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Self-assembly is the autonomous organization of components into patterns or structures: an

essential ingredient of biology and a desired route to complex organization1. At equilibrium,

the structure is encoded through specific interactions2–8, at an unfavorable entropic cost for

the system. An alternative approach, widely used by Nature, uses energy input to bypass the

entropy bottleneck and develop features otherwise impossible at equilibrium9. Dissipative

building blocks that inject energy locally were made available by recent advance in colloidal

science 10, 11 but have not been used to control self-assembly. Here we show the targeted for-

mation of self-powered microgears from active particles and their autonomous synchroniza-

tion into dynamical superstructures. We use a photoactive component that consumes fuel,

hematite, to devise phototactic microswimmers that form self-spinning microgears following

spatiotemporal light patterns. The gears are coupled via their chemical clouds by diffusio-

phoresis 12 and constitute the elementary bricks of synchronized superstructures, which au-

tonomously regulate their dynamics. The results are quantitatively rationalized on the basis

of a stochastic description of diffusio-phoretic oscillators dynamically coupled by chemical

gradients. Our findings harness non-equilibrium phoretic phenomena to program interac-

tions and direct self-assembly with fidelity and specificity. It lays the groundwork for the

autonomous construction of dynamical architectures and functional micro-machinery.

The self-assembly of complex structures which emulate the fidelity and tunability of their

biological counterparts is a fundamental goal of material science and engineering. In colloidal
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science, the paradigm for equilibrium self-assembly encodes information through specific interac-

tions between building blocks that, in turn, promote assembly, so that the resulting (static) structure

is the thermodynamic ground state. Emergent properties in Active Matter13, in which self-driven

units convert an energy source into useful motion and work, have been the focus of intensive exper-

imental and theoretical studies in recent years and primarily focused on meso-scale or macroscopic

fluxes14, flocks15, 16 or flows17, 18 from local mechanical forcing. Their use to design nonequilibrium

interactions and control self-assembly remains, however, largely unexplored19–22. We introduce a

sequential approach in order to architect structures, the dynamics of which arise from chemical

gradients through diffusiophoretic interactions. The process is dissipative and utilizes a photocat-

alytic material, hematite, to harvest energy from a hydrogen peroxide fuel23 and form hierarchical

superstructures through non-equilibrium pathways (Fig.1). Instrumental to our work is the devel-

opment of phototactic swimmers (Fig.1A), which direct along light gradients and assemble into

self-spinning microgears or rotors (Fig.1B). We focus in this Letter on the self-organization of

moderate numbers of rotors with manually sorted spins. They organize into stable patterns, which

dynamics originates from the interplay between the phase and the space coordinates of the com-

ponents. For example, sets of 7 rotors form hexagonal patterns (movie S1, Fig.1C), and exhibit

an edge-current traveling at Ω ∼ 0.1 rad/s for co-rotating rotors (movie S2) or remain static for

structures with alternating spins (movie S3). Switching off the light, the system swiftly returns to

equilibrium, the interactions vanish and the order is destroyed by thermal noise (Fig.1C-inset).

A hematite cube (α−Fe2O3) decomposes hydrogen peroxide, at rate ν = βI/(I + I0), de-

pendent on the light intensity I23. It travels toward the low intensity in a gradient as a result of

the asymmetric fuel consumption and diffusiophoresis12, the migration of a colloidal particle in

a concentration gradient ∇c. The measured velocity shows a good agreement with the diffusio-

phoretic velocity, V ∝ ∇c ∝ ∇ν(I), predicted from the experimental intensity profile (Fig.2A).

The migration is slow, V ∼ 2 µm/s, as the gradient on the particle scale is moderate. Following, we
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devise swimmers with a fore-aft asymmetry, consisting of the extrusion of the hematite cube from

a chemically inert polymer bead24 (SI). In uniform light, they exhibit a persistent random walk as

previously reported for Janus microswimmers 11, 25. The polymer bead heads and the velocity, up to

30 µm/s, is controlled by the light intensity. In a light gradient, the hematite component directs to

the low intensity, exerting a torque on the composite particle. The swimmer reorients and migrates

towards the high intensity of the light (Fig. 2B and SI). We use a custom optical setup combining

light sources to deliver spatio-temporal patterns with a few microns resolution and 0.01s accuracy

and guide the self-assembly (SI).

