatalytic material

We harness the photocatalytic properties of a piece of semi-
conducting haematite iron oxide a—Fe;03 immersed in a solu-
tion of hydrogen peroxide H,O, to transduce chemical energy
into mechanical work. A diluted solution of H,O, spontanously
degrades in presence of a catalyst: 2H,0, — 2H,0 + O,. In a
nutshell, haematite creates electron-hole pairs following illumi-
nation by UV-blue light. While spontaneous recombination usu-
ally occurs over a few nanoseconds, holes and electrons bounded
to the surface allow redox processes to occur, catalyzing the
H,0, decomposition. The overall reaction scheme is complex, in-
volving many intermediate species such as hydroxide radicals >4,
but eventually leads to O, and H,O production. The release of
chemical energy from the degradation of H,O, is exploited to
inject energy locally and maintain the system away from equilib-
rium. We explore the response of haematite micrometric particles
(size ~ 0.5—1 um) under various illumination patterns and im-
mersed in a solution of fuel obtained by dilution of H,O, in DI
water (Millipore, 18.2MQ) and made slightly acidic, pH ~ 6 —7,
by dissolved carbon dioxide from the atmosphere (Fig.1A, see
Methods for sample preparation).

2.2 Tethered haematite in uniform illumination

We first study a single haematite particle under uniform illumina-
tion and examine the diffusiophoretic behavior of colloidal beads
in presence of the subsequent concentration gradients. We tether
a haematite particle on the surface of a capillary and introduce a
solution containing 20 nm nile red fluorescent beads, which diffu-
siophoretic response will probe the underlying concentration gra-
dient. In standard epifluorescence microscopy, the complete sam-
ple is excited, resulting in strong background fluorescence, hin-
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Fig. 1 Response of haematite under illumination. A) SEM image of a
haematite particle. Scale bar is 500 nm. B) Isotropic phoretic repulsion
of 20 nm fluorescent beads around a haematite particle tethered on the
surface of a capillary, under uniform blue (A = 395 nm) excitation. The
density of fluorescent beads (blue circles) decays when approaching the
haematite particle, and follows eq.(2) (red line), with o = 64 um3/s. In-
set: repulsion of FB in the XY plane. The red cross locates the haematite
particle (scale bar 5 um). C) Isotropic intensity profile generated with
a slightly defocused blue laser spot (A = 404 nm), after azimuthal av-
eraging, used for analyzing the response of haematite in a gradient of
light. An asymmetric reaction rate occurs at the surface of the haematite,
triggering its motion at speed Vy, by self-diffusiophoresis. D) Recorded
speeds of haematite particles in the intensity gradient shown in C), at ex-
citation power of P=0.16 mW (blue triangles) and P=1 mW (red circles).
The velocity is adjusted with eq.(3) (solid blue line and dashed red line)
from the measured intensity profile and using constant saturation inten-
sity (see main text). Inset : trajectories of individual haematite particles,
isotropically repelled from the laser spot (red dot), at P= 1TmW.

dering quantitative measurement of the phoretic interactions (see
Methods and Fig.6D). To overcome this problem, we use Highly
Inclined and Laminated Optical sheet microscopy technique >>=>7
(HILO, or near-TIRF) that narrows the observation space to a
thin slice near the bottom of the capillary, where the particles
sit (see Methods). In brief, the technique involves a setup simi-
lar to Total Internal Reflection Fluorescence microscopy (TIRF),
with the beam forming an angle slightly smaller than the criti-
cal angle. It results in a highly inclined beam that excites only
a few microns above the substrate, and allows us to analyze the
density of the fluorescent beads around a haematite. The rapid
diffusion of the nanometric colloidal tracer provides a quick equi-
libration over the vertical space and produces an measurement
integrated over the illuminated slice. In the absence of blue illu-
mination or H,O, fuel, the concentration of fluorescent beads is
uniform. An exclusion zone develops near the haematite particle
when it is photo-activated by blue light: the beads are phoreti-
cally repelled and drift away in the isotropic gradient induced by

This journal is © The Royal Society of Chemistry [year]
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the photocatalytic activity of haematite (Fig.1B). The concentra-
tion of H,0,, ¢, obeys the Laplace equation Ac = 0 with a sink
placed at the position of the haematite, r = 0 giving c(r) o< 1/r.
A colloidal particle placed in a chemical gradient V¢’ exhibits a
diffusiophoretic migration with a velocity vpp o< V¢/46. The de-
tails of the phoretic mechanism at the origin at the migration are
complex as the degradation of HO, involves many (intermedi-
ate) reaction products with unknown solvent/particle interaction.
Exothermic steps in the degradation could also add up a ther-
mophoretic component to the migration, without changing the
scaling of the interaction (see below). Moreover, and as discussed
in previous work3%45 the direction of the migration can be re-
versed by shifting the pH of the solution to basic. We focus in this
manuscript on the characterization of the effective and repulsive
interaction induced by the consumption of H,O, at slightly acidic
pH~ 6 — 7 and its use to design and control assembly. . We write
vpp = DppVe, with Dpp the phoretic mobility, which depends on
the particle-solvent interaction. For the tethered haematite, we
predict a phoretic repulsion for a fluorescent bead at distance r
with velocity vpp = a/r?, where « is a parameter describing the
effective phoretic repulsion, dependent on reaction rates>?. The
flux of particles of density p writes as drifting phoretically and
subjected to brownian motion:

J=—D:.Vp+vppp €h)

with p the particles density, D = 18 um?/s the thermal diffusion
coefficient of the beads. At steady state, J = 0, and integration of
eq.(1), leads to the radial intensity profile in the (XY) plane:

p = poe~ %/ Per) 2

This is analogous to an effective Boltzmann distribution of the
beads in the repulsive potential U(r) o< ¢(r) = a/r. We use eq.(2)
to adjust our data using pp and o as fitting parameters, and
find an excellent agreement for o = 64+ 10 um3/s (Fig.1B). A
haematite particle acts as a sink of H,O; and repels the surround-
ing particles by diffusiophoresis.

