
PC69CH03_Cacciuto ARI 13 March 2018 14:2

Annual Review of Physical Chemistry

An Active Approach to
Colloidal Self-Assembly
Stewart A. Mallory,1 Chantal Valeriani,2

and Angelo Cacciuto1

1Department of Chemistry, Columbia University, New York, NY 10027, USA;
email: ac2822@columbia.edu
2Departamento de Fı́sica Aplicada I, Facultad de Ciencias Fı́sicas, Universidad Complutense
de Madrid, 28040 Madrid, Spain

Annu. Rev. Phys. Chem. 2018. 69:59–79

First published as a Review in Advance on
November 6, 2017

The Annual Review of Physical Chemistry is online at
physchem.annualreviews.org

https://doi.org/10.1146/annurev-physchem-
050317-021237

Copyright c© 2018 by Annual Reviews.
All rights reserved

Keywords

active matter, self-assembly, complex fluids, colloidal science, statistical
mechanics

Abstract

In this review, we discuss recent advances in the self-assembly of self-
propelled colloidal particles and highlight some of the most exciting results
in this field, with a specific focus on dry active matter. We explore this phe-
nomenology through the lens of the complexity of the colloidal building
blocks. We begin by considering the behavior of isotropic spherical parti-
cles. We then discuss the case of amphiphilic and dipolar Janus particles.
Finally, we show how the geometry of the colloids and/or the direction-
ality of their interactions can be used to control the physical properties of
the assembled active aggregates, and we suggest possible strategies for how
to exploit activity as a tunable driving force for self-assembly. The unique
properties of active colloids lend promise to the design of the next generation
of functional, environment-sensing microstructures able to perform specific
tasks in an autonomous and targeted manner.
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1. INTRODUCTION

The way nature generates functional structures at the microscale is, in principle, extremely simple.
This autonomous construction process is called self-assembly and can be qualitatively understood
with the following analogy. Imagine placing a number of different Lego bricks into a cardboard box.
Now shake that box for a sufficiently long time. Finally, open the box to find a perfectly assembled
structure. This seemingly outrageous idea works at the microscale and nanoscale because, unlike
the Lego bricks, which lie motionless unless an external force is applied (i.e., shaking), microscopic
components freely and aimlessly diffuse via thermal motion across the space made available to
them. Given enough time, they will eventually find each other. The process of self-assembly
leverages this thermal motion to generate microstructures at practically no external cost. As such,
this bottom-up approach to materials engineering is considered to be a major competitor to other,
more expensive, top-down fabrication methods.

Unfortunately, the drawback of having to rely on random motion, as opposed to deliberate
motion, is that microcomponents will indiscriminately find each other without necessarily match-
ing to the correct partners to form the desired microstructure. This typically leads to a malformed
final structure. For self-assembly to be successful, a very intricate game of labeling must be played.
Each component must be encoded with its own local blueprint of where it will reside in the fi-
nal structure. Clearly, the complexity of the rules (i.e., how the Lego bricks should fit and stick
together) increases with the complexity of the desired final structure. As such, self-assembly is a
delicate process, and the formation of defect-free structures is hardly achievable unless a careful
design of the building blocks is performed beforehand.

In this review, we discuss recent advances in the field of active matter, with a specific focus on
the self-assembly of active colloids. We discuss ways in which self-propulsion can be exploited to
form robust macroscopic and mesoscopic structures whose properties can be tuned by the degree
of activity. Prior to delving into this topic, it is instructive to provide a brief overview of the field
of active matter.

Over the past decade, active matter has transformed and energized the fields of statistical
mechanics and soft condensed matter. All active systems share the hallmark feature of being
composed of self-driven units capable of converting stored or ambient energy into systematic
movement. Examples of active systems permeate both the macroscopic and microscopic worlds
and include human crowds, flocks and herds of animals, living cells and tissues, active colloids, and
synthetic microswimmers. Active matter represents a fundamentally new nonequilibrium regime
within statistical mechanics. In contrast to traditional nonequilibrium systems, where directional
driving forces emerge as a result of global changes in the thermodynamic variables or boundary
conditions (such as temperature and pressure), active systems are intrinsically out of equilibrium
at the single-particle level. The combination of these unique nonequilibrium driving forces and
the inherently stochastic nature of active systems has endowed these systems with remarkable
collective behavior that ranges from bacterial turbulence (1, 2) to self-regulation (3) and, more
generally, leads to large spatial correlations that are typically observed only near critical points
in equilibrium systems. For a thorough discussion of these properties, we direct the reader to a
number of comprehensive reviews recently written on the subject (see, for instance, References
4–19 and the references therein).