A dilute suspension of the swimmers is fed to a capillary, residing near the bottom surface

at surface density Φs ∼ 10−3 part/µm2. They travel isotropically in uniform light but gather and

collide as we superimpose the bright spot of a focused laser (λ = 404 nm), assembling into a

self-spinning microgear. The structure is composed of a core vertical swimmer surrounded by 6

peripheral close-packed particles (Fig.1B). The rotor remains stable in uniform light after extinc-

tion of the laser spot and its lifetime is set by the duration of the experiment (∼ 10 − 20 mins).

We repeat the light sequence to form rotors. The handedness is random and we measure 49.85%

clockwise and 50.15% counter-clockwise from 1017 rotors. The formation is specific and high

yield as added particles spontaneously detach from the microgears (movie S4). It shows fidelity,

forming self-powered microgears in the absence of a template26 and under limited feedback by an

external operator, a key feature in self-assembly.

As hematite is partially absorbing at the wavelength of activation, it sets a gradient of light and

reaction rate along the illumination axis. The effect is negligible in most situations but becomes

significant as a swimmer crosses the brightest region of a laser spot: for a laser shined from below,

the hematite is phoretically lifted, and the swimmer flips vertically. It swims downwards against

the bottom wall, producing a hydrodynamic pumping 27, 28. It attracts the neighboring swimmers,

already converging to the area by phototaxis. The swimmers collide heads-on with the central
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particle, collectively orienting as they pack at the periphery, forming the self-spinning structure

(Fig.1D, 2B). In our experimental conditions, we do not observe decomposition of the hydrogen

peroxide nor significant optical forces from the light. Shining the laser from the top does not allow

the vertical flipping of a swimmer and inhibits the formation of the rotors. Transient rotors can

be formed focusing the laser on a sphere deposited on the substrate, however with limited yield

and lifetime, which stresses the importance of the hydrodynamic pumping for the cohesion of the

structure. The angular speed ω is tuned by the light intensity (Fig.2C), reflecting the translational

velocity of the individual swimmers (Fig. 2C) and shows less than 10% variability amongst a pop-

ulation. At low speeds, ω < 3 rad/s, a fluctuation can flip a peripheral swimmer, which induces

the collective reorientation of the shell of the microgear and a reversal of the direction of rotation,

though the magnitude of the rotation rate is unchanged (Fig.2C-inset). At higher speeds, unidi-

rectional motion persists over the time of the experiment with reduced fluctuations (Fig.2C-inset).

In uniform light, the center of mass of the rotors displays a two-dimensional random walk with a

diffusion coefficient DR = 0.4± 0.1 µm2/s, larger than a passive particle of comparable size (SI).

The rotors show slow migration in light gradients, which we harness to build superstructures.

We probe the influence of a rotor on its surrounding using fluorescent tracers (latex, 200 nm,

diffusivity Dc), which concentration ρ(r) is extracted by fluorescence microscopy and azimuthal

average (Fig.2D-inset). We observe a radial repulsion from the rotor, constituting a sink of hydro-

gen peroxide, with c ∝ 1/r. The tracers migrate in the concentration gradient by diffusiophoresis,

with velocity VDP ∝ ∇c = α/r2, (α > 0 for a repulsive interaction). At steady state, the flux of

particles j = ρVDP −Dc∇rρ gives a Boltzmann distribution, ρ ∝ e−
α
Dcr , in an effective repulsive

potential, in agreement with the experiment for α = 48± 10 µm3/s (Fig.2D).

We now discuss the interactions between pairs of rotors. Rotors radially repel each other as previ-

ously observed for latex particles. The radial repulsion is isotropic and insensitive to the absolute

or relative handedness of the rotors. We confine the rotors using light patterns: a uniform illumina-
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tion in the central region solely actuates the rotors while a sharp gradient at the edge confines them.