2.3 Untethered haematite under light gradients

Untethered haematite in uniform light shows random motion
without apparent persistent propulsion. Following, we study the
behavior of untethered haematite particles in light gradients (see
supplementary movie S1) by using a slightly defocused laser spot
projected on the bottom surface of the sample (Fig.1C, A = 404
nm, see Methods). We initially locate haematite particles in the
sample, position the laser spot in their vicinity and record the
motion of the particles, isotropically repelled away from the laser
spot. We repeat the experiment over several dozens of individual
haematite particles and extract the evolution of the speed in the
radial direction. The procedure is repeated for 5 different inten-
sities, ranging from 0.03 mW to 1 mW (peak intensities of ~ 0.06
to 2 uW/um?). The positions are averaged over 1s and the speed
is calculated as a function of the position for each particle. We
average the data over ~ 30 haematite particles for each inten-
sity profile, measured and quantified independently (Fig.1C, see
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Methods). The particles travel radially along the light gradients,
migrating towards lower intensities. The speed decreases with
increasing distance from the laser, as presented in Fig.1D.
As the reaction rate of decomposition of HO, depends on light
intensity, haematite particles in light gradients present spatial
gradients of reaction rates on their surface inducing a subse-
quent phoretic velocity V o« Vv >0 (Fig.1C). The photoactivity of
haematite is proportional to the absorbed intensity I,;,, which sat-
urates at high intensity IL: Ly o< I/(1+1/1%,). We subsequently
obtain the phoretic velocity for the untethered haematite particle:
V() = g ——— 3)
(1+1/1fy)

where y and 1%, characterize the phoretic response of the par-
ticle and its absorption properties, respectively. The saturation
intensity I?at is a material property, independent of the illumina-
tion intensity as the experiment is performed in a reaction-limited
regime °8. By measuring the intensity profile I(r), we compare our
model with the measured velocities and obtain a good agreement
with eq.(3) for I;lat ~ 75nW/um? (see Fig.1D). The agreement
holds over 2 orders of magnitude for the illumination, ranging
from 0.03 to 1 mW without altering /2.

3 Design of a phototactic swimmer

We take advantage of the response of haematite to light gradients
to design phototactic Janus microswimmers, consisting of an in-
ert polymer bead (3-(trimethoxysilyl)propyl methacrylate, TPM,
Sigma Aldrich), from which a haematite particle is extruded (see
Fig.2A) 1819 forming a swimmer with fore-aft asymmetry and
typical length / = 1.8 um. We introduce the swimmers in a capil-
lary containing a 6% solution of hydrogen peroxide (pH ~ 6 — 7).
The swimmers sediment close to the surface and the observations
are performed in this plane. In the absence of illumination, the
particles undergo thermal motion and do not self-propel.

3.1 Microswimmer in uniform light

We analyze the behavior of the swimmers under uniform light
and record their trajectories for various intensities (Fig.2B). The
swimmers self-propel with the bead heading, in line with our pre-
vious observations that beads migrate toward the high concentra-
tion of H,O, by diffusiophoresis 20,46,47,47-50 (Fig.1B). The swim-
mers exhibit persistent random walk : they travel in straight lines
before thermal fluctuations randomize the direction of their mo-
tion on a timescale given by the rotational diffusion time 7,. The

Mean Square Displacement (MSD) (AL)2 at time Ar is extracted
49,59.
as™?:

(AL)* = 4DAt + vee [ 2 fe 2M/n 4
2 |7
with Dy the diffusion coefficient of the swimmers at equilibrium
(no illumination), and V; their speed. We measure D, from equi-
librium experiments with 289 swimmers, and find a value of
D, =03+£0.1 umz/s. Following, we extract the rotational dif-
fusion D, = 3D;/4R* = 0.3+ 0.1 rad®/s, and the corresponding
rotational diffusion time 7, = 1/D, ~ 3 s. We adjust the MSD
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Fig. 2 A phototactic microswimmer. A) SEM image of the photo-
tactic swimmer, which consists of a haematite particle extruded from a
colloidal bead. Scale bar is 1 um. B) The swimmer exhibits persistent
random walk under homogeneous illumination with a velocity (blue cir-
cles) tuned by the light intensity (Imax = 550 n"W/um?). The red line is a
fit using eq.(5), and Isat = 50 nW/um?. Inset shows the Mean Square
Displacement (AL)? of swimmers at equilibrium (no illumination, blue cir-
cles) and under illumination (red triangles), at I/Imax = 10~2. Solid lines
are fits with eq.(4). For I =0, we get Dy = 0.3+0.1 um?/s. C) Scheme
of the phototactic mechanism. As the haematite is phoretically repelled
from higher intensities of light, it reorients the swimmer along the gradi-
ent, inducing an effective torque My. The blue spot represents the laser
used in the experiment and the notations are the ones from main text. D)
Evolution of the speed V(1) of individual swimmers under the same exci-
tation profile and intensities as for the haematite in section 2, (Imax = 1200
nW/um?). The solid line follows eq.(5), with Vsgt = 24 um/s and Iz = 75
nW/um?. Inset shows the trajectories of the swimmers around the laser
spot. Scale bar is 5 um. E) Density of Probability of Presence of the
swimmers (PDF) at distance r from the center for 3 different excitation
powers (black circles). It shows a reasonable agreement with our simula-
tions of ABP , notably the range of the trajectories, without any adjustable
parameter (solid red lines, see main text).