The current rise in popularity of colloidal active matter results in large part from recent advances
in colloidal synthesis. Through the pioneering work of synthetic chemists and materials scientists,
there are now various experimental realizations of synthetic microswimmers and active colloids.
These active particles can be thought of as synthetic analogs of swimming bacteria. However, a
major benefit of these synthetic variants is that, unlike bacteria, it is possible to systematically tailor
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interparticle interactions and modulate their swimming velocity. For details about the growing
library of synthetic microswimmers and their associated propulsion mechanisms, we direct the
reader to several recent reviews on the subject (4, 5, 14, 17).

The functionality of these active colloids and synthetic microswimmers makes them the ideal
tool to manipulate matter at the microscale. A synthetic microswimmer’s ability to autonomously
navigate complex microfluidic environments conjures up a host of appealing applications, which
include targeted drug delivery to specific cells (20), information storage and computation (21),
clean-up and neutralization of environmental pollutants (22), self-propelled nanotools (23), and
massive parallel assembly of microscopic structures (24). These potential applications are built
around the unique self-driven nature of the microswimmers and their ability to manipulate, sense,
and transport material at the microscale.

Broadly speaking, it is fair to say that the field of self-assembly is still in its infancy. Many
aspects of the process are still not well understood, and we have yet to reach the stage where we
can make reliable robust predictions for materials engineering (9, 25–34). However, there is now
clear evidence that the formation of defect-free structures in nonactive systems is most probable
when the rate of association of the particles from the bulk into the target aggregate is comparable
to that of their dissociation from it, making the process tediously slow. Given the circumstances,
the question of whether self-propulsion can be used as an extra handle to control and speed up
the self-assembly of colloidal particles becomes extremely relevant. There are two open research
areas within active self-assembly: finding ways to impart dynamic functionality to self-assembled
structures and using activity to improve self-assembly. From the vast amount of phenomenology
that has recently been reported, we attempt to extract key features that may be important for
improving self-assembly.

2. ACTIVE COLLOIDS

At the microscale, in the absence of external forces, the motion of a passive colloid is driven by
equilibrium thermal fluctuations originating from the solvent. The dynamics can be described by
the theory of Brownian motion, and much of the collective behavior can be explained within the
framework of equilibrium statistical mechanics. In contrast, active colloids autonomously convert
energy available in the environment, be it chemical (35), electromagnetic (36), acoustic (37), or
thermal (27) energy, into directed mechanical motion. In this case, the swimming direction is
not determined by an external force at a global level but is an intrinsic local property of the
individual swimmers. Thus, it is often noted that active fluids are driven out of equilibrium at the
single-particle level.

Active colloids, and more generally all colloidal particles, move in an environment with a low
Reynold’s number (i.e., viscous forces from the surrounding fluid dominate over any inertia forces)
(38), making it very challenging to develop propulsion mechanisms for active colloids. Since inertia
does not contribute to the motion of the colloid, a constant force must be applied to the colloid to
maintain its swimming velocity. A common scheme to achieve this is creating and sustaining some
sort of gradient across the colloid. This gradient-driven motion is known as phoretic transport,
and the current belief is that, if a particle can generate its own local field or gradient (be it chemical,
electromagnetic, or thermal), then the particle will be propelled forward via self-phoresis (17, 35,
39, 40).

Here we briefly introduce one of the simplest propulsion mechanisms for active colloids.
This particular type of active colloid is Janus in nature; i.e., the colloid itself is composed of
two different materials. As shown in Figure 1a, the active colloid synthesized by Howse et al.
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Figure 1
(a) Sketch of the propulsion mechanism for the active colloid synthesized by Howse et al. (35). The platinum cap (red ) decomposes
hydrogen peroxide (with oxygen atoms colored yellow) into water (light blue) and oxygen (dark blue), resulting in an oxygen gradient
across the particle. Panel a adapted from Reference 41 with permission from the Royal Society of Chemistry. (b) Typical trajectories of
the active colloid synthesized by Howse et al. at various hydrogen peroxide fuel concentrations. Panel b adapted from Reference 35 with
permission from the American Physical Society.

