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Artificial molecular machines are multicomponent synthetic systems in which
molecular parts undergo controlled motion in response to energy inputs.
Inspired by biological molecular motors, these devices show how random
nanoscale motion can be biased, directed, and coupled to function. This arti-
cle introduces the principles of artificial molecular machinery for a broad bio-
chemical audience, focusing on the physical features that distinguish motion
at the molecular scale from macroscopic motion. Mechanically interlocked
molecules, molecular shuttles, light-driven rotary motors, and supramolecular
pumps are discussed as representative systems that convert chemical, electri-
cal, or optical stimuli into switching, rotation, transport, and other functions.
Together, they illustrate how chemistry can reproduce, simplify, and extend

key concepts underlying dynamic processes in living systems.
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Introduction

Life is a nonequilibrium phenomenon in which ender-
gonic physicochemical processes are sustained by exer-
gonic ones that supply the required energy [1-3].
Complex molecular assemblies such as motor proteins
are essential to life because they perform key functions
including ATP synthesis, cargo transport, protein syn-
thesis, and DNA replication [4,5]. Myosins, kinesins,
ATP synthase, and the bacterial flagellar motor are
among the best-studied examples: like macroscopic
engines, they continuously convert the energy released
by fuel-consuming reactions into mechanical work
through directional motion, while dissipating energy to
maintain nonequilibrium states.

About four decades ago, chemists began developing
synthetic systems that mimic natural molecular
motors. These artificial molecular devices use chemical,
electrochemical, or photochemical inputs to induce
mechanical-like motion of molecular components. The

Abbreviations

field has evolved from proof-of-principle demonstra-
tions to studies targeting practical applications, and
the 2016 Nobel Prize in Chemistry awarded to
Jean-Pierre Sauvage [6], Fraser Stoddart [7], and Ben
Feringa [8] recognized both the conceptual importance
and technological promise of this research.

Molecular devices

In the macroscopic world, a device is an ordered
assembly of components constructed to perform a spe-
cific function, where each component carries out a sim-
ple task and the overall behavior arises from their
cooperation (Fig. 1A). This concept can be extended
to the molecular level [9-13]: a molecular device can
be thought of as a discrete multicomponent system in
which individual molecular units—such as chromo-
phores, recognition sites, or redox-active groups—

ATP, adenosine triphosphate; MIM, mechanically interlocked molecules; PEZ, E-Z photoisomerization; THI, thermal helix inversion.
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Fig. 1. (A) In the macroscopic world, a device such as a hairdryer is an ordered assembly of components—including a fan, a motor, a
heating element, cables and a casing, constructed to perform a function: generating a flow of hot air. (B) This concept can be extended to
the molecular level. A molecular device is an ordered assembly of molecular components—that is, a supramolecular system—in which each
individual component performs a basic physicochemical task, such as light absorption, ion or molecule binding, electron or proton exchange,
or catalysis. The cooperation of the components within the assembly enables the latter to carry out a more complex, potentially useful
function that is not accessible to the components taken separately. A molecular machine is a device whose function involves controlled
changes in the relative positions of its components; these changes require an energy input, can be repeated over multiple operation cycles,

and need to be monitored by appropriate signals and technigues.

interact to process energy or signals and perform a
function evidenced by an experimentally observable
output (Fig. 1B). The idea of a molecular device
emerged when chemists began to regard molecules not
only as the smallest entities of a chemical species but
also as material objects with a specific size, nontrivial
(i.e., nonspherical) shape, and properties that can be
organized into functional structures.

Within this framework, a molecular machine is a par-
ticular type of device in which the function is directly
associated with controlled changes in the relative posi-
tions of its components, typically induced by an exter-
nal stimulus [14]. These changes may involve
translational, rotational, or more complex rearrange-
ments and occur through cycles that require both
energy input and resetting. A further level of functional
specificity is reached in molecular motors, which are
machines capable of converting an energy input into

directional motion and, in principle, performing work
on their surroundings [15-18]. This hierarchical distinc-
tion—device, machine, and motor—provides a useful
conceptual framework for describing how molecular
motion can be organized and coupled to function [19].