curves with eq.(4), using V; as only fitting parameter and obtain
the dependency of the phoretic speed on the intensity (Fig.2B).
The velocity increases rapidly at low intensities, and saturates at
higher intensities:

()

where 55 and Vsa are the illumination and speed at saturation,
respectively. A good agreement is found with the experiment for
Vear = 21 pm/s and sz ~ 50 nW/um? at A = 395 nm (see Meth-
ods), and consistent with the saturation value for the illumination
extracted for the haematite alone, I}, ~ 75 nW/um? , at a slightly
different wavelength A = 404 nm.

3.2 Microswimmers in two-dimensional light gradients
The behavior of the swimmer qualitatively changes in non-
uniform light, as they migrate towards high intensities for any

4| Journal Name, [year], [vol.],1-12

given intensity profile (Fig.2C and supplementary movie S2), a
dynamics akin to the phenomenon of phototaxis 3%-40:42-44,51-53

In order to quantify the phototactic response, we record the mo-
tion of the microswimmers at the bottom surface of the cell using
the same excitation profiles (intensity and spatial distribution)
that we used for the haematite alone in section 2 and obtained
by shining a laser spot in the absence of a uniform background
illumination. The swimmers travel radially, cross near the cen-
ter of the laser spot and reverse direction to reorient along the
light gradient and towards the center, a dynamics that appears
similar to previously reported thermophoretic particles oriented
by scattering forces using a high intensity laser spot®. The ori-
gin of the present phenomenon is however different as the re-
orientation results from the phoretic migration of the haematite
component towards the low intensity of light (see Fig.2C). In or-
der to validate this scenario, we compare the observed trajecto-
ries with simulated trajectories of a model Active Brownian Par-
ticle (ABP) 1422 where all the parameters are determined from
independent measurements performed on individual haematite
particles and swimmers. The motion of phoretic microswimmers
is torque and force free4® but the equations of motion of a mi-
croswimmer in the overdamped regime can be rewritten in terms
of effective forces and effective torques®!. We first reconstruct
the trajectories of the swimmers and extract their speed Vy(r), at
distance r from the laser spot and intensity dependence V;(I) un-
der the specific excitation profile (Fig.2D). The experimental ve-
locity of a microswimmer follows eq.(5), with fg¢ ~ 75 nW/um?,
and Vg = 24 um/s. We consider the instantaneous velocity of
the swimmer depending only on the local value of the intensity:
Vs = Vs(x,y). A swimmer at time 7 is situated at the position (x,y),
with orientation u, forming the angle ¢ with the x-axis, in the
reference frame centered at (0,0) on the laser spot (Fig.2C). We
describe the reorientation of the swimmer by an effective torque
My, induced by the migration of the haematite component:

M, = —Ryugp x Vy (6)

where y = 67Rn is the viscous drag coefficient (] the dynamic vis-
cosity of the water). The velocity of the haematite alone is radial
and writes Vy, = ,uy, and is given by eq.(3). The other parame-
ters, y, I, I(r) and VI(r), have been previously extracted from
independent experiments thus characterizing My, unequivocally
from measurements on haematite particles only.

Following previous studies %92, we write the Langevin equations
for the motion of the swimmer in the (XY) plane as:

3—); = Vs(x,y)ux -ugp + /2Dy (1) (7a)
% =Vs(x,y)uy -ugp + /2D, (1) (7b)
d(p _ M,

a = ’}/R2 + \/TD}’CQD (t) (7C)

with { a noise term with zero mean and variance, such that
< §(1)¢(r+1) >= 6(t). Using the values we measured for y,
Isat = Iglat =75 nW/um?, Vear = 24 umy/s, and the experimental

This journal is © The Royal Society of Chemistry [year]
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intensity profile (see Fig.1D), we simulate the trajectories of the
swimmers for each investigated intensities.

We plot the radial density of probability of presence of the swim-
mer in Fig.2E, and find a good qualitative agreement with the
experimental data (Fig.2E). We notably reproduce the spatial ex-
tension of the trajectories around the laser spot. The absence of
free parameter in eq.(7) ascertains the role of the phoretic mi-
gration of haematite in the orientation process. Discrepancies be-
tween the simulations and the experiment arise at short distance
r, where the focus of the laser is intense (/ ~ uW/um?). Scat-
tering of light by haematite, repelled from the center by radiative
pressure and potential exothermic H,O, decomposition at the in-
tense focus of the laser could both lead to chemical gradients and
subsequent repulsion away from the laser spot. We did not at-
tempt to capture those effects in our model as it is implied by
the high intensity used in the characterization experiments and
would not illuminate any aspect of the phoretic dynamics of our
system. The presented strategy constitutes a generic rule for the
design of autonomous particles directed by light gradients.