Following, we observe the existence of short-range tangential interaction for r ∼ 2.0R − 3.0R,

where r is the center-to-center distance of rotors of radii R ∼ 3 µm. Co-rotating pairs revolve

around each other at Ω ∼ 0.05 rad/s, in the direction of their spin (movie S5, Fig.3A) but do not

synchronize (Fig.3B). Counter-rotating pairs are static (Fig.3A, movie S6) and phase-lock at π/6

as visible from the peak in the Probability Density Function (PDF) of the phase lag Ψ = |θ1|− |θ2|

(Fig.3B). The PDF broadens as the rotors are further apart and becomes asymmetric for pairs with

different angular speeds (Fig.3B-inset). This behavior is reminiscent of mechanical cogwheels,

in the absence of any contact between the rotors. We rule out hydrodynamics as the main con-

tribution to the tangential interaction, as a torque-free rotor generates a slip-flow opposite to its

spin, which makes a co-rotating pair revolve along the common direction of spin, in contrast with

the experiment. Besides, the confinement of the pairs hinders the hydrodynamic translation of

contra-rotating rotors29.

In order to gain insight into the diffusiophoretic coupling, we study the concentration field

surrounding a rotor and simulate the diffusion equation for a structure of 7 impermeable and pas-

sive spheres, decorated by 6 chemically active sites (see SI for details). It constitutes a sink of

fuel, whose near-field concentration profile presents the 6-fold symmetry of the rotor (Fig.3C).

We compute, from the simulated concentration field, the radial, respectively azimuthal, phoretic

velocities for a point particle ṽr,θ ∝ ∇r,θc(r, θ) and obtain 1/r2 decay, respectively 1/r8, with

(ṽθ/ṽr) · (r/R)6 ∼ 1 (Fig.3D). The short-range of the tangential interaction originates from the

rapid decay of the azimuthal component. It arises from the superimposition of the monopolar

concentration field generated by each active site and reflects the azimuthal dependence of the con-

centration surrounding a sphere with hexapolar chemical activity: c(r, θ) ∝ P6(cos θ)/r7, where

P6 is the Legendre polynomial of 6th degree 30. The result is qualitatively unchanged for a bead of

finite size (Fig. 3D), which velocity is obtained by integration of the slip on the surface 12, or by
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addition of an impermeable wall delineating a semi-infinite space (see SI).

As a result of the fast diffusion of the fuel,DH2O2 ∼ 103 µm2/s, the Péclet number of the rota-

tion is low, Pe = R2ω/DH2O2 ∼ 0.01, and the concentration field is steady in the rotating frame of

the rotor. Neighboring rotors interact through the modulation of the concentration field computed

above, mirroring the effective energy landscape U(r, θ) ∝ c(r, θ)20. The tangential interaction is

short-range and we assume that the azimuthal coupling is set at distance r−R, separating the edge

of a rotor to the center to its neighbor. The phases θi (i=1,2) of the rotors in a pair, at fixed distance

r, are described by coupled Langevin equations dθi/dt = ωi + εQ(θi, θj) +
√

2Dθζ(t), where i, j

identifies the rotor, ωi their angular speed, εQ is the phoretic coupling between the rotors and ζ(t)

a delta-correlated noise of amplitude Dθ. We independently estimate the amplitude of the phoretic

coupling from the radial repulsion, ε = α
R3 ·

(
R
r−R

)8 ∼ 2
(

R
r−R

)8. Guided by the numerical results,

we approximate the coupling term, Q = sin(6Ψ), with the phase-lag Ψ = |θ1| − |θ2|. We finally

obtain by summation:
dΨ

dt
= −δω + 2ε sin(6Ψ) +

√
4Dθζ(t)

where δω is the relative speed of the rotors (see SI for details). This is a classical Adler equation

of synchronization with noise, also seen as the dynamics of an overdamped Brownian particle in a

tilted Washboard potential, V(Ψ) = δωΨ + (ε/3) cos(6Ψ)31, 32. In the absence of noise, the phase

is trapped in a potential well at high coupling, 3δω/ε < 1, and slides down the corrugated energy

landscape at low coupling33. This qualitatively describes the phase-locking observed for contra-

rotating rotors, for which δω ∼ 0, and the slow revolution at Ω of co-rotating pairs, for which

