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Robots have components that work together to accomplish a task. Colloids
are particles, usually less than 100 pm, that are small enough that they do
not settle out of solution. Colloidal robots are particles capable of functions
such as sensing, computation, communication, locomotion and energy
management that are all controlled by the particle itself. Their design and
synthesis is an emerging area of interdisciplinary research drawing from
materials science, colloid science, self-assembly, robophysics and control
theory. Many colloidal robot systems approach synthetic versions of
biological cells in autonomy and may find ultimate utility in bringing these
specialized functions to previously inaccessible locations. This Perspective
examines the emergingliterature and highlights certain design principles
and strategies towards the realization of colloidal robots.

Colloidal robots (CRs) are autonomous particulate machines that
employ the ‘sense-plan-act’ paradigmin colloidal conditions, with the
goal of deploying microscopic robotic systems into new environments.
Autonomy in this setting is defined as the ability of machines to make
decisions (or ‘compute’) without external actuation and supervision.
Such computations can be performed by incorporating (1) sensors
forinformationinput, (2) central processing units for logic computa-
tion and data storage, (3) communication channels for information
transfer, (4) modes of actuation and locomotion and/or (5) on-board
energy harvesting and/or storage units into colloidal microparticles
inamodular manner (Fig.1a-c).

The field of CR research shares similar goals with other efforts
to miniaturize both electronics and robotics. CRs can be thought of
as a subset of ‘micro-robotic’ systems, a term that has been used to
describe sub-millimetre devices and centimetre-scale devices that
may or may not be externally controlled'. CRs are also related to ‘smart
dust?,silicon-based microsystems that integrate sensing, computation
and communication. Unlike CRs, these microsystems typically have

volumes larger than1 mm?®, which limits their potential applicationsin
dispersion systems. As a result, successful implementations of these
microscale electronic systems remain elusive in medicine except for
environments where volumeisless of aconstraint, such asthe mamma-
lian digestive tract’, or where devices can beimplanted*’. Properties of
swimming colloidalmotors, especially autonomous ‘active colloids’ are
also of interest for CRs®. However, the colloidal motors field is primarily
interested in propulsion over other computations or outputs, and has
not typically investigated modular designs. Therefore, a CR that swims
may alsobe anactive colloid, and an active colloid thatis modular and
programmable may also be a CR.

These related technologies illustrate the trade-off that is central
to the design of CR: size versus capability. Smart dust particles are
relatively complex, butlarge. Colloidal motors are small, but relatively
simple andless modular. Both small size and high complexity are being
pursued inthe design of CRs through the careful use of material proper-
ties, nanofabrication techniques and clever control strategies. In this
Perspective we review recent breakthroughs in these areas relevant
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Fig.1| Concepts and prototypes of CRs. a, Schematic of a CR. b, Schematic of

an early CR prototype being used for analyte and light detection inside a vapour
chamber’. Left: electrical circuit diagram of the CR. The photodiode converts light
into current, which turns on the memristor if, and only if, the chemristor detects
aprescribed analyte. Right: top-view optical micrograph of the CR used’. ¢, Block
diagram of the CR summarizing the combinational logic. The initialmemory

state OFF changes to ON only in the presence of both chemical and light signals’.
d, Schematic of the deployment of surface-functionalized colloidal electronic
microparticles as chemical probes to detect and record the presence of various
species, such as Zn* ions in the soil matrix. Symbols S and N represent the south
and north poles of the externally applied magnetic field, respectively. Inset:
optical micrograph of the colloidal electronic particle during electrical readout™®.
e, Alaser-powered 0.04 mm®16 nW wireless sensor microscale opto-electronically
transduced electrode (MOTE) with integrated central processing and optical
communication capable of accurate cellular temperature measurement in vitro®.

f,A250 pm x 57 pm 1 pW MOTE capable of capturing and encoding neural

signals before transmitting the encoded signals through an optical interface®.

g, Experimental schematic showing remote detection and memory storage using
CRs aerosolized from their original colloidal suspension’. h, Left: schematic of
large-area sensing using CRs: analytes (yellow) are sprayed at three locations over
anareawith dispersed CRs (teal squares). Right: digitized positions of distributed
CRs. Turn ONresponses (red) can be seen for those CRs exposed to the analyte, as
opposed to those that have not (OFF state, black)®. i, Schematicsiillustrating the
concept of assembling various derivatives of CRs, each specializing in a different
function, into higher-order tissue-like structures. Tertiary structures can be
formed from ensembles of differentiated CRs to accomplish more complex tasks
atalarger scale, for instance, a synthetic neural signal transduction system.
Panels adapted with permission from:b,c,g,h, ref. 9, Springer Nature Limited;

d, ref. 10, Springer Nature Limited; f, ref. 20, IEEE. Credit: e, Flickr, Joseph Xu,
Univ. Michigan College of Engineering.

to CR development. Many of the advances discussed might better be
described as almost-CRs; we see them as enabling technologies. We
also examine new applications for CRs, and conclude with a proposal
of research strategies to address these applications.