3.3 Effects of vertical light gradients on the microswimmers

As haematite scatters in blue, it leads to shadowing>? that sets
a vertical gradient of light along the direction of the laser. The
haematite migrates along the light gradient to the region of low
intensity (see Section 3.2). If the laser is shone from above, the
swimmer reorients with the haematite under and leaves the sur-
face, leading to a 3D motion in the bulk of the sample. If the laser
is shone from below, the haematite is phoretically lifted and the
composite particle tends to flip when approaching the laser focus,
swimming downwards and pushing against the bottom surface.
Alternate reorientation mechanisms near surfaces have been re-
ported for catalytic microswimmers, as a result of a subtle inter-
play between hydrodynamics and modifications of the concentra-
tion gradients by impermeable walls®3-%>. Their contribution to
the flipping mechanism cannot be ruled out, but the dependence
of the observed motion on the position of the laser indicates that,
in our experiment, phoresis is an essential component to the ob-
served flipping of the microswimmer. We further use this mecha-
nism to assemble self-spinning microgears (movie S3).

4 Guided self-assembly of self-spinning mi-
crogears

We initiate the experiment with a dilute sample, ®; ~ 1073
part/um?, of phototactic microswimmers under uniform illumi-
nation. They travel along the substrate and the density is too low
to observe formation of clusters by Motility Induced Phase Sepa-
ration (MIPS) ©6:67 Following, we superimpose the spot of a fo-
cused laser laser to direct the particles by phototaxis. Responding
to the light gradient, the swimmers direct their motion towards
the laser spot, locally increasing the density. They collide and one
swimmer flips and sits vertically, facing the substrate and push-
ing against the wall. This results in a short-range pumping flow
as discussed in refs. %568, It attracts and traps neighboring swim-
mers into a peripheral crown to form a self-spinning microgear

This journal is © The Royal Society of Chemistry [year]
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(movie S3). It is composed of 7 particles; one central swimmer
with the haematite pointing up, surrounded by 6 close-packed
particles facing the central one. Each haematite component in
the structure constitutes a chemical sink of H,O, and interacts
through phoresis with the neighboring swimmers (see section 2).
The peripheral swimmers collectively orient in the same direction,
setting chirality and rotation of the assembly. Once the structure
is formed, the laser can be switched off and the microgear is sta-
ble and spins under homogeneous illumination (see Fig.3A).

The reorientation and collective tilt of the peripheral particles that
set the chirality of the structure can be understood as a result of
the competition between hard sphere interactions and the dif-
fusiophoretic repulsion between the swimmers, induced by their
haematite part. This mechanism also rationalizes the absence of
a second peripheral layer: the diffusiophoretic repulsion over-
whelms the attractive (short-range) hydrodynamic pumping and
guarantees the fidelity and robustness of the assembly: additional
particles spontaneously detach (movie S3, S4). The importance
of phoresis has been recently pointed out for cross-interaction
between phoretically propelled particles®-71 but hydrodynamic
flows could also play a non-negligible role, difficult to estimate
from the complex geometry of the system in the near-field and
potentially hindered by the near presence of the bottom substrate.
Measurements with tracers particles that do not present phoretic
mobility (currently unavailable), or the statistics of reversal of
chirality could potentially illuminate those aspects of the assem-
bly and nurture further theoretical and experimental studies but
are beyond the scope of this manuscript.

4.1 Rotors dynamics

We form isolated rotors by superimposing a laser spot to a uni-
form illumination background, with P > 1 mW, the minimal
power of the laser (spot size of 0.5 - 5 um) to trigger the self-
assembly. Once the rotor is formed, we track the motion of all
particles forming the microgear, and reconstruct their individual
trajectories. The experiment is repeated for multiple independent
rotors and intensities of light to study the dynamics.

The center of mass of individual rotors exhibits a diffusive behav-
ior in uniform light, with diffusion D = 0.4+0.1 um?/s (Fig.3E).
This value is higher than the diffusion constant expected from
a passive particle of this size (R ~ 3 um) and arises from active
noise. The center of the rotors can be optically trapped with a red
laser (A = 685 nm, P ~ 10 — 100 uW) without disturbing the sys-
tem as the absorption of red light is weak and has negligible effect
on the photocatalytic activity. It allows suppressing the random
motion in the center of mass (Fig.3E-Inset) and focus on the accu-
rate determination of the angular speed of the rotation. It is tuned
by the light intensity and reflects the change of translational
speed of the swimmer V; with a ~ ©/4 incline: ®R/V; ~ v/2/2
(Fig.3B). At low rotation rate (@ < 3 rad/s), thermal fluctuations
can flip the direction of the spinning, but the magnitude of the
speed of the rotor remains constant (Fig.3C). Further reducing
the intensity reduces stability and the rotor breaks into 7 individ-
ual microswimmers. At higher speeds (@ > 3 rad/s, Fig.3D-Inset),
the rotors are robust and the motion is persistent over the dura-
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Fig. 3 Formation mechanism and properties of the rotor. A) Snapshots of a movie showing the assembly of a rotor around a single laser spot. In
(a) the swimmers travel around the laser spot, until they assemble, (b) and form a transient structure that breaks, (c). The swimmers collide again, (d)
and form a stable rotor (e), which is sustained under illumination after removing the gradient (f). B) The angular speed of the rotor is tuned by the light
intensity. The solid red line is a fit with eq.(5), using the same saturation intensity as for the swimmers alone. The angular speed reflects the speed
of the swimmers (blue squares). Inset: magnified image of a rotor, where the orientation of the swimmers is visible. C) At low angular speeds (o < 3
rad/s), the rotor can flip its direction of rotation. Inset: distribution of speeds for a rotor during a ~ 10 min experiment. The two peaks are situated at
-1.8 and 1.9 rad/s, showing the symmetry of the dynamics. D) At higher speeds, the motion is persistent and the angular fluctuations can be extracted
(blue line). Dashed red line shows a linear fit using eq.(8), and gives Dg = 0.03+0.01 rad?/s. Inset: speed of a fast rotor (w ~ 6 rad/s) over 10 min. E)
Experimental MSD (black curve) of free-to-move rotors, and linear fit (red dashed line), giving Dg = 0.4+0.1 um?/s. Inset: trajectory of the center of
mass of rotor optically trapped with a red laser (red) and free to diffuse (blue) (see main text and Methods). F) Migration of rotors in light gradient, for 5
different experiments. The rotors first exhibit a diffusive motion in homogeneous light, (black curves, 15 s for each experiment) but migrate towards the

bright spot (colored curves) of a focused laser light (circle at the center). Typical time for migration is 10 —30 s. All scale bars are 5 um.