Motion at the nanoscale

The analogy between macroscopic and molecular
devices is useful, but it must be taken with care [20].
The physical factors that govern motion at the molecu-
lar scale are fundamentally different from those oper-
ating in the everyday world of conventional machines
[2-4]. In particular, nanoscale movements are domi-
nated by thermal fluctuations, viscous forces, and con-
tinuous interactions with the surrounding medium. Let
us first consider thermal fluctuations. At the molecular
scale, thermal energy gives rise to a variety of motions,
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including intramolecular vibrations and rotations, con-
formational fluctuations, and random translational
and rotational motion caused by collisions with sur-
rounding molecules (e.g., solvent). The latter types of
motion are often discussed, especially in biological and
biophysical contexts, in terms of Brownian motion
[2-5].

Walking in a hurricane

A characteristic instantaneous power scale associated
with thermally driven molecular motion can be esti-
mated by dividing the thermal energy kg7 by a typical
molecular vibrational timescale, of the order of a pico-
second. At ambient temperature, this gives a value on
the order of 10°® W. By comparison, the average
power supplied by ATP hydrolysis—the exergonic
reaction that fuels many biomolecular devices—is on
the order of 107'7 W. Thus, at ambient temperature,
molecules move incessantly because of thermal fluctua-
tions, whose instantaneous effects can exceed those of
individual chemical energy-supplying events by several
orders of magnitude [21]. The real challenge for a
molecular machine is therefore not to create motion,
because motion is already present everywhere at the
molecular scale (except in the unattainable limit of
0 K), but to bias random movements so that they
become directional and potentially useful.

At equilibrium, however, thermal fluctuations are
random and cannot be used, by themselves, to gener-
ate net directional motion; otherwise, the Second Law
of Thermodynamics would be violated [22]. This prin-
ciple is closely related to microscopic reversibility,
according to which any elementary process must be
accompanied by a reverse process following the same
microscopic trajectory. At equilibrium, forward and
backward processes occur at equal rates, a condition
known as detailed balance, thereby preventing the
emergence of sustained directional motion. Molecular
machines and motors, whether artificial or naturally
occurring, overcome this limitation by using energy
inputs to maintain their operation away from equilib-
rium, break detailed balance, and rectify Brownian
motion through ratchet-like mechanisms [23-25].

Two conceptually distinct types of ratchet mecha-
nisms are commonly considered: energy ratchets and
information ratchets. In an energy ratchet, an external
energy input—for example in the form of chemical
reactants, electricity, or light—modulates the potential
energy landscape of the system, including energy wells
and barriers, so that forward motion is favored over
backward motion at defined stages of the operating
cycle. In an information ratchet, by contrast,

Artificial molecular machines and motors

directionality arises from state-dependent kinetic gat-
ing. For example, a transformation that raises or
lowers a barrier occurs at different rates depending on
the mechanical state of the motor. Thus, the gate may
open preferentially when the moving component is on
one side, allowing passage, and close after it has
crossed, suppressing the reverse step. Repetition of this
sequence biases Brownian motion in one direction.

An energy ratchet therefore changes the energy land-
scape irrespective of the system’s state, whereas an
information ratchet uses state-dependent rates to select
a pathway. Both mechanisms require an energy input
to maintain the reaction cycle away from equilibrium,
thereby enabling sustained directional motion and
energy conversion. A detailed discussion of ratchet
mechanisms and their significance for the design of
molecular machines is beyond the scope of this article,
and the interested reader is referred to specialized
reviews on the topic [24,25].

Swimming in molasses

Another significant issue associated with nanoscale
motion is the balance between inertial effects and vis-
cous forces in a fluid [26]. This balance is quantified by
the Reynolds number, Re, which depends on the density
and viscosity of the fluid, and on the size and velocity of
the moving body. For a swimmer in water, Re is typi-
cally on the order of 10°, meaning that inertial effects
dominate over viscous drag: Motion may continue after
the applied force has ceased, and propulsion can rely on
inertia and momentum transfer to the surrounding fluid.
For smaller objects under comparable conditions, Re
decreases dramatically [27]. In water, Re is typically very
small for bacteria and becomes vanishingly small for
molecules. In this low-Reynolds-number regime, viscous
drag dominates over inertia and motion stops immedi-
ately after the force has ceased. Thus, for an object as
small as a cell or a molecule, moving through a solvent
is analogous to a human trying to swim in a medium far
thicker than peanut butter.