Application space of colloidal robotics

CRs collect, manipulate, store and exchange information without
external supervision’. When the highly dispersed natureinherenttoa
colloidal system interfaces with the autonomy and programmability
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thatstem from robotic and electronic systems, new capabilities emerge.
We broadly classify these applications into two functional areas: (1)
CRs as mobile sensory nodes and distributed information networks
in confined systems, and (2) CRs as fundamental building blocks for
hierarchical, higher-order functional structures.

Ontheonehand, CRs can be used for signal processing and trans-
duction from enclosed spaces such asmammalian vasculature®, micro-
fluidic channels and chemical/biosynthetic reactors’, as well as for
recording from remote locations such as oil and gas conduits, rock
crevices, water bodies', soil matrix'® or the atmosphere. Operating
at cellular dimensions enables an intimate, microscopic paradigm of
human-matter interaction (Fig.1d-h).

Comprising individual building blocks acting as independently
controllable electronic devices, CRs also transform the way one typi-
cally thinks about functional materials. The particulate form-factor
allows CRs to be integrated into coatings, fibres and many other tradi-
tional material architectures. Manufacturing electronic colloids at
scale further promises the synthesis of hierarchical structures" out of
individual CR particles—analogous to the way biology builds tissues out
ofindividual cells, functional domains that consist of various combina-
tions of differentiated CRs could be established. Some examples could
be networks of artificial neurons (that is, amplified electrical signal
transduction) (Fig. 1i) or synthetic myocardium (that is, with pulsatile
mechanical actuation). Given these properties, CRs are well poised
to solve longstanding problems in medicine, distributed computing
and other disciplines.

Exploiting colloidal properties for
micrometre-scale robots

As robotic devices shrink to sub-millimetre sizes, they begin to take
onbehaviours of colloidal systems. Typical colloidal phenomena such
as Brownian motion, aggregation and sedimentation can be seen
as challenging obstacles to overcome or as enabling features to be
exploited for CR design. Their small size allows them to be easily
dispersed. First, their thermal energy can lead to substantial displace-
mentsin position and orientation, resulting in random walks (Brownian
motion) characterized by linear and rotational diffusion coefficients.
Asaresult, CR position and orientation may change rapidly and unpre-
dictably, which poses a challenge for arobot travelling from point A to
point Bif Brownian motionis commensurate withits propulsion speed.
On the flip side, this means that sufficiently small CRs will diffuse to
spread through a medium freely using only ambient thermal energy
(for example, to monitor conditions in a chemical reactor).

A second key factor that contributes to the dispersibility of
CRsistheirrelatively high surface-area-to-volumeratio, which leads to
dragforces thatare strong compared with their gravitational counter-
parts, ultimately resulting in slow sedimentation rates of colloidal
particles. ‘Slow’ in this case depends on context: a similar settling
velocity can mean that CRs stay suspended in a swimming pool for
days butsediment out of ablood vesselinafew seconds. Understand-
ing CR sedimentation behaviour is important not only in aqueous
environments, butalsoin air, for aerosolizable electronic systems*'*'%,

Therelatively high CRsurfaceareaalsomeansthatparticle-particle
and particle-surface interactions are particularly strong. If these
interactions are attractive, they can lead to potentially irreversible
aggregation and surface fouling. Particle aggregates sediment out
faster, and CRs stuck to surfaces will not diffuse. In some cases, the
aggregation and adhesion are undesirable: one would not want CRs
that monitor a chemical reactor to aggregate or adhere to the reactor
surface. CRs sprayed onto a field of crops should not aggregate with
each other, butideally would adhere to the surface of the crops. Onthe
other hand, aggregation may be a desirable characteristic in creating
hierarchical assemblies of CRs. Fortunately, there are strategies to con-
trol the strength of these types of interaction, such as electrostatic”,
steric or entropic stabilization'. The ability to program and adjust

these interparticle potentials can be exploited to realize controlled
(and dynamic) self-assembly within an ensemble of CRs, achieving
complex systems-level functions and desirable outcomes (for example,
artificial platelets in blood).