tion of the experiment (>20 min). The handedness is random,
and we measure 49.85% clockwise and 50.15% of counter clock-
wise for 1017 rotors.

We quantify and analyze the angular dynamics of the rotors. As-
suming a § correlated gaussian noise {(¢), the phase @ follows

the Langevin equation”%73 :
do(r
dt( ) _ o+ /2Dat (1) ®)

with @ the mean angular speed, and D¢ the rotational diffusion
coefficient of the rotors. From this, we compute the angular fluc-
tuations A®"> = 2Dgt with & = (& — wr) by analyzing the angular
dynamics of 12 individual rotors with the speed w extracted as the
mean value of the angular speed. The ensemble average is linear
in time, as shown in Fig.3D and gives an amplitude for the angu-
lar noise, Dg = 0.03 £0.01 rad?/s. It compares with %.%, where
Dg, is the translational diffusion measured for the center of mass
of the rotors, which stresses the common origin of active noise
for the translational and angular fluctuations. Linking the trans-
lational and angular active noise as given by the Stokes Einstein
relation in an equilibrium system, we find that the temperature
of the active bath reaches T ~ 1700K>°.

We further use the blue laser to generate light gradients and
manipulate rotors. Initially, we assemble rotors that spin un-

6| Journal Name, [year], [vol.],1—12

der uniform light. We then superimpose a light gradient using
a blue laser. Swimmers constituting the rotors reorient by pho-
totaxis without breaking the microgear. A slow migration, V ~ 1
um/s, towards the laser spot follows. The rotor reshapes but does
not break showing their robustness under light manipulation (see
Fig.3F and supplementary movie S5). After extinction of the light
gradient, the peripheral swimmers collectively reorient and the
structure spins. A summary of the properties of the individual ro-
tors is presented in Fig.3. We now focus our interest in the quan-
tification of the effective interactions induced by the presence of
the rotors.

5 Anisotropic and dynamic diffusiophoretic
interactions

In this section, we quantify the strength and shape of the diffusio-
phoretic interactions originating from the chemical activity of the
photocatalytic components of the rotors and compare it with our
experimental measures. We use HILO microscopy to image and
quantify the effective interaction created by a rotor on neighbor-
ing particles as measurements with conventional fluorescence mi-
croscopy techniques are overwhelmed by background noise and
do not permit to measure accurately anisotropic interactions in
the rotating frame of the rotor. We use small tracers, size ~ 20

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Anisotropic and diffusiophoretic interactions. A), B), C) are simulations and D), E), F) are experiments. A) Numerical mapping of the
(normalized) concentration field around a rotor of radius R, situated above an impermeable interface. At fixed distance, the concentration profile is
periodically modulated by the presence of the haematite. B) Evolution of the radial concentration profile (after azimuthal average, red circles), following
a o« 1/r decay. The azimuthal profile follows a sinusoidal variation in the interval [0;7/3] with decaying amplitude €/, =< 1/r” (blue triangles, see main
text). C) Mapping of the azimuthal variations after subtracting the radial dependency (see main text). D) Experimental observation of the interaction
profile between a rotor and 20 nm fluorescent beads using HILO microscopy, in the reference frame of the rotor. The data closely resemble A). E) The
radial density profile of the fluorescent beads (blue circles) follows eq.(2) (red line), with & = 120 um?3/s. F) Experimental mapping o, of the azimuthal

interactions after removal of the radial contribution (see main text). A periodic modulation is visible, with the higher repulsion near the haematite.

o

=+1
the form v(6,¢) = ¥ mZ VimY/"(0,9), we get from (9):
I

1=0m=—

nm, whose fast diffusive motion allows measuring the phoretic
repulsion. Following, we perform a statistical analysis of the den-
sity of beads, averaged in the vertical direction as a result of the
quick equilibration of the tracers, and extract the interaction po-
tential. It differs from velocimetry experiments, previously per-
formed to image the flow lines around microswimmers 07475
that it allows us to access vanishing velocities of tracers, down
to 0.1 um/s, for which diffusion is important in the so-called low
Péclet regime Pe ~ V2/RD. < 1. Besides, thanks to the quick dif-
fusion of chemicals compared to the rotation speed of the rotors,
®R?/D << 1, we can assume the equilibration of the chemicals as
instantaneous and their concentration field steady in the rotating
frame of the rotor.