A crucial consequence of this regime is that recipro-
cal motion—that is, motion in which the forward and
backward trajectories are identical—cannot produce
net displacement. This principle is often referred to as
the scallop theorem [27]. Accordingly, bacteria do not
swim like scallops, but use flagella driven by motor
proteins that rotate unidirectionally, acting much like
corkscrews [28]. This consideration highlights why uni-
directional rotation, unidirectional translation, or more
generally nonreciprocal cyclic motion, is essential for
achieving useful mechanical effects at the molecular
scale.
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(A) Mechanically interlocked molecules
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(B) Chemically controllable molecular shuttle
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Fig. 2. (A) Schematic representation (top) and structure formula (bottom) of a [2]catenane (left) and a [2]rotaxane (right); the number of
interlocked molecular components is indicated in brackets. (B) Operation of a bistable mechanical switch based on a stimuli-responsive
rotaxane (‘molecular shuttle’) [46]. The structure formulas depict a prototypical case of a molecular shuttle operated by pH changes, and the
(simplified) potential energy profiles versus the ring-axle relative position highlight how the input stimuli alter the relative depths of two
energy minima, which is a basic requirement to build an energy ratchet. The high barriers at each extremity are associated with the
stoppers, which prevent dissociation of the ring from the axle. The dashed arrows highlight the shuttling steps, enabled by Brownian
motion, whereas the white arrows highlight the changes in the energy profile caused by the stimuli. For each state, the red circle marks the

position of the system on the potential energy profile.

Autonomous operation

Motor proteins such as myosin and kinesin [4,5] can
exploit ATP hydrolysis to operate continuously—that
is, repeat their working cycle—under constant experi-
mental conditions (except for the energy input) and
without external intervention. They can do so because
they are catalysts for their fuel-processing reaction,
and the motor mechanism is strictly related to the cat-
alytic cycle. Therefore, the motor can exploit the fuel
as long as it is available. While such an autonomous
operation is usual for biomolecular machines, it is still
uncommon for artificial ones, which typically rely on
resetting stimuli [11,29]. Nonetheless, examples of
autonomous artificial molecular machines exploiting
chemical [30], electrochemical [31], and photochemical
[32] inputs have been reported. The autonomous
exploitation of the energy source enables the reactive
system to sustain a nonequilibrium state [33-35], which
is essential to achieve continuous directional motion.

The mechanical bond

The 2016 Nobel Prize in Chemistry also gave recogni-
tion to the rational and efficient synthesis of mechani-
cally interlocked molecules (MIMs), pioneered by
Sauvage [6] and Stoddart [7]. In these systems, the
molecular components are linked together by mechani-
cal bonds, that 1is, by entanglements in the
three-dimensional space such that the components can-
not be separated without breaking or distorting con-
ventional chemical bonds [36,37]. Therefore, the
mechanical bond does not occur between atoms and is
a formidable tool for the construction of multicompo-
nent molecular architectures in the broader context of
molecular-level devices. Mechanical bonds are also
found in biological systems [38].

Catenanes and rotaxanes

Archetypal examples of MIMs are catenanes and rotax-
anes, which consist at minimum of two interlocked
components (Fig. 2A). In a [2]catenane, two molecular
rings are linked like the elements of a chain [39], while

in a [2]rotaxane, a ring is threaded onto a molecular
axle and trapped by bulky extremities (‘stoppers’) that
prevent dethreading [40]. The components are thus per-
manently associated, even though the noncovalent
interactions between them may be relatively weak, or
even absent, and dynamically adjustable.

This unconventional connection is important
because it combines assembly persistence with
large-scale mobility. The components cannot drift
apart, yet they remain free to move relative to one
another. For example, a macrocycle can shuttle
between recognition sites (‘stations’) on an axle, or one
ring of a catenane can adopt different positions rela-
tive to another ring, without the whole assembly fall-
ing apart. The motion is large in amplitude compared
with ordinary conformational fluctuations, but it still
occurs within a robust structural framework. Such a
combination makes MIMs ideal building blocks for
switches, shuttles, transport systems, and responsive
assemblies [36,41,42].