δω ∼ 2ω. In the presence of noise, the PDF for Ψ follows a Fokker-Planck equation, which station-

ary solution is: P (Ψ) = (1/A)e−V(Ψ)/2Dθ
∫ Ψ+π/3

Ψ
eV(Ψ′)/2DθdΨ′, where A is the normalization con-

stant (see SI for details). It shows an excellent agreement with our experimental measurements of

the PDF for the phase lag (Fig.3B), with the phoretic coupling ε as single fit parameter, as we inde-

pendently extract the rotation speeds and noise amplitude, Dθ = 0.03±0.01 rad2/s from individual
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tracking of the rotation of the rotors (see SI). The model remarkably captures the asymmetric PDF

observed for pairs of contra-rotating rotors with notable speed difference, up to ∆ω/ω ∼ 20%,

without additional parameters (Fig.3B-inset). The coupling parameter ε decays with increasing

distance and shows a good agreement with our prediction, ε ∼ 2
(

R
r−R

)8, obtained from the radial

repulsion between rotors, without adjustable parameters (Fig.3E). For co-rotating pairs, guided by

the persistence of the phase lag, we neglect the noise and the difference of rotation speed of the

rotors, and obtain dθ/dt = ω + ε sin(12θ), predicting a reduced rotation rate ω
√

1− (ε/ω)2 (see

SI). The short-range of the tangential interaction confines the slowing down to the nearest parts of

rotors, effectively acting as partial friction. It qualitatively agrees with the experiment and rotors

revolve in the direction of their spin, with Ω̃ ∼ ω − ω
√

1− (ε/ω)2 ∼ ε2

2ω
∼ 0.005 rad/s.

Following our understanding of the pair interaction, we architect machineries, whose collective

dynamics arise from microgears with individually selected spins. First, we control the travel speed

Ω of the edge-current in hexagonal patterns of 7 co-rotating gears (Fig.1C, 4A), increasing the

azimuthal coupling ε through confinement (Fig.4A-inset). Next, we form higher-order assemblies

by combination of superstructures: we initiate two contra-rotating sets of 3 co-rotating rotors, each

collectively rotating along their common direction of spin (Fig.4B). They are subsequently com-

bined to constitute the synchronized gears of a micromachine (movie S7, Fig.4C), stressing the

robustness and versatility of our findings.

Colloidal spinners provide a platform to explore active spinning matter and test theoretical

predictions 34–39, though the competition in our system of long-range diffusiophoretic interactions

with hydrodynamics may significantly enrich the dynamics. The interplay between phase synchro-

nization and spatial organization has the potential to achieve new form of self-organization, without

equilibrium counterparts nor observed for collections of translational self-propelled particles40.

Our bottom-up approach shows a desirable level of accuracy toward the targeted structure. Com-
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bining non-equilibrium interactions with spatiotemporal light sequences, we program dynamical

superstructures that autonomously regulate. It makes us architect of Matter and emulates the bio-

logical organization into the material world.
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Figure 1: Hierarchical Self-Assembly of Self-Spinning Rotors. A) Scanning Electron Microscopy (SEM) of the

phototactic swimmer with a fore-aft asymmetry and consisting of the extrusion of the hematite cube from a chemically

inert polymer bead. The particles self-propel in hydrogen peroxide fuel under light activation, with the bead heading.

B) Bright-Field (BF) picture of a self-spinning rotor self-assembled from 7 phototactic swimmers. The core-particle

is flipped vertically and surrounded by 6 peripheral swimmers, which orientation defines the spinning direction. The

handedness of the rotor is random, clockwise and counterclockwise rotors are equiprobable. C) BF imaging of a

dynamical superstructure obtained first by the sequential formation of rotors, then confined thanks to controlled spa-

tiatemporal light patterns. C-inset) The self-assembly is purely dissipative, switching off the light, the system returns

to equilibrium and the order is destroyed by thermal noise. D) Timelapse of the rapid self-assembly of phototactic

swimmers into self-spinning microgear triggered by a focused laser beam. A particle crosses the high intensity of a

laser beam and flips vertically, swimming downwards (yellow particle). It generates a pumping flow that attracts the

peripheral (blue) particles and forms a rotor (see main text). Scale bars are 1 µm, red arrows indicate the photoactive

hematite part.
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Figure 2: Light-guided Assembly A) Migration speed of hematite cubes (empty symbols) in different light gradients