R o m=+I m R I+1
0.0 =t 3 ¥ L 2 (B) o) a0

I=0m=—I r

in

The decay of the concentration is given by the multipolar order
of the surface activity. We prescribe a surface activity v(60,¢) =
vo(1 —sin® @ cos6¢), where the hexapolar symmetry of the rotor is
given by cos6¢ term and sin® @ confines the activity to the plane
of the rotor. It conveniently gives v o Y2(6,¢) + Y6_6(9,¢), such
that only / = 0,6 remain in the series expansion of eq.(10):

. VQR2 V()R8 . 6
5.1 Analytical solution c(r,6,9) = ce — Dr 7D, cos69sin 9 an
We first derive an analytical expression considering a simplified which we write
model. We model the rotor by a sphere, with a surface activi
v asp ¥ c(r,0,0) = cw— 0/ (r) — €' (r) cos 6¢ sin® 6 (12)

v(r =Ry, 0,0) in spherical coordinates. The modulation of sur-
face activity v reflects the positioning of the haematite on the

50.

with o = vyR?/Dr and €’ = voR®/7Dr’. The parameter o repre-
periphery of the rotor. The concentration ¢ of H;O, follows>":

sents the amplitude of the long-range radial diffusiophoretic in-
teraction, while the strength of the azimuthal interaction is given
by €. They can be experimentally extracted by measuring the
(9b) density profile of fluorescent beads around a rotor, and accord-
ing to the model, their ratio is £'r%/a’R® = 1/7. Using particles

DV2c =0:; (92)

—Dn-Ve(Rg) = v(Rs)

Note that the concentration of chemical products follows the
same set of equations eq.(9). We expand the concentration on
a basis of spherical harmonics ¥;"(6,¢). For a surface activity of

This journal is © The Royal Society of Chemistry [year]

to probe the diffusiophoretic interactions, as we will do in the
experiment (see sec. 5.3), the conservation of number of probes
follows eq.(1) at (r,6,¢). At steady state, J =0, it leads to the

Journal Name, [year], [vol.], 1-12 |7
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following expression for the density p of probe particles:
p(r,0,0) = poexp(—a’ — &' cos6¢sin’ 6) (13)
For later convenience, we define:

0 (r,¢) =1np(r,¢) — (Inp(r,9))s = €' cos6¢ 14

for 6 = /2 (XY plane of the rotor). This quantity will serve to
experimentally evaluate €'(r) o< 1/r7, as we shall see.

5.2 Numerical simulations

We numerically solve the steady diffusion equation of the H,O,
concentration Ac =0 around a rotor in 3D (COMSOL Multiphysics
5.3). We model the rotors as 7 passive and impermeable spheres
(one central and six peripheral) of radius R, decorated at the pe-
riphery by 6 chemically active core-shell spheres of radius R./2,
plus one at the top of the central swimmer. The fuel consump-
tion is imposed by a constant reaction rate occurring in a thin
shell of R./10. The cores of the active particles and the passive
spheres are set as impermeable, with no-flux boundary condition.
We position the rotor at distance R./10 above an (infinite) imper-
meable wall constituted by the bottom surface of the capillary in
the experiment. The concentration is set at 1 at infinity in upper
space using Infinite Element Domain (COMSOL) to simulate infi-
nite boundary conditions in a spherical coordinate system.

We first extract the concentration profile in the radial direc-
tion after azimuthal averaging in the XY plane, and measure
a 1/r decay (see Fig.4A-B). We then extract the azimuthal de-
pendence of the concentration and calculate §c¢(r,¢) = ¢(r,0 =
7/2,¢) — (c(r,0 = m/2,0))s. For each radial distance r, dc(¢)
curve show a cosine shape (Fig.4C), from which we extract the
amplitude & (r) = [6¢max — 6¢min] /2 . The evolution of &/ (r)
is shown in Fig.4B, where it decays as 1/r7, in agreement with
the analytical model and eq.(11). In particular, we extract the
ratio &'(r)r%/a’R® = 0.18 £0.04 for 1 < r/R < 4. This ratio is
in good agreement with the analytical model, which predicts
£r0/a’'R0 ~ 0.14.

5.3 Optical imaging of the diffusiophoretic interactions

We aim at comparing our predictions for the diffusiophoretic in-
teractions with experimental measurements. We visualize the ef-
fective interaction around a single rotor by dispersing 20 nm nile
red fluorescent beads in the solution that exhibit diffusiophoretic
motion in chemical gradients (Fig.4D and setup description in the
Methods section). We first form a rotor and suppress the random
motion of its center of mass (see Methods) by optically trapping
its center with a red laser. We lower the intensity of the illumi-
nation to slow down the dynamics of the rotor and permit equili-
bration of the fluorescent beads, necessary to image the -steady-
density profile in the reference frame of the rotor. We use a home-
built HILO microscopy setup (see Methods) to visualize a slice of
a few um above the substrate and suppress the bulk background
fluorescence (see Methods). Care was taken to carefully align the
trapping laser with the center of the HILO illumination, where the
depth of the excitation field is minimal. We then excite the beads

8| Journal Name, [year], [vol.],1—-12

and record their fluorescence during 1 s time intervals, imposing
dark periods of 4s between successive excitation cycles, prevent-
ing photo-bleaching of the area around the rotor. The sequence
is repeated for 10 cycles, or until the rotor breaks. We record the
background fluorescence in independent experiments under the
same excitation conditions and correct accordingly. We analyze

10

E 10?2

exp

102 L

r (um)

Fig. 5 Experimental determination of the azimuthal interaction. Evo-
lution of the amplitude of oscillations shown in Fig.4F, as a function of the
distance decaying as < 1/r7. Red solid and dashed lines are the mean
value and its extrema, respectively, as predicted by the numerical simula-
tion in the absence of adjustable parameter (see main text). It shows an
excellent agreement with the experimental data. Inset: Profiles of Fig.4F,
at distances of 4 (blue circles) and 6 um (red triangles) from the center
of the rotor. Solid lines are fits using a sinusoidal function. It confirms
diffusiophoresis as the source of interaction.

the movies by measuring the instantaneous fluorescence profile
around a rotor in the rotating frame (r, ¢). Averaging over all the
frames, we obtain the intensity profile (Fig.4D), further averaged
over ¢ € [0; /3] by rotor symmetry.