(35) consists of a spherical polystyrene bead with a thin layer of platinum deposited on one
hemisphere. Platinum was chosen for the catalytic cap as it readily decomposes the aqueous hy-
drogen peroxide fuel source into water and oxygen. As the hydrogen peroxide is decomposed
by the catalytic cap, a concentration gradient of oxygen is generated and sustained across the
colloid, resulting in its self-propulsion. Although the exact details of the propulsion mechanism,
even in this simple case, are not fully understood, and competing mechanisms of propulsion
have been suggested (42), there is consensus that sustaining a gradient across the particle is
required to propel these building blocks. For additional details on a variety of self-propelling
mechanisms, we direct the reader to several comprehensive reviews in this field (4, 5, 12, 14, 17,
22).

Much of the existing work on active matter has relied on simplified or minimal models.
One of the most heavily studied is the Vicsek (43) model. The Vicsek model has garnered
considerable interest because of its applicability to a wide range of biological systems involv-
ing flocking, clustering, and migration (see, for instance, References 6, 18, 44, 45). With the
recent proliferation of synthetic microswimmers, a new model, often referred to as the active
Brownian particle (ABP) model (4, 46–54), has recently achieved great popularity and is the
main focus of this review. In the context of the ABP model, active colloids are described as
Brownian particles under the additional influence of a constant self-propelling force applied along
a fixed particle axis. While this simple representation captures many features of the basic mo-
tion of active particles, it neglects hydrodynamic interactions that are often crucial (38, 55–63).
The ABP model is a dry model of active matter, in contrast to wet models, where the momen-
tum exchanged between active particles and the surrounding solvent is considered explicitly (16,
64).

A spherical active colloid in the ABP model is described as a sphere of mass m and diame-
ter σ that undergoes Brownian dynamics at a constant temperature T and is subject to an axial
propelling velocity of magnitude vp. The dynamics of the ABP model evolves according to the
coupled overdamped Langevin equations for the translational and rotational motion, which are,
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respectively,

ṙ(t) = 1
γ

F({rij}) + vpn +
√

2Dξ (t), 1.

ṅ(t) = 1
γr

T({rij}) +
√

2Drξ (t) × n. 2.

Here vp is directed along a unit vector n of predefined orientation that passes through the origin
of each particle and connects its poles. The translational diffusion coefficient D is related to the
temperature T and the translational friction γ via the Stokes–Einstein relation D = kBT/γ . It is
typical to assume that the rotational diffusion coefficient Dr satisfies the relation Dr = 3D/σ 2,
which holds true for spherical particles at low Reynolds numbers. The solvent-induced Gaussian
white-noise terms for both the translational and rotational motion are characterized by 〈ξi (t)〉 = 0
and 〈ξi (t)ξ j (t′)〉 = δijδ(t − t′). The conservative interparticle forces and torques acting on the
colloid are indicated as F({rij}) and T({rij}), respectively, and can be computed as

F({rij}) =
∑

j

Fij = −
∑

j

∂Uij

∂rij
3.

and

T({rij}) =
∑

j

Tij = −
∑

j

∇nij Uij, 4.

where Uij is the interaction potential between the colloids.
A very important length scale in these systems is the persistence length of the active drive,

defined as lp = vpσ/Dr. This can be related to the Peclet number: Pe = vpσ/D = 1
3 lp/σ . For

a passive colloid, the motion is completely Brownian and the mean square displacement in two
dimensions is given by 〈r2(t)〉 = 4Dt. For an active colloid, the mean square displacement includes
an additional term and is given by 〈r2(t)〉 = 4Dt + 2lp

2(Drt + 1 − e−Drt) (65). For sufficiently large
vp, the motion of the active colloid becomes increasingly ballistic at short timescales. However,
because of the colloid’s stochastic rotation, the motion is always diffusive at longer timescales.
Typical trajectories of a single active colloid at different fuel concentrations are given in Figure 1b.
Much of the interesting behavior in active systems arises when lp is significantly larger than the
colloidal diameter. For instance, one of the most important features of active particles is their
ability to exert a unique force or pressure on their surroundings. This is an area of research that
has received considerable interest, and a number of analytical, numerical, and experimental results
have been published on the subject (12, 66–75). In fact, it has been shown that active fluids not
only can generate a pressure on a boundary, but also can induce exotic (depletion-like) effective
forces between passive particles (tracers), with range and strength controlled by lp, that can be
orders of magnitude larger than what is expected for passive systems (73, 76–84). These results
suggest ways of designing microstructures to perform specific tasks when immersed in an active
suspension. Most notably, work on how to drive microscopic gears and motors (85–88), transport
colloidal cargos (89), capture and rectify the motion of active particles (90–92), and use active
suspensions to propel wedge-like carriers (93–97) has been carried out. In all these instances, the
local geometry of these microdevices is crucial for effective focusing of the random active motion
of the colloids into directed mechanical work (67, 98–101).