For a biochemical audience, the appeal of the
mechanical bond is easy to appreciate. Biological func-
tion often depends on controlled rearrangements that
occur within a constrained architecture. Proteins
switch between conformations without dissociating
into their constituent parts. Substrates move through
channels and binding sites that are precisely arranged
in space. MIMs provide a highly simplified synthetic
analog of this principle: their components are orga-
nized so that movement is possible, but only along
defined pathways and between specific positions.

Molecular shuttles

The peculiar structure of rotaxanes enables the design
of molecular machines in which the ring moves back
and forth between two stations (‘molecular shuttles’,
Fig. 2B) [43]. The ring can be made to reside at one sta-
tion or another by adjusting the relative strength of
noncovalent interactions along the axle; changes in pro-
tonation, oxidation state, or photoisomerization can
alter these interactions (balance breaking), causing the
ring to move (power stroke). Early systems established
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the principle of reversible shuttling between two recog- transduction, directional transport, and data storage
nition sites [44-47]; later designs showed that shuttling [48-51]. All these systems have a common underlying
can be associated with catalytic behavior, signal physical picture: the ring moves owing to thermal

(A) Cycle of a light-powered molecular rotary motor
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Fig. 3. (A) Operation cycle of a photochemically driven overcrowded alkene-based motor. The red asterisk denotes the stereogenic carbon
atom (R configuration), while M and P are the stereochemical descriptors of the helical structure of the molecule. The combination of two
distinct chiral elements—that is, point and helical chirality—gives rise to four different isomeric states and governs the directional rotation of
the motor. (B) Simplified potential energy profile corresponding to the rotation cycle, with photochemical £ < Z (PEZ) and thermal helix
inversion (THI) steps highlighted. Since E¢/E., and Z/Z., are diastereomeric—not enantiomeric—pairs, they are endowed with different

thermodynamic stabilities. Adapted from Ref. [54].

fluctuations, whose direction is biased through the
modulation of a non-symmetric energy landscape with
an external stimulus (a distinctive feature of an energy
ratchet). Molecular shuttles operated by information
ratchet mechanisms have also been reported [52,53].

Molecular rotary motors

The central achievement of a molecular rotary motor
is that repeated cycles of energy input and relaxation
can produce unidirectional rotation [8,54]. This is a far
more demanding problem than reversible switching, as
in the case of most molecular shuttles, because it
requires a mechanism in which each step of the cycle
prepares the system for the next, without simply going
back to the previous one. In this context, directionality
becomes a fundamental design challenge: while revers-
ible switches explore an energy landscape in a symmet-
ric fashion, motors must bias the travel across the
landscape so that repeated cycles lead to net progress.
Achieving such behavior requires careful integration
of molecular asymmetry, energy input, and kinetic
control.

Using light to power unidirectional molecular
rotation

The best-known examples are light-driven rotary
motors based on overcrowded alkenes, that is, steri-
cally hindered C=C double bonds (Fig. 3A) [55]. In
these species, steric congestion forces the two halves of
the molecule into a twisted arrangement, giving rise to
a helical shape and chirality (M or P). The clockwise
and counterclockwise rotation directions are differenti-
ated by the presence of a stereogenic carbon atom. In
the enantiopure species (R configuration in Fig. 3A),
light absorption by the stable E isomer (E;) causes the
E = Z photoisomerization (PEZ) of the C=C bond,
generating a metastable state (Z,,). A subsequent ther-
mal helix inversion (THI) step relieves strain and, by
occurring energetically downhill, places the system in
the stable Z diastereoisomer. Repeating the sequence
of photochemical activation (Zs < E,,) and thermal
relaxation (E, — E,) results in a complete rotation
achieved in a single preferred direction, according to

an energy ratchet mechanism (Fig. 3B). Since both Ej
and Z can be isomerized with light of the same wave-
length, the motor can operate autonomously at room
temperature under constant illumination.

The conceptual importance of these motors lies in
the relationship between structure, asymmetry, and
energy dissipation [54]. Light does not simply flip the
molecule between two equivalent forms: it allows the
system to access an excited-state pathway unavailable
under thermal equilibrium conditions. Directionality
emerges because, owing to molecular design, thermal
relaxation of the photogenerated species is irreversible
and return along the same route is prevented.