In the far field, the concentration of fluorescent particles follows
p = poe~%/(Per) as prescribed in eq.(2) for a sink of HyO,, c o< 1/r
(Fig.4E). We extract the amplitude of the radial phoretic repul-
sion o = 120+ 30 um?3/s, in line with the results from the exper-
iments realized with haematite alone and the same fluorescent
beads (section 2). In the near field, 1<r/R<2, the concentra-
tion field is hexapolar and we investigate the azimuthal gradi-
ent of concentration by computing the experimental values for
oy =Inp(r,¢) —(Inp(r,¢))s. We observe a small modulation of
the amplitude in the interval [0; 7 /3], for distances r ~3.2—6.7um
(Fig.4F), with the maximal repulsion near the haematite. Guided
by the analytical model [eq.(14)], we adjust the data with the
function &gy, cos(6¢ + ¢o) using &, and ¢y as fitting parameters
and repeat the procedure for different distance r to the center of
the rotor, giving ely, o< 1/ ! (Fig.5), as predicted by eq.(13). We
further compare the experimental value with the estimate from

This journal is © The Royal Society of Chemistry [year]
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the numerical simulations using &/; (r)r%/a/R® =0.18£0.04 (sec-
tion 5.2) and o = 120 um3/s, showing an excellent agreement
without adjustable parameters (Fig.5). Further, those interactions
can be used to synchronize multiple rotors and in fact, the results
hereby described with probe particles agree with the phoretic cou-
pling parameter measured in ref.”® for interacting rotors. The
quantitative agreement between the experimental and the diffu-
siophoretic model stresses that hydrodynamics flows do not seem
to have a dominant effect in the present experiment, as confirmed
by the observed direction of co-rotation of co-rotating pairs in-
consistent with a simple hydrodynamic advection?®. It highlights
diffusiophoresis as a powerful tool to shape and program interac-
tions with quantitative control.

6 Conclusion

We demonstrated the assembly of hierarchical structures from a
single type of dissipative building block. To this end, we used
diffusiophoretic phenomena to guide the self-assembly and en-
code the dynamics. Starting from a photoactive material, the
haematite, we designed phototactic microswimmers that migrate
toward high intensity of light. They spontaneously assemble into
self-spinning microgears, that rotate and sustain in the absence of
any feedback from the operator. We introduced an optical method
- HILO microscopy - as a novel tool to characterize phoretic in-
teractions. The method is generic and can be implemented to
image phoretic interactions around (self)-phoretic swimmers. It
reveals anisotropic, periodic near field modulations of the chemi-
cal cloud around rotors, which amplitude compares with both nu-
merical simulations and a simple analytical model. This rational
design of machines from machines shows the opportunities of-
fered by phoretic phenomena to control dissipative self-assembly,
and paves the way for later studies of large assemblies of spinning
structures.

7 Materials and Methods

7.1 Sample preparation

The samples are prepared at low particle density ®; ~ 1073
part/um?. Particles are diluted in a 6% solution of hydrogen
peroxide H,0, (Fisher Scientific H325-500) in deionized wa-
ter (Milli-Q, resistivity 18.2 MQ). The final solution has a pH
of ~6—7. The solution is then injected in a small rectan-
gular capillary (VitroCom 3520-050), and sealed with capillary
wax (Hampton Research HR4-328). All the capillaries are pre-
viously subjected to plasma-cleaning (Harrick Plasma PDC-001)
and rinsed thoroughly with deionized water. As the particles are
non-buoyant, they sediment near the bottom surface of the cap-
illary, and observation is made in this plane on an home-built
microscope.

Synthesis of the particles is described in details in the supplemen-
tary information of ref.”®.

7.2 Measurements of intensities

-To extract the intensity profile of the blue laser in sections 2
and 3, we deposit fluorescent beads (Lifetechnologies F8888,
diameter 20 nm) on the surface of a capillary, and fill it with

This journal is © The Royal Society of Chemistry [year]

Soft Matter

water to obtain the fluorescence intensity pattern along the radial
direction after azimuthal averaging.

-The maximum power from LED2 arriving on the sample is
measured to be of the order of ~ 10 mW, on an area of roughly
150 x 150 um?. This corresponds to an intensity Iyay of ~ 500
nW/um?. We find sac/Imax = 9% and thus Isa ~ 50 nW/pum?.

- For the blue laser, the shape of the intensity profile in Fig.1C is
used to compute the peak intensity for a 1 mW power, and gives
Iea = 2000 nW// umz. From the experiments, we extract Isar = 75

P
nW/u m?2.