Materials-enabled colloidal robotic modules

Here we break down CR operationsinto five fundamental modules (that
is, computation, sensing, communication, locomotion and energy
management) and discuss promising technologies that enable each
of these five CR ‘organelles’.

Logic and computing
Computationis at the core of most robotic systems. It processesinput
signals fromsensors, stores relevant information and generates output
signals in response. Silicon-based electronics are the cheapest, most
reliable option for building integrated circuits. Several microsystems
that approach the size of a CR have been demonstrated using silicon
chipsfor computation (Supplementary Table1), targeting biomedical
applications”, environmental sensing'® and object verification” with
power consumptions ranging from 0.4 nW to 10 pW.
Low-dimensional materials have been explored extensively
in recent years given their tunable electronic structure and high
carrier mobility'®. Transistors based on 2D materials and carbon nano-
tubes with promising device characteristics have been fabricated,
enabling the development of more complex circuits”. The key advan-
tages of using low-dimensional materials for CR applications stem
from their mechanical flexibility and the chemical stability of their
electronic performance.

Sensors

Sensing units enable robotic systems to be aware of their location,
environment and neighbours, and subsequently trigger signalling
and downstream responses. In the context of CRs, a need for modu-
lar integration renders electric sensors the most relevant. Beyond
silicon-based devices, many materials (for example, 2D materials and
metal oxides) can be used to make microscale electrical sensors for
CR-typesystems, resultingin afairly broad field that has been subject
to extensive analyses elsewhere’®. Such technologies have been used
to implement chemical, temperature, light and voltage sensors on
devices of approximately 100 pmin each dimension®'>?°,

Communication

Communication between microsystems using electromagnetic,
ultrasonic, optical and chemical means is summarized in Supplemen-
tary Table 2. Radiofrequency communication is the standard choice
between electronic systems, yet antennas become increasingly ineffi-
cient when scaled down. Most reported radiofrequency systems at
the sub-millimetre scale thus communicate data passively by back-
scattering the incoming signal, especially for medical applications®.
Similarly, the lowest power consumption inultrasound systems—which
is best suited to aqueous media such as water and biological tissues—
is achieved when information is transmitted back passively. This
approach has been used to build a neural recording device* capable
of transmitting data to a receiver 9 mm away. Light can also be used
to communicate between CRs, either by active light emission
using light emitting diodes (LEDs) or through indirect means such
as modulating the fluorescence or reflection of light*. In contrast to
radiofrequency systems, optical systems scale well down to the
1-100 pmrange, although such communication is only feasible through
transparent media such as water or air.

A less conventional and little explored method of communica-
tion is through the emission and diffusion of molecules that serve as
information carriers. Chemical communicationis prevalentinnature,
althoughitis slowand hasalowbandwidth, in contrast to the previously
discussed modalities®. For applications with relaxed timing and sparse
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information content, however, this may be a viable option. One way to
implement CRs with chemical communication is to equip them with
moleculereservoirs that open only when certain conditions are met**”.

Besides environmental constraints, the decision on which tech-
nology should be implemented also depends on the communication
modality, such as centralized base-to-unit communication or decen-
tralized unit-to-unit communication. An asymmetric communication
strategy that combinesboth centralized and decentralized modalities,
whereinformationisrelayed from amore complex base unit through a
network of simpler CR units, could reduce energy costs by leveraging
the near-field nature between adjacent CRs.

Actuationand locomotion

The ability to autonomously actuate gives CRs the ability to perform
short-range position and orientation adjustments. To implement
actuators at the microscale, mechanisms such as chemical adhesion
and surface forces become appealing choices, as they scale more
favourably than most mechanical grippers®. To possess true
autonomy, these actuators must be locally stimulated. Promising
candidates include polymer- and gel-based actuators® and thin
film bimorphs®-°.

Scaling physical systems down to microscopic dimensions causes
surface-borninteractions, such as surface tension, dragand adhesion,
to dominate over volumetric bulk effects, such as mass and inertia®**",
One strategy would be to emulate similarly sized microorganisms®,
which have mostly adapted appendages suchascilia, flagella or pseudo-
podsto operate in these conditions®. These appendages enable micro-
organisms to interact dynamically with the environment for active
feeding, mating and avoiding predation. Researchers are increasingly
able to investigate these strategies by modelling them in macroscale
robotic devices®**. For example, limbless locomotion of macroscale
organisms (such as sand-swimming lizards and snakes) in granular
substrates® provides insights into locomotion in low-Reynolds-
number or inertia-free regimes relevant for CRs.