This pattern is reminiscent of biological energy
transduction. Protein motors do not move by coasting
through space like tiny propellers; rather, they move
by passing through a sequence of nonequivalent states
linked to energy-releasing chemical events [4,5]. The
steps are individually small, but together they produce
directional motion. Artificial rotary motors follow the
same logic in a stripped-down synthetic setting. They
make evident, in a particularly elegant form, the gen-
eral principle that motion becomes directional when
random  fluctuations are coupled to an
energy-consuming cycle with built-in asymmetry.

Recent work has pushed these motors beyond
proof-of-principle demonstrations. Structural modifica-
tions have tuned their absorption toward longer wave-
lengths, improved their speed, enabled operation on
solid surfaces and in porous structures, and made it
possible to couple their motion to more remote func-
tional effects [56-58]. Rotation can now be transmitted
to neighboring axes, influence the handedness of larger
structures, or progressively increase conformational
strain and topological complexity in linked systems
[59-62] up to the synthesis of MIMs [63]. Very
recently, molecular rotary motors have been used to
investigate noninvasively the mechanical response of
cells [64]. Such studies are important because they ask
a deeper question: what can molecular motion accom-
plish once it is generated?

Light is particularly well-suited as an energy source
for these systems because it allows precise control over
when and where energy is delivered, while avoiding the
accumulation of chemical waste products. It can be
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Fig. 4. (A) Schematic representation and examples of rotaxane-based supramolecular pumps based on energy ratchets and activated by
chemical, electrochemical (top) [76] or photochemical (bottom) [80] inputs. (B) Stimuli-induced modulation of the (simplified) potential energy
profile versus the ring-axle relative position for the chemically or electrochemically activated supramolecular pump shown in (A). The full and
dashed arrows represent, respectively, the pumping steps, enabled by Brownian motion, and the kinetically unfavorable competing steps.
The color changes (dark/light green, blue/cyan, red/pink) and white arrows highlight the stimuli-induced chemical modification of the
molecular components and the corresponding variations in the energy maxima and minima, which form the basis of the energy ratchet. For
each state, the disk(s) indicate(s) the position of the molecular ring(s) with respect to the potential energy profile. The photochemically
activated pump shown in (A) operates following the same principles, although with a slightly different logic.

delivered remotely, cleanly, and with high spatial and
temporal precision. Light offers a selectivity that is
highly attractive for operating synthetic systems in
complex environments because only molecules that
absorb at the chosen wavelength are addressed. These
features explain why light-driven molecular rotary
motors have been shown to function in many different
environments, and why photochemical control has
become central to other classes of artificial molecular
devices and machines [19,29,65].

Other classes of photochemically [66-68] and chemi-
cally [69,70] driven molecular rotary motors have been
described. Catenane-based rotary motors, in which one
ring can be made to travel directionally along the other
in response to chemical [71], electrochemical [72],
and/or photochemical [73] stimuli have also been
reported.

Supramolecular pumps

Among the many functions performed by biological
molecular machines, transport occupies a particularly
important place [2-5,74]. Cells continuously move
ions, metabolites, proteins, and other molecular
cargoes across membranes and between compartments.
These processes are rarely sustained by diffusion alone;
instead, they often require specialized molecular assem-
blies that use chemical energy to transport substrates
directionally, frequently against concentration gradi-
ents. lon pumps, membrane transporters, and
ATP-dependent translocases are prominent examples
of such systems.

Reproducing directional transport in wholly syn-
thetic systems represents a major challenge for molecu-
lar engineering. Whereas a molecular switch simply
interconverts two states, a pump must repeatedly move
a substrate in a preferred direction while preventing its
spontaneous return. In other words, transport requires
not only motion but also control over the sequence of
events by which that motion occurs [24,25].