3. SELF-ASSEMBLY WITH ACTIVE BROWNIAN PARTICLES

In this section, we provide an overview of the various contributions to the field of active colloidal
self-assembly. Special attention is paid to the different types of colloidal interactions and how they
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lead to a variety of ordered and disordered structures. Most of the discussion is framed within
the context of the ABP model. The discussion is mainly confined to 2-dimensional and quasi-
2-dimensional systems, as most experiments are performed under these conditions. The aim of
this section is to provide insight into the interplay between activity and particle interactions, as
well as into how this relates to the successful self-assembly of a wide range of passive and active
microstructures.

We begin by reviewing the self-assembly behavior of purely repulsive active colloids. After
that, we consider a few cases where active colloids interact via a generic isotropic attraction. We
conclude this section by considering nonisotropic potentials and discussing recent work on the
self-assembly of dipolar Janus ABPs and amphiphilic Janus ABPs.

3.1. Isotropically Purely Repulsive Active Brownian Particles

Self-assembly of passive spherical colloids with short-range isotropic interactions is typically lim-
ited, in terms of structural variety, to close-packed hexagonal crystals. The isotropic nature of
the interaction potential does not allow for any close control in either the relative location or the
orientation of the colloids in a particular aggregate, precluding the formation of more complex
structures. The situation is even more drastic for colloids that interact solely through excluded
volume interactions. In fact, at low densities, a suspension of purely repulsive spheres exists only
in the fluid phase, and when the density becomes sufficiently large, an ordered phase develops as
a result of increased configurational entropy.

The behavior becomes much richer whenever some degree of activity is introduced. One of the
most interesting and heavily studied phenomena, which appears to be ubiquitous in colloidal active
systems, is giant, long-lived density fluctuations and anomalous clustering. A passive suspension
of N colloids in a volume V exhibits number fluctuations that scale as �N ∼ √

N for N → ∞.
Interestingly, in a variety of active systems, �N can become very large and scales as �N ∼ Na ,
where a is an exponent predicted to be as large as 1 in 2-dimensional systems (6, 102). This scaling
prediction has been verified experimentally (103–105) and in agent-based simulations (18, 106).
In these earlier works, the focus was on elongated active particles (inspired by swimming bacteria
and animal flocking), and the associated giant number fluctuations were believed to be induced by
the broken orientational symmetry of the particle. More recently, it has been shown that this is
a more general phenomenon, and it has been observed in suspensions of purely repulsive spheres
with no alignment interaction (107, 108).

A related phenomenon observed in suspensions of purely repulsive ABPs is the existence of
an athermal motility-induced phase separation (MIPS) (7, 10, 49, 109–115). Here, the system
is able to undergo a transition from a dilute fluid to a macroscopic dense phase; this transi-
tion takes place at densities much lower than those expected for the configurational entropy–
driven transition of the passive parent system. Figure 2 illustrates this novel phase transition
in a simulation of purely repulsive ABPs. The discovery of MIPS has led to extensive theoreti-
cal, experimental, and numerical studies, which are discussed in detail in References 4, 7. This
phase transition differs significantly from the ordered states of nematic and polar active sys-
tems, which are intimately linked to the broken orientational symmetry of the particle, because
spheres lack a mutual alignment mechanism and thus are unable to exchange angular momentum.
This phase separation is strikingly similar to the vapor–liquid spinodal decomposition observed
in many equilibrium systems, and there is now a significant amount of evidence supporting the
hypothesis of Cates and collaborators (46, 110, 116–118) that MIPS is a generic feature of sys-
tems that are driven out of equilibrium by a persistent local energy input that breaks detailed
balance.