Despite the progress in creating microscale actuators that behave
muchlike flagellaand cilia, successful microscale implementations of
locomotion strategies have primarily involved driving rigid micro-and
nanoparticlesbyseveralmethods, including magnetic, electric,acoustic
and optical fields, as well as by numerous chemical reactions. These
devices, typically named nanomotors, micromotors, microswimmers
or colloidal motors, are well studied and have been reviewed in great
depth elsewhere®.

In the context of CRs, two characteristics are crucial for effec-
tive propulsion: (1) the ability to operate autonomously and (2) the
ability tointegrate with other CR functions. Integrating these propul-
sion mechanisms with other functions on a CR, such as sensors, logic
and memory, remains a challenge. One solution would be to seek out
propulsion mechanisms that could interface directly with on-board
circuitry. To thatend, electrochemical actuators integrated with sim-
ple microelectronic circuits have recently been employed as ‘legs’ on
awalking robot”. Although these machines are not yet autonomous
(theyrequire alaser tobe aimed at different targets on the device’s sur-
faceinanalternating pattern), on-board batteries and clock circuits?
could conceivably be integrated in the next generation of devices to
make autonomous micro-walkers®. Another well-studied propulsion
mechanism, self-electrophoresis®®, shows promise for integration with
microelectronics. Here, motion is generated as charged ions move in
solution around a micromotor fromanionsource toanionsink, driven
by either a spontaneous chemical reaction®® or a photodiode*. Elec-
trons flowing through the body of the motor form a complete circuit.
Further sensors and logic could be integrated into these micromotors
totoggle this circuit. Forexample, responsive hydrogels could expand
and contractto control the exposure of a catalytic patch toa chemical
fuel*; dynamic shape changes (for example by the aforementioned
chemical actuators) could be used for navigation®’.

Energy harvesting and storage

Electricenergy is critical to power functions such as information pro-
cessing, actuationand communication, and its supply represents one
of the greatest challenges for CRs (Fig. 2). Figure 2e plots the energy
demand for standard computation and the energy available as afunc-
tion of the characteristic length of devices. A picolitre (1,000 um?)
energy module composed of the best commercial lithium-ion bat-
teries would only be able to power a 100 nW load for roughly 25 s
(2,500 nW s)*. This is sufficient for standby circuits but not for com-
munication. Alternatively, supercapacitors can offer energy and power
densities of up to 0.4 nj pm=and 10 pW pm, respectively**, while
regular dielectric capacitors offer much lower areal energy densi-
ties of 25-400 f] pm™but reach much higher power densities of up
to 400 nW pm~due to the quick discharge*—ideal for short bursts
of communication or other brief, high-power tasks. The Ragone plot
(Fig. 2c) visualizes this trade-off between power and energy density.

Toachieve partial or complete autonomy, previous CR demonstra-
tions have oftenrelied on external energy harvesting. Biotic and abiotic
fuel cells have been explored for the direct conversion of chemical
energy, providing a typical power density of 1 pW pm= and a supply
voltage of 0.5 V. Radiofrequency energy harvesters can deliver a high
power density of 10-400 pW pm™ at a few millimetres distance and
total transmitted powersin the range of 50-2,000 mW. However, these
numbers are only rough guides as smaller coils (<100 pm) typically
operate in the near-field regime and downscaling probably results in
lower efficiencies. The photovoltaic effect has been used extensively
in autonomous microsystems for ambient and in vivo applications®.
Given a picolitre colloidal device, about 60 nW of power could be
generated, assuming a 10% efficient solar cell operating in direct sun
light (-1nW pm™).

Finally, there are emerging technologies that may be used to
power colloidal systems in the future. One promising candidate is
solvent-interaction-induced electrical energy harvesting (or solvo-
voltaics)*®, which is particularly relevant to CRs because it taps into
their surrounding solvent environment®. Alternatively, (mechanical)
triboelectric generators could deliver power densities in the range of
0.1 pW um~and high voltages on the order of 10 V (refs. 48).

Giventhe above strengths and weaknesses of each energy source
(Fig. 2c,d and Supplementary Tables 3 and 4), a CR will probably
integrate multiple energy storage and harvesting modules to accom-
modate different electric functions and situations. Assigning appropri-
ateelectricity generators to specific purposesis the key to navigating
the CR across a potentially anisotropic energy landscape (Fig. 2f).

CRsystems integration

The goal of CR integration is to build complex, autonomous systems
from individual building blocks, analogous to combining individual
organelles (for example, nucleus as CPUs, mitochondria as energy har-
vesters, flagellaas actuators and so on) into higher-order cells (Fig. 3).

Top-down technologies

A unique feature of colloidal systems is their small final device size
(approximately100 x 100 pm?in-plane area) compared with traditional
devices,suchasa2 x 2 cm*CPU. This feature relaxes the defect density
tolerance for the wafer-scale fabrication of CRs to be considered as
anindustrially viable process. Once a monolithic top-down integra-
tion approachis selected for the colloidal system, laboratory-grade
methods with slightly higher failure rates may still be amenable for
large-scale device production.

Lithography. Top-down lithographic fabrication is unrivalled for
manufacturing complex, small parts over large areas. Today, patterns
assmallas10 nm canreliably be madeinindustrial or academic settings
via photolithography or e-beam lithography*. Building CRs with a
mature process technology like 180 nm CMOS inacommercial foundry,
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Fig. 2| Energy harvesting and storage techniques relevant for CRs.

a,b, Potentially feasible electrical power sources on the scale of CRs, categorized
by mechanism, as storage (a) or harvesting (b) devices. ¢, Ragone plot of energy
storage devices for alimited volume of 1 pl. The parallel dashed lines represent
the times of discharge. For example, if we discharge a Li-ion battery at 1 nW power,
we follow the purple vertical line up and encounter the curve for battery between
1hour (h)and 100 s, which means that the battery will be fully discharged in
several hundred seconds. The plotis based on a conservative estimation of the
energy and power densities, with data from ref. 43, which also shows that with an
optimized configuration and structure of electrodes, the maximum accessible

power density may be boosted by 10 times*. d, Voltage-power characteristics

of energy harvesting devices. Data points are colour coded to devices shownin

b. The power output is estimated for a structure with a surface area of 600 pm?,
whichis the maximum attainable for a10 x 10 x 10 um? CR. The solar cell is
supposed to have 10% efficiency and operate under 1 Sun illumination (about
1kW m™). e, Estimated energy required for standard computation (20 transistors
per um?with each transistor consuming 5 nW at 3.4 GHz for acomputation time
of 10 s) and electrochemically stored energy (2.5 n) um?) plotted as a function

of devicelength (denoted as L). f, Example duty cycles of CRs utilizing different
energy sources at different power demands (log scale).

for example, simultaneously inherits the cost, scale and complexity
benefits currently available. Yet even with this powerful tool, key chal-
lenges remain. First, lithography makes planar patterns, and it is not
obvious how to build 3D parts such as arms, legs or bodies for robots.
Second, robots do not just sit idly on a wafer: they need to be released
intotheworld atlarge. Thisrequires striking abalance between locking
partsinplace during top-down fabrication to achieve high resolution
and fully freeing the resulting devices later. Third, lithography can
only pattern materials on the wafer. Many other functional materials
for robot components require additional methods for heterogenous
integration. Miskin et al. recently demonstrated a promising step
in augmenting lithographic fabrication®. Photolithography was
used to patternsimplesilicon circuits, wiring and electrically control-
lable actuators massively in parallel. To make legs and arms, the authors
leveraged origami concepts, building 2D lithographic patterns
that could later self-fold into 3D arms and legs. With this mixture
of methods, they demonstrated swarms of 10,000 electronically
integrated microscopic robots deployed at yields of ~90% (ref. 21).

Printing. With recent advances in precision printing, additive manu-
facturing emerges as a viable and inexpensive alternative to tradi-
tional manufacturing methods. Unlike lithography, additive printing
builds complex scaffolds through deposition, layer by layer.
State-of-the-art printing processes achieve a minimum feature size
of about 1 um with alignment accuracies of several micrometres
and printing speeds of about 1 ms™ (Fig. 3a,b)*°. For features that do
not require nanometre precision, printing is inexpensive and com-
patible with a large variety of materials (nano- and microparticles

of various shapes, thermoplastics, ceramics, polymer composites,
low-dimensional materials and so on). In practice, various ‘inks’
have been used to establish active or passive circuit elements, such as
transistors, capacitors, resistors, memristors and so on (Fig. 3¢)'**,
suggesting that printing represents a complementary tool for
CR fabrication®.