(colors) and comparison with the diffusiophoretic propulsion V ∝ ∇c ∝ ∇ν(I) (solid lines) obtained from the

independent measurement of the intensity profile and a single fit parameter (see Main Text). A-inset) Example of

particles trajectories (top) and light profile (bottom). Hematite migrates towards the low intensity of light (black

arrow). B) Sketch of the phototactic mechanism (top) and microgears assembly (bottom). The hematite exerts a

torque on the composite swimmers, which travel toward the high intensity (top). They direct toward the bright spot

of a focused laser (blue spot). The central swimmer flips, inducing an attractive hydrodynamic, that assemble the

neighboring swimmers into a spinning microgear (bottom) [See main text]. C) The microgears rotate at ω, tuned by

the intensity of the light (left axis, black circles) reflecting the translational velocity Vs of the phototactic swimmers

(red dashed line). The ratio ωR/Vs is constant (right axis, green squares). B-Inset) Time evolution of the rotation

rate ω for rotors at different speeds. At low speed, ω ∼ 2 rad/s, fluctuations flip the direction of rotation at constant

magnitude |ω| (violet curve). At higher speeds, the rotation is persistent at constant ω = 5.9±0.4 rad/s (orange curve).

D) Normalized fluorescence showing the repulsion of 200nm fluorescent beads by a rotor. The density ρ of the beads

is azimuthally and temporally averaged from the fluorescence imaging (D-inset) and described by a phoretic repulsion

in the gradient of fuel induced by the presence of the rotor: ρ ∝ exp(−α/rDc) with α = 48 ± 10µm3/s (red dashed

line). Error bars are one standard deviation. 15
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Figure 3: Rotors Pair-Interactions. A) Co-rotating pairs revolve at Ω ∼ 0.1 rad/s along the common spin (red

curve), counter-rotating pairs are static (blue curve). B) Probability Distribution Function (PDF) of the phase difference

Ψ between the rotors. The PDF is flat for co-rotating pairs (red triangles) and shows a peak of synchronization at

π/6 for counter-rotating pairs (blue circles). It is described by a Langevin model of chemically coupled oscillators

(dashed line) with the phoretic coupling ε as single fit parameter (see Main text). B-inset) Contra-rotating pairs, with

different rotation speeds, exhibit an asymmetric PDF(Ψ) with a shifted maximum (blue circles), a behavior remarkably

captured by the model (dashed line). C) Simulated concentration of fuel c surrounding a rotor modeled as a structure

of 7 impermeable and passive spheres, decorated by 6 chemically-active sites (SI for numerical details). Dashed lines

are isocontours. The concentration field exhibits the 6-fold symmetry of the rotor in the near-field and is isotropic

further. It induces the short-range directional interactions between rotors. D) Radial, ṽr ∝ 1/r2 (orange symbols),

and azimuthal, ṽθ ∝ 1/r8 (violet symbols), diffusiophoretic velocities obtained from the simulated concentration field

for a point-particle (triangles) and a bead of finite radius 0.3R (circles). E) Phoretic coupling ε obtained by fit of

the PDF(Ψ) (Fig.3B) for contra-rotating pairs (black symbols), and comparison with the prediction ε ∼ 2
(

R
r−R

)8
obtained from the radial repulsion, without adjustable parameters (violet dashed line, see Main Text). Error bars:

standard deviation for the distance and standard deviation for the parameter ε obtained by boostrap method, fitting 500

synthetic data sets for each point in the graph.
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Figure 4: Dynamical Superstructures. A) Collections of 7 rotors form a hexagonal arrangement as a result of

radial repulsion and confinement. The dynamics is set by the interplay between spins and spatial coordinates of the

components: co-rotating gears exhibit edge current traveling at Ω ∼ 0.1 rad/s along the common direction of spin

(red curve), gears with alternating spins are static (blue curve). A-inset) The amplitude of Ω is controlled by the

confinement of the structure as the azimuthal coupling ε decreases with distance (see Main Text). Error bars are one

standard deviation. B) Superstructure made of 2 sets of 3 co-rotating gears, with opposite spins. C) Hierarchical

assembly of those two sets into a structure, leads to a synchronous motion of the two sets as visible on the time-lapse

pictures. The false colors show the time evolution of the rotors in each set. Black, respectively white, disks represent

clockwise, respectively counter-clockwise, rotors.
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