64 Mallory · Valeriani · Cacciuto



PC69CH03_Cacciuto ARI 13 March 2018 14:2

10–4 10–3 10–2 10–1 1
Isolated

disk
Cluster size (fraction of total system)

Figure 2
Simulation snapshots of purely repulsive active Brownian particles at two different volume fractions,
φ = 0.39 (top row) and φ = 0.7 (bottom row). (Left column) Snapshots from a system of passive particles. (Right
column) The corresponding phase in the limit of very large self-propulsions. Particles are colored according
to cluster size. Figure adapted from Reference 108 with permission from the American Physical Society.

The physical mechanism responsible for giant number fluctuations and MIPS can be easily
contextualized within a simple kinetic model (107, 108) that focuses on the local dynamics at the
interface of a forming cluster. At any given time, the size of a cluster is determined by the flux
balance of incoming and outgoing particles. The time required for an active colloid to leave the
surface of a cluster is independent of the propelling velocity vp and is completely determined by
its average rotational diffusion time tr ∼ 1/Dr; the collision rate between free colloids and the
forming cluster increases linearly with the particle density and propelling speed vp (119).

By modulating the value of Dr, it is possible to control the size of the number fluctuations and
retard or promote particles’ aggregation (120). This is an often overlooked aspect of active systems,
but developing methods to systematically control the rotational dynamics of the active colloids
has important implications for directed self-assembly. Interestingly, hydrodynamic interactions
between active colloids have been shown to have major effects on their rotational dynamics, and
the local field inducing the particle’s propelling forces (pushers versus pullers) plays a central role
in MIPS (55, 57, 60, 121–125).

The notion that activity alone can generate giant number fluctuations and induce phase sep-
aration has important implications for self-assembly. In many colloidal self-assembly processes,
the growth of a particular target structure requires the formation of a critical nucleus of a charac-
teristic size. By introducing activity, it is then feasible to generate large density fluctuations that
could be systematically exploited to extend the region in parameter space where self-assembly
will successfully occur. In addition, self-propulsion will improve the kinetics of self-assembly, as
the local dynamics becomes inherently faster and, in general, can make it easier for the system to
escape local kinetic traps. These issues are discussed in greater detail in Section 4.
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3.2. Isotropically Attractive Active Brownian Particles

The simplest extension from purely repulsive interactions is to consider spherical active colloids
interacting via a short-range isotropic attraction. Interestingly, and somewhat controversially
(118), the interplay between attraction and self-propulsion gives rise to new phenomenological
behavior observed neither in the passive parent system nor in an active system with purely repul-
sive interactions. In a recent article, Redner et al. (119) consider a 2-dimensional suspension of
attractive active particles at an area fraction of φ = 0.4. The short-range isotropic interaction is
realized by allowing the ABPs to interact via a Lennard-Jones potential (126). At this density, the
phase diagram for this system exhibits reentrant behavior as a function of activity (119). The phase
diagram is given as a collection of simulation snapshots in Figure 3a. Self-propulsion can now
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(a, Top) Phase behavior of isotropically attractive active Brownian particles (ABPs) at an area fraction φ = 0.4
presented as a function of interparticle attraction strength U and Peclet number Pe = (vpσ )/D, where vp is
the magnitude of the axial propelling velocity, σ is the particle diameter, and D is the translational diffusion
coefficient. Colors distinguish different phases: near-equilibrium gel states ( green), single-phase active fluids
(red ), and motility-induced phase separation (MIPS) states (blue). (a, Bottom) Detailed snapshots at fixed
interaction energy U = 4kBT . At Pe = 4 (left), the system forms a kinetically arrested attractive gel. At Pe = 20
(middle), the attraction suppresses phase separation and produces a homogeneous fluid characterized by
transient large density fluctuations. At Pe = 100 (right), MIPS is observed. Panel a adapted from Reference 119
with permission from the American Physical Society. (b) Snapshots of spherical ABPs interacting via a
short-range attractive and a long-range repulsive potential at two different volume fractions (φ = 0.24, 0.55)
and three different values of Pe (Pe = 0, 10, 20). At Pe = 10, mesophases of living crystals are observed at lower
densities, and living stripes are seen at higher densities. (c) Snapshots of self-propelled dumbbells interacting
via a short-range attractive and a long-range repulsive potential at φ = 0.24. From left to right, we observe
static clusters (at Pe = 0), rotating clusters (at Pe = 5), living clusters (at Pe = 15), and a fluid phase (at
Pe = 40). Panels b and c adapted from Reference 127 with permission from the Royal Society of Chemistry.