Heterogeneous integration. The top-down assembly of separate
as-made modules, categorized here as heterogeneous integration,
encompasses a wide spectrum of techniques from traditional
integrated circuit methods such as wire bonding, flip chip reflow
soldering, through-chip via and wafer bonding to recent materials
transfer innovations such as fluidic self-assembly®, dry transfer
printing (Fig. 3d)** and wafer-scale layer-by-layer assembly**. These
approaches allow optimization of the best material for each building
block and decouple fabrication constraints such as high-temperature
processing or chemical compatibility for each building block
(Fig. 3d).

Bottom-up technologies

Defect self-assembly. It is well understood that material fracture
can be controlled using a prescribed strain field, and the governing
Griffith criterion has been demonstrated to operate down to the
nanometre limit within 2D lattices such as graphene®. Recently,
Liu et al. successfully implemented the strategy of strain-induced
guided ‘autoperforation’on 2D material sheets (monolayer graphene,
MoS, and hBN), demonstrating the feasibility of using controlled
defect self-assembly as areliable and scalable nanofabrication method
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Fig. 3| Selected examples of device integration relevant for colloidal
robotics applications. a, Schematic of the process of assembling inkjet-printed
polystyrene beads into aggregated dome-shaped arrays. Inset: scanning electron
micrograph (SEM) image of one such printed polystyrene micro-dome””.

H, height; D, diameter. b, High-throughput in-air microfluidic inkjet printing of
microsuspensions of multiple compositions®. Left: schematic of the technique
that generates core-shell structures. Middle: spherical particle suspensions
viewed via optical microscopy. Right: multi-material (alginate-dextran—
tyramine in H,0) core-shell particles. Scale bars, 50 pm. ¢, Inkjet printing of CR
particles consisting of graphene-encapsulated memristor arrays. Left: optical
image (inset: micrograph) of the printed microparticles. Middle: top view of

the electrical characterization of a single microparticle (after solution lift-off
and recapture). Bottom-right inset: schematic cross-section of the vertical
memristor array. Top right: a15-bit microparticle memristor array written via
electronic probes. An ‘M’-shaped vertical conductivity map (red, ON; clear, OFF)
overlaid on top of the microparticle tested. Scale bars, 50 pm (ref. 10).

Inside

Outside
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QBB

d, Left: schematic of transfer printing™. Right: false-colour SEM images of an
array of devices, shown in sequence, after undercut etching (top), after removal
ofasingle device from the donor wafer (middle) and after transfer printing of this
device onto areceiving substrate (bottom)’. e, Optical micrographs showing
fracture and crack propagation of the graphene layers around a single polymer
disk'. f, Optical micrographs of an autoperforated graphene-encapsulated
polymer disk rotating and translating in solution in a laminar flow field. Scale
bar,100 pm (ref. 10). g, Optical micrographs during evaporation of the toluene,
showing the emulsion encapsulation process®. h, Bright-field images (bottom)
and schematics (top) showing colloidal ‘molecules’ self-assembled from ‘patchy’
particles preprogrammed with complementary green and red DNA patches™.
Panels adapted with permission from: a, ref. 77, Wiley; b, ref. 51 under a Creative
Commons licence CC BY-NC 4.0; ¢, ref. 10, Springer Nature Limited; d, ref. 53,
Springer Nature Limited, and ref. 78, National Academies of Science; e, f, ref. 10,
Springer Nature Limited; g, ref. 58, AAAS; h, ref. 59, Springer Nature Limited.

22s

applicable to the production of electronic colloids'. This autoper-
foration strategy forms the basis for various types of autonomous
micro-electronic devices capable of analyte detection and memory
storage (Fig. 3¢)'%*.

Origami- and kirigami-based folding methods. Given that most
electronic material systems and fabrication methods are optimized for
circuitsin 2D, self-folding strategies, such as those inspired by origami
and kirigami, have opened the door to creating complex 3D structures
using planar fabrication techniques®. Recent work has demonstrated
successful folding of polymers, silicon oxides, shape-memory alloys
and 2D materials®® at various length scales’®. Origami robots capable
of autonomous actuation’, supervised locomotion and reprogram-
mable self-assembly have also been fabricated en masse”. With its

inherent scale-free character, origamias aframework for metamaterial
design has found utility across many geometric scales (nanometre,
micrometre, millimetre).

Controlled colloidal self-assembly into electronic clusters.
Self-assembly is a processinwhich a system of pre-existing components
spontaneously organizes into an ordered structure with no external
supervision. Well-defined structures can be synthesized via processes
such as emulsion encapsulation (Fig. 3g)*® and DNA hybridization
(Fig. 3h)*. Alternatively, colloids can be precisely organized and
linked by a‘lock and key’ mechanism®’, patchy surface hydrophobicity®
or wetting forces (colloidal fusion)®>. On the other hand, dynamic, or
out-of-equilibrium, assembly has also been examined extensively®’.
Although the literature on the self-assembly of colloids is constantly
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Fig. 4| Distributed computation and control insystems of CRs. a, Model-
based control. Left: a planar environment with six different chemical sources.

A CR canlocomote by choosing one of seven different control modes: being
attracted towards a chemical potential at one of the six different sources

(uy, uy, us, uy, us, ug) or staying still (u,). The goal of the device is to move towards
point P.Middle: a continuous control policy that indicates which control mode
(shown with different colours) to use at each location in the 2D environment.
The discrete control output is a function of continuous input variables u(x,y).
Right: adiscretized control policy, where the environment is divided into regions
that can be differentiated using chemical comparators. The discrete control
outputisafunction of discrete input regions u(r). b, The ensemble of CRs (pink)
needs to find an energy source (blue object), but in doing so diffuses. The CRs

therefore need to then exploit environmental characteristics (the yellow pocket
in the environment) to reassemble themselves into a non-diffuse ensemble.

¢, Simulated position for individual motile robots at distinct time (¢) (top) canbe
simplified to the ensemble’s motion (bottom left), which can then be abstracted
as three modes of transport (bottom middle) that can be encoded in a finite state
machine (bottom right) on-board each CR. The small number of behaviours that
describe the complex dynamics lead to minimal computation elements that the
CRwill need to employ to execute control. d, lllustration of a sequence of rollouts
that could enable CRs to learnin a massively parallel fashion. Starting from an
initial set of randomized rollouts, the policy can be updated through inter-robot
communication, eventually leading to a policy that successfully encapsulates an
object. Panel aadapted with permission fromref. 72, Springer Nature Limited.

growing®, programmed-clustering®®° of individual parts into CRs with
logic and full electronic autonomy is still in its infancy®.

Systems of autonomous CRs

Programmable matter refers to a physical computing medium com-
posed of simple, homogeneous entities thatisinstantly reconfigurable
and robust to failures®. One can differentiate between passive and
active programmable matter systems. In passive systems, individual
entities rely on structural properties and environmental interactions
asmeans oflocomotion and reconfiguration. They may, in some cases,
have limited computational abilities to make decisions and commu-
nicate. Prominent examples of passive systems include population

protocols (which can be viewed as an abstraction of chemical reaction
networks)®, DNA/molecular computing and tile self-assembly models®
and slime moulds™.

CRsfallinto the category of active systems, inwhich the individual
entities can control their actions and/or movements to achieve tasks.
Other examples of physical active systems arise in the context of swarm
robotics and self-reconfigurable modular robotics”. Control is tradi-
tionallyimplemented through reconfigurable computing to calculate
optimal or near-optimal decisions on the basis of an objective. How-
ever, as a system shrinks, reconfigurable computing takes a greater
percentage of the physical volume and energy budget, eventually
becoming impractical. Consequently, CR control will be constrained
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to use limited computational resources, and its control authority
(in the form of simple circuits’, logical operators and individual
elements of non-volatile memory)'° will be internally represented in
terms of discrete material states—despite operating inand interacting
with continuous environments. Figure 4a shows a control architec-
ture—the result of a hybrid, optimization-based approach’’—that is
capable of movinga CRtoaspecified location. The robot autonomously
achieves its goal in continuous space, using only discrete actuation,
discrete sensing and a few logical operators’.

If individual CRs can be controlled, ensembles of such agents
should be able to achieve broader objectives. The control of systems
of simple agents has been explored in many areas, such as the ‘short-
cut bridging’ behaviour of army ants, where a stochastic, distributed
algorithm enabled particles to self-assemble into bridges optimized
for length and cost”. Similar global behaviours have been demon-
strated inalgorithms for compression or expansion, and separation or
integration of heterogeneous agents’™.

Emergent behaviour and learning in CRs

To make control decisions, a CR directly modelling physical states is
impractical. Instead, such model can be discovered as an emergent
phenomenon, implying that an ensemble of robots must detect, and
exploit, emergent behaviours to accomplish its goals®**>”. In Fig. 4b,
CRssearchforablue object but diffuse as they do so. They must detect
and exploit the yellow energy potential to avoid dispersion. Instead of
eachagent modelling specific states such as position, velocity, energy
levels and details of its surroundings, the robots can make decisions
on the basis of broader characteristics, such as the characteristics of
neighbours, as in self-organizing particle systems.

To discover emergence, the ensemble might assume avery limited
model that involves only a small number of unknown behaviours.
In Fig. 4c, a simulated ensemble of individually stochastic CRs on
average moves in only a few ways. There are three distinct dynamic
behaviours (translating left, up and right) that the ensemble can
choose onthebasis of sensory inputs. Once these emergent behaviours
are identified’, they can be used in different combinations to
execute tasks.

Despite the computational limitations of individual CRs, an
ensemble canbeusedin parallel reinforcementlearning. Asillustratedin
Fig. 4d, devices of different colours (representing distinct rollouts)
attempt to encapsulate an object. Rather than one agent attempting
the task many times, many agents attempt the task once and commu-
nicate their results to each other. Later rollouts of agents update their
policies inresponse to rewards reaped by earlier attempts®. Even with
limited computation, these examples illustrate how CRs can exhibit
emergent intelligence. Instead of being a consequence of exquisite
sensing, actuation and computation, autonomy can be accomplished
as the result of flexible interactions between an ensemble of CRs and
their environment.

Outlook
The field of colloidal robotics builds on the existing concepts of
smart dust and microrobots, whereas smart dust particles have been
non-mobile microsystems in the cubic millimetre range, and micro-
robots are often ‘supervised agents’ that require external control. CRs
arethenextlogical step inthis development and raise the barinterms
of specifications. At ananolitre size or less, they are atleast 1,000 times
smaller than smart dust or microrobots, and are designed to not settle
outin fluidic environments, enabling a variety of new applications.
This emerging field is highly interdisciplinary and building CRs
cannot betrivially accomplished by simply scaling down or up contem-
porary technologies designed for larger or smaller systems. There are
length-scale-specific physical phenomena that make thisinfeasible and
require rethinking of fabrication approaches and operational designs.
To do so, it helps to generalize the concept of CRs as a microsystem

that combines a subset, if not all, of the following building blocks:
(1) computation, (2) sensing, (3) communication, (4) locomotion/
actuation and (5) energy harvesting.

Integrating all these functions in a nanolitre (10° pm?®) volume is
achallenging task. While monolithic integration of all components is
desirable, no single materials class will suffice to realize all functions.
A heterosystem featuring a diverse set of materials that best fit each
functionis ultimately desirable for assembling autonomous CRs. The
pathforwardsis clear: we simultaneously need adiverse set of material
constructs (components such as sensors, timers and actuators) that
bring together highly specialized, yet energy-efficient, functions and
modular system designs that allow one part ofthe CR to work with the
other. Standardization of inputs and outputsis thereforeimportant to
foster collaboration between materials science researchers working
onindividual modules.

As micro- and nanoscale machines develop as solutions to
challenging problems, itisimportant to highlight the risks and reper-
cussions of colloidal robotics. Theburdenis on the scientists, engineers
and business owners who use the technology, as well as policymakers,
to uphold the integrity of the ethical and responsible usage of the
technology. As we initially deploy CRs in non-laboratory settings,
enclosed spaces should be explored first (with appropriate filtering,
wherethelarger sizes of CRs relative to nanoparticles will be advanta-
geous). One additional advantage of using functional 2D (or other
nanostructured low-dimensional) materials as opposed to traditional
bulk conductors and semiconductors for electronic circuitry is the
reduced potential toxicity concerns (in that a single atomic layer of a
2D material, for example, can deliver similar functionality to its bulk
counterparts withmuch less material). This highlights the necessity of
exploring non-traditional materials for these forthcoming applications
using CRs. In this Perspective we have highlighted several pioneering
effortsthat have used CRs as distributed information probesinseveral
otherwise inaccessible locations. Many opportunities lie ahead for
disruptive innovations in medical, environmental monitoring and
surveillance, as well as other creative uses of such technologies.
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