7.3 Optical setup for rotor creation

The custom optical setup is represented on Fig.6A. The sample is
observed with optical microscopy on an inverted microscope and
with bright field transmitted illumination (LED1). A LED is set up
in the blue range (LED2, A =425 — 500 nm, Lumencore SOLA 6-
LCR-SC) and uniformly illuminates the sample on a large area (up
to 300 x 300 um?) to trigger the photo-catalysis of haematite, after
being reflected on an appropriate dichroic mirror. A laser diode
source L1 (A = 404 nm, Thorlabs 1.404P400M) is superimposed
to the homogeneous excitation profile. It is focused in a multi-
mode (MM) optical fiber F1 (Thorlabs M42L02), re-collimated
at the output, and reflected on a manually adjustable mirror
(A.M). The beam is then reflected on a dichroic mirror (Thor-
labs DMLP425R) before being focused on the sample through
a high Numerical Aperture (NA) oil-immersion objective (Nikon
60x, NA=1.4). The adjustable mirror allows steering the laser
spot along the surface of the sample and selecting the location
for rotor formation. Furthermore, an electronic shutter (Thor-
labs SHBI1T) on the optical path enables switching ON and OFF
the laser spot. The sample is mounted on a manual micrometric
stage (Nikon Ti-SR). We observe the image of the sample through
the 60x objective on a monochrome CCD camera (Edmund Optics
EO-1312M), with a set of appropriate optical filters. Acquisitions
are performed at typical rates of 20 — 100 fps.

7.4 Optical setup for HILO microscopy

7.4.1 HILO microscopy

We modified the optical setup presented in section 7 to analyze
the phoretic repulsion of fluorescent beads around a haematite
and a rotor (Fig.6B). We used Highly Inclined and Laminated
Optical sheet microscopy (HILO, also called near-TIRF) to visu-
alize the fluorescence in a thin slice (~ few pm) above the sur-
face>>=>7. The setup is similar to a Total Internal Reflection Fluo-
rescence Microscopy setup. In HILO microscopy, the beam arrives
at an angle slightly smaller than the critical angle, such that the
beam is highly inclined, and not totally reflected. This results in
the illumination of a thin slice with a width of typically a few mi-
crons>® (Fig.6C-D) and therefore much lower background fluo-
rescence compared to epifluorescence microscopy, as exemplified
in Fig.6D.

Journal Name, [year], [vol.], 1-12 |9
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Fig. 6 Experimental setups. See main text for full description. A) Experimental setup used for rotor creation. B) Highly Inclined Laminated Optical
sheets (HILO) microscopy setup used for imaging the concentration profile around a rotor. C) Detailed scheme showing the light path for HILO
microscopy. The laser is focused at the back focal plane of a high-NA objective. Shifting the position of the laser with respect to the center of the
entrance pupil results in inclined, output light beams. D) Top:In standard epifluorescence microscopy, background fluorescence is high because of
strong illumination of the planes above the focal plane. Bottom:In HILO microscopy, only a small slice (~ few microns) above the focal plane is shined,
lowering the background fluorescence. The images on the right show the fluorescence profile of beads around a haematite in epifluorescence (top),
compared to HILO (bottom). Scale bar is 5 um. The symbols used are : L1, L2, L3 : Laser sources; D.M : Dichroic Mirror; G.M : 2-axis Galvanometric
Mirror; F1: Multimode Fiber; F2, F3: Single Mode fibers; OD: Optical Densities; FM : Flip Mirror; A.M : Adjustable Mirror M.L : Movable Lens; F.C :
Fluorescence Camera; CCD: Charged-Coupled-Device camera; M: Mirror. For better clarity, we do not represent optical lenses.

7.4.2 Optical setup ing a long-focal achromatic lens (300 mm), the beam is focused
at the back focal plane of a TIRF objective with high numerical
aperture (apo-TIRF, x100, NA=1.49, NIKON). The output beam
from the objective is collimated, and its angle with the surface of
the sample is adjusted by controlling the orientation of the gal-
vanometric mirror, addressed in real time through an acquisition
card (NI USB-6343) with a home-made user-controlled interface
developed under Labview 2017. In particular, we impose a high
frequency (100 Hz) oscillatory motion of the mirror to scan over
27 the entrance pupil of the objective with the laser beam. This

We used nile red fluorescent beads (F8784, ThermoFisher Sci-
entific) to image the concentration profile, so that excitation at
~ 520 nm for fluorescence at ~ 575 nm can be done without
activating the haematite, weakly absorbing at this wavelength.
The blue laser light is replaced by a 520 nm laser light source L2
(PL520, Thorlabs, 50 mW) and focused in a single mode fiber F2
(SM, Thorlabs, P1-460B-FC-2) so that the resulting output beam
mode is gaussian. The beam is collimated again, and sent in a
2D galvanometric mirror system (G.M, Thorlabs GVS212). Us-

10| Journal Name, [year], [vol.], 1-12 This journal is © The Royal Society of Chemistry [year]
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technique guarantees an isotropic illumination profile.

We form the rotors by changing the wide-field excitation pattern
of LED2 using a movable lens (ML). The swimmers migrate to-
ward the high intensity area, so that reducing the size of the light
spot increases the density and eventually triggers the formation
of the rotor. Adjusting the position of the lens back to its origi-
nal position disperses the swimmers again in a homogeneous in-
tensity profile and keeps the rotor active. Finally, a red laser L3
(A =685 nm, Thorlabs, HL6750MG, 50 mW) is added to the setup
to trap the rotors. The beam is focused in a single mode fiber F3
(SM, P1-630A-FC-2), recollimated at the output, and reflected
on a shortpass dichroic mirror (Thorlabs, DMSP650R). The posi-
tion of the beam is carefuly adjusted and centered on the HILO
excitation pattern. We observe the fluorescence of the beads on
a fluorescence camera (Photometrics Scientific, Coolsnap HQ2),
with a resolution of 0.168 um/pixel, and with an integration time
of 50 ms. A flip mirror (F.M) is inserted on the detection path to
switch between viewing of the fluorescence or the bright field im-
age on the CCD camera, using sets of appropriate spectral filters
for each camera. The overall setup allows us to form and trap a
rotor, and to observe its near-field concentration cloud through
HILO microscopy.
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