66 Mallory · Valeriani · Cacciuto



PC69CH03_Cacciuto ARI 13 March 2018 14:2

either compete with the interparticle attractions to suppress phase separation or act cooperatively
to enhance it. At low levels of activity, the isotropic attraction between colloids dominates and
the suspension phase separates in a manner similar to that expected in the parent equilibrium
system. In this regime, self-propulsion has little to no relevance. At moderate levels of activity, the
suspension melts into a single-phase active fluid. As the activity is increased even further, phase
separation driven by the self-trapping mechanism of MIPS occurs. Here, energetic attractions
act cooperatively with self-trapping to enable phase separation at lower propelling velocities than
would be possible in the corresponding system with purely repulsive interactions.

Interestingly, experimental studies of active colloids (71, 114, 128, 129) at lower densities than
the one discussed above (119) observe the formation of dynamic clusters (living crystals), finite-
sized clusters that continually break, merge, dissolve, and reform. This peculiar finding has also
been observed in 2-dimensional numerical simulations of self-propelled hard disks using kinetic
Monte Carlo simulations (130), in self-phoretic ABPs (131), and in a recent numerical study
of a low-density suspension of 3-dimensional attractive active colloids (120, 132). These living
aggregates appear to form whenever attractive and propelling forces are comparable in magnitude.
A recent study of attractive squirmers (which account for explicit hydrodynamic interactions) has
also observed system coarsening or clustering depending on the ratio between attraction and
propulsion strength (58).

Living clusters are a beautiful example of self-assembly into structures that can themselves be
active. Unfortunately, it is not easy to control the size of these clusters using exclusively short-
range attractions; however, it is possible to overcome this problem by adding a weak but long-range
repulsion to each particle. Doing so creates a pair of competing forces at different distances and
is known to drive microphase separation into ordered structures of controllable size in passive
suspension. A well-studied case is that of a short-range attraction (typically induced by depletion
forces) coupled to a long-range repulsion (obtained, for instance, by giving the colloids a net
charge). The result is the formation of a variety of self-assembled structures whose morphologies
depend on the balance between the attractive and repulsive interactions. At equilibrium and at
relatively low densities, this interplay can lead to the formation of isotropic clusters arranged
into hexagonal arrays (or stripes at larger densities) whose size is, to some degree, tunable via the
interaction parameters (133–136).

As far as we are aware, there are no experimental realizations of active systems of this variety.
Nevertheless, two recent theoretical studies of 2-dimensional suspensions of ABPs interacting via
a long-range potential that induces microphase separation have been carried out (127, 137). The
potential consisted, apart from the excluded volume, of two generic parts: a short-range attraction
to induce clustering and a long-range soft repulsion to guarantee microphase separation. These
studies have shown that, for the appropriate choice of interparticle interactions and for a range
of active forces, the living crystals of spherical ABPs can be size-stabilized (Figure 3b). Tung
et al. (127) studied the behavior of active dumbbells using the interparticle potential discussed
above, showing that it is possible to create mesoscopic crystalline structures that behave as micro-
rotors (with definite, but tunable, angular velocity). This occurs because of the particles’ geometry
(Figure 3c). The dumbbells tend to exhibit local nematic ordering upon aggregation, causing the
mesoscopic lattice sites to spin with a characteristic angular velocity. A similar behavior has also
been observed in a 2-dimensional dilute suspension of self-propelled dumbbells interacting via a
short-range attraction (138).

These results allow us to make an interesting comparison between spherical and nonspherical
active colloids. For spherical colloids interacting through an isotropic potential, the aggregates
that develop are intrinsically plastic, i.e., each particle within a structure is able to freely rotate, and
this key feature is mainly responsible for the emergent active behavior of the resulting mesoscopic
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aggregates (e.g., living crystals). A rather different phenomenology is observed when considering
particles endowed with directional interactions, as illustrated for dumbbells in the previous ex-
ample. These can develop either because of a nonspherical geometry of the particle or as a result
of explicit anisotropic interaction potentials. A significant amount of work has been done on the
former case, with specific focus on isotropic self-propelled rods. The literature on the subject is
extensive and focuses heavily on the behavior of swimming bacteria and active nematics (see, for
instance, Reference 16 and the references therein). In what follows, we review exciting recent re-
sults obtained on the self-assembly of spherical active Janus particles, which represent the simplest
system with anisotropy in interparticle interactions.