Artificial  supramolecular pumps based on
rotaxane-type architectures provide one of the most

compelling demonstrations of this concept (Fig. 4)
[75]. In a typical implementation [76-80], a macrocy-
clic ring interacts with a molecular axle that can be
switched by external stimuli (e.g., chemical reactants,
electricity, or light). The axle contains a
stimuli-responsive barrier, a stimuli-responsive recogni-
tion site for the ring, a passive barrier and a collecting
chain terminated by a stopper (Fig. 4A). Under one
set of conditions, threading of the ring onto the axle is
unfavored. Upon application of the energy input, both
the kinetic barriers and the thermodynamic stability of
the available states are modified. As a result, the prob-
abilities of threading, translation along the axle, and
dethreading become unequal. Although the ring con-
tinues to undergo thermally driven Brownian motion,
the overall transport cycle becomes biased in one
direction. Repeated input-triggered modulation of the
potential energy profile leads to the net translocation
of macrocycles from solution onto the axle through an
energy ratchet mechanism (Fig. 4B). The case of pho-
tochemically driven supramolecular pumps is particu-
larly interesting because they operate autonomously
[81] and sustain dissipative nonequilibrium stationary
states whose composition depends on the intensity of
the energy input [82], despite their unsophisticated
chemical structure and modular design [83].

The significance of these systems lies in their ability to
achieve active molecular transport. Rather than merely
changing conformation or position reversibly, they cap-
ture molecular components from the surrounding envi-
ronment and move them to locations that would not be
populated efficiently by spontaneous diffusion alone
[84,85]. In this respect, supramolecular pumps are con-
ceptually analogous—albeit still much less sophisticated
—to biological transporters that use ATP hydrolysis,
ion gradients, or redox reactions to drive substrates
across membranes or between cellular compartments.
The next stage will be the incorporation of these syn-
thetic pumps into bilayer membranes that separate solu-
tion compartments, such as in vesicles, to investigate
whether energy-driven pumping can create a concentra-
tion gradient across these compartments [86,87].
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Outlook

Artificial molecular machines remain far simpler than
biological motors and transport systems. They do not
yet approach the efficiency, adaptability, or level of inte-
gration achieved by the molecular machinery of living
organisms. Nevertheless, the progress made over the
past four decades has established a set of general design
principles that allow controlled molecular motion to be
generated, directed, and coupled to function.

One of the most important lessons emerging from
this field is that molecular motion is not an end in
itself. Rotaxane shuttles, catenanes, rotary motors, and
supramolecular pumps are valuable because they dem-
onstrate how motion can be linked to switching, trans-
port, catalysis, information processing, energy storage,
and materials response. In this respect, artificial molec-
ular machines are evolving from elegant molecular
constructions into functional systems capable of per-
forming increasingly complex tasks. A major challenge
now is the integration of molecular machines into
larger chemical, supramolecular, and biological envi-
ronments, such that their motion can influence pro-
cesses occurring across multiple length scales. The
transmission and amplification of molecular-level
movements into collective behavior, adaptive mate-
rials, transport processes, or measurable macroscopic
effects represent some of the most active and promis-
ing directions in current research.

For biochemists and molecular biologists, these sys-
tems offer more than technological promise. They pro-
vide simplified and highly controllable models for
investigating fundamental concepts that are central to
living systems, including Brownian motion, energy
transduction, directional transport, kinetic asymmetry,
and operation away from equilibrium. By reducing
these phenomena to their essential components, artifi-
cial molecular machines help reveal the physical princi-
ples that underlie biological functions.

At the same time, the objective of molecular nano-
technology should not be to reproduce biological
machinery exactly. Natural molecular machines oper-
ate primarily through chemically fuelled reaction cycles
because living organisms possess sophisticated meta-
bolic networks capable of supplying reagents and
removing waste products continuously. Despite the
remarkable progress made in recent years, reproducing
such conditions in artificial systems is still a formidable
challenge. Synthetic molecular machines, in contrast,
can exploit alternative energy inputs such as light or
electricity, which can be delivered remotely, modulated
with high precision, and used without generating
chemical waste. These opportunities have no close

L. Andreoni and A. Credi

equivalent in most biological systems and may ulti-
mately lead to forms of molecular function that are
distinct from those found in nature.

The challenge ahead is therefore not only to under-
stand how biological molecular machines work but
also to explore what synthetic molecular machinery
can uniquely achieve. This will require the develop-
ment of systems in which controlled molecular motion
is integrated with transport, catalysis, self-assembly,
materials properties, and interactions with complex
biological environments. In this sense, molecular
machines and motors represent both a source of inspi-
ration from biology and a route toward new kinds of
responsive molecular systems.
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