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Intelligent Nano/Micromotors: Using Free Energy To Fabricate
Organized Systems Driven Far from Equilibrium

Guest Editorial for the Accounts of Chemical Research special issue on “Fundamental Aspects of Self-Powered

Nano- and Micromotors”.

Research in chemistry has primarily focused on studying
systems that approach equilibrium. In contrast, biology
encompasses dynamical systems that are driven away from
equilibrium by constant energy input. The living world thus is
special in that it is made from building blocks that are “alive”
and that transduce energy from catalytic reactions, in contrast
to many chemical and physical systems that only contain
“static” structures. Emulating biology in synthetic active nano
and microscopic systems is an emerging field of research that
involves the design of populations of micro- and nanostruc-
tures that can harvest energy to move autonomously and self-
organize to perform complex tasks. Indeed, recent work has
shown that groups of simple catalytically active particles (from
molecules to colloids) show surprising emergent behavior,
ranging from directional motion in response to chemical
gradients to dynamic assembly driven by phoretic and
hydrodynamic effects. The resultant organization and collective
behavior of interacting active particles can show remarkable
similarities with the biological world. It is fascinating that
seemingly complex phenomena such as the flocking of birds or
the directed movement of biological cells share common
principles with inanimate, but “active” micro- and nano-
particles.

Self-powered chemical “motors” have thus emerged from a
scientific curiosity to powerful models for the study of
nonequilibrium phenomena. An overarching theme is the
design of synthetic motors exhibiting emergent properties and
complex functions based on interactions with each other and
the environment. The potential applications of such synthetic
interacting nano- and micromachines would be almost
limitless. Rationally designed dynamic materials made from
nonequilibrium building blocks would be capable of
remodeling themselves and transforming their environment.
These active materials could self-organize and continuously
evolve their structures to adapt and improve their performance,
and accomplish tasks collectively and emergently (like a colony
of ants) that a single building block cannot. By making these
dynamic materials self-powered, they can be made to explore
and respond to their environment without being tethered to a
single power source or location.

Despite significant progress to date, current synthetic active
motors do not yet reach the autonomy and sophistication of
their biological counterparts. More integrated functionalities
and a “division of labor” are two key elements that need to be
addressed in the future design of synthetic motors. The
ultimate objective of research in this area is to create a new
paradigm for the design of active functional materials and
systems by leveraging (a) precise molecular-level control of
materials to create functional “active” building blocks, (b)
mobility resulting from energy harvesting from the local
environment, (c) rapid and reversible nonequilibrium self-
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assembly, (d) intelligence and communication, as in
interacting microorganisms, and (e) the ability to perform
specific tasks in response to signals from each other and the
environment.

From a fundamental standpoint, there remain many
questions that need to be addressed going forward: (a) What
are the possible mechanisms for transducing locally available
chemical energy into motion from the micrometer to the
molecular length scale in different environments? (b) What are
the optimal motor geometries for sustaining directional
motion? (c) How can the motion be directed, e.g, by
chemical gradients? (d) How do interparticle interactions arise
in chemically driven systems? (e) What common principles
underlie the self-organization of complex structures? (f) How
do the ensemble dynamics of active particles evolve in space
and time? (g) How can synthetic active systems be effectively
integrated into the biological world?

Investigating systems involving active micro- and nano-
particles is inherently challenging due to the stochastic nature
of particle dynamics, the limitations of experimental and
modeling techniques in characterizing nonequilibrium systems,
and the need for multidisciplinary expertise.

In this special issue of Accounts of Chemical Research, leading
research groups address these fundamental questions and share
their latest results in an exciting new field of science.
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