3.3. Dipolar Janus Active Brownian Particles

Dipolar Janus colloids consist of spherical particles coated with two oppositely charged hemi-
spheres. The directional interactions between these particles depend on the salt concentration in
the solution and allow for self-assembly of complex structures. Kaiser et al. (139) recently studied
the clustering behavior of a small number of dipolar ABPs. The model they considered is similar
to the ABP model introduced in Section 2 with the addition of a point dipolar potential at the
center of each colloid aligned with the self-propelling axis. Kaiser et al. allowed a small number
of dipolar ABPs (N = 1–5) to self-assemble under equilibrium conditions and then introduced
self-propulsion to understand its effect on the clusters’ dynamics. This approach provides some
intuition on how activity induces structural changes in small clusters.

Several interesting features having potentially important applications in colloidal self-assembly
have been observed. For instance, dynamic structures that are not stable at equilibrium develop
when the particles are activated, and it is possible to either stabilize or destabilize particular
configurations by careful choice of the propelling velocity vp. Interestingly, the stability of the
equilibrium clusters is dependent on the ramp rate at which the self-propelling force is applied.
If self-propulsion is applied instantaneously, the clusters undergo a permanent fission process in
which they either experience significant internal rearrangements or completely break. However,
if self-propulsion is slowly ramped to its final value (adiabatic switching), no fission is observed
and the equilibrium cluster configuration is retained. This sensitivity to the ramp rate offers a
unique handle for modulating self-assembly. Kaiser et al. (139) illustrate a high level of control
over the selection of a particular cluster configuration by both tuning the system parameters and
selecting an adequate choice of how self-propulsion is applied to the particle. In a more recent
paper, Guzmán-Lastra et al. (140) further characterize the dynamical properties of these dipolar
Janus ABP clusters.

Using a combination of numerical simulations and experiments, Yan et al. (141) have shown
how multiple modes of collective behavior can be encoded into Janus dipolar ABPs. In their
work, each of the two hemispheres of the colloids carries its own electric charge, and a colloid
is propelled along the axis perpendicular to the particle’s equator. The experimental realization
of this system consists of silica spheres with one hemisphere coated with a metal and the other
covered with a thin SiO2 protective layer. The two hemispheres of the colloid polarize differently
when an alternating-current electric field is applied perpendicular to system. This mismatched
frequency-dependent dielectric response is exploited to both control the motility of the colloids
and modulate colloid–colloid interactions. As shown in Figure 4, it is possible to self-assemble
several distinct active structures by modulating the magnitude and sign of the electric charge on
each hemisphere of the colloid. When the charge on the two hemispheres has the same sign and
magnitude, the system exhibits behavior similar to that of purely repulsive ABPs, and since the
density considered is below the onset for the MIPS transition, the system remains in a fluid state
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(a) Dipolar Janus active Brownian particles, where both the sign and magnitude of the charge on each
hemisphere can be controlled to impose different collective behavior. Positive or negative charge sign is
indicated by color (red or blue), relative magnitude of charge is indicated by dot size, and propelling direction
is indicated by black arrows. (b–d ) Typical snapshots for the different phases, including (b) active chains,
(c) swarms, and (d ) clusters. White hemispheres represent leading sides and red hemispheres represent
trailing sides. The yellow arrow in panel c marks the global direction of the swarm. Figure adapted from
Reference 141 with permission from Nature.

(Figure 4a). More interestingly, when there is a charge imbalance between the two hemispheres,
the system develops various forms of nontrivial self-organization. Particles with equal and opposite
charges on the two hemispheres spontaneously assemble into active chains (Figure 4b). When a
large charge imbalance between the two hemispheres is enforced, the colloids induce large torques
on one another when coming in close proximity, and two distinct cases emerge. In the first case,
when the propelling force is set to point toward the hemisphere with greater charge, the torques
tend to align two colloidal swimmers in the same direction. This angular alignment produces large-
scale coherent swarms with phenomenology reminiscent of the Vicsek model (43) (Figure 4c). In
the second case, when the propelling force is set to point away from the hemisphere with greater
charge, the induced torques tend to rotate the colloids so that the more charged hemispheres are
pushed apart as far apart from each other as possible. In this case, the colloids tend to align with
their propelling axes facing one another, resulting in the formation of jammed clusters with high
local density (Figure 4d ). These studies provide an excellent example of how angular interactions
can be tuned to induce self-assembly of complex structures, and they indicate how the interplay
between torques and self-propelling forces can facilitate the formation of active aggregates.

3.4. Amphiphilic Janus Active Brownian Particles

We now shift our focus to the self-assembly behavior of amphiphilic Janus ABPs. This type of
Janus particle consists of two distinct hemispheres, one hydrophobic and the other hydrophilic.
An experimental realization of amphiphilic Janus ABPs consists of silica microspheres passivated
with a hydrophobic ligand [octadecyltrichlorosilane (OTS)], whose hemisphere is then covered
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(a,i ) Schematic of the assembly of octadecyltrichlorosilane (OTS)-modified amphiphilic Janus active
Brownian particles (ABPs), with the hydrophobic OTS sides ( gray) facing one another. (a,ii ) Typical
configurations of a pair of amphiphilic Janus ABPs (scale bar = 1 µm). (a,iii ) Typical assemblies of
amphiphilic Janus ABPs’ triplet assemblies: movement of triplet assemblies with different orientations (scale
bar = 1 µm). Panel a adapted from Reference 142 with permission from the American Chemical Society.
(b) Plot representing the angular speed of possible dimer conformations. The intensity of the shaded regions
shows counterclockwise (red ) and clockwise (blue) rotations of the dimers. Redundant information contained
in the four regions bordered by diagonal lines (solid and dashed ) can be mapped into a single triangular
quadrant marked by the letter I (for more details, see Reference 143). Panel b adapted from Reference 143
with permission from the American Physical Society.

by a platinum cap. These amphiphilic Janus ABPs experience a short-range attraction between the
hydrophobic domains, whereas the interaction between the platinum-capped hemispheres is purely
repulsive. In essence, the platinum cap restricts the interparticle attraction to the hydrophobic
hemisphere, which gives rise to well-defined assemblies (Figure 5). By tuning the size of the
hydrophobic domain and that of the platinum cap, it is possible to control the angular range of
the interaction, and thus the number of colloids that can simultaneously stick to each other and
the degree of self-propulsion of the colloid.

Gao et al. (142) have experimentally investigated the formation and dynamics of small clusters of
amphiphilic Janus ABPs. For a pair of colloids, they find that the motion is governed by the relative
orientation of the two self-propelling forces. Figure 5b shows the possible orientations for a pair
of amphiphilic Janus ABPs. When the two propelling vectors are aligned with the interparticle
axis, so that the particles directly push against each other, the pair becomes essentially passive.
The two active forces cancel each other, and the motion of the pair is purely Brownian. However,
when the propelling vectors are both perpendicular to the interparticle axis, the pair behave as
a colloidal rotor with a characteristic angular velocity determined by the magnitude of the self-
propelling force. The self-propelling force in this case contributes only to the rotation of the
pair. The translational dynamics of the pair are effectively Brownian when this configuration is
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adopted. When the location of the Janus balance is altered so that the size of the hydrophobic
patch becomes smaller, the rotational speed of the pair decreases and it revolves with a larger
radius. Although it is straightforward to estimate the degree of translational and rotational motion
for a particular configuration of a pair of Janus amphiphilic ABPs (as shown in some detail in
Reference 143), the situation becomes much more complex when dealing with aggregates of a
large number of particles.

One of the biggest challenges in active self-assembly is designing a building block in which the
interparticle interactions and the self-propulsion of the particles work in conjunction to bias the
formation of a particular target structure. Section 4 is dedicated to this topic.

4. CAN ACTIVITY IMPROVE SELF-ASSEMBLY?

So far, we have discussed some of the exciting new behavior observed in suspensions of active
colloids, with a specific focus on the new properties, morphological or dynamical, of the aggregates
formed under the influence of propelling forces. In this section, we shift our focus and consider
whether activity can be exploited to speed up the complex self-assembly dynamics of colloids
designed to (passively) form desired target structures. For this purpose, we consider activity as
a new, tunable dimension in the colloidal parameter space. This new variable, self-propulsion,
as already illustrated in the previous sections, can profoundly affect the dynamical behavior of a
system. When implemented in a synergistic manner, it can be exploited to bias the formation of
a particular desired microstructure against any malformed or competing microstructures.

As discussed in Section 1, it is clear that, even when the interactions between building blocks are
chosen so that a particular ordered structure is stable, the self-assembly of that structure may not be
possible because of the presence of competing metastable states. Successful self-assembly usually
requires a delicate balance between entropic and dispersion forces, and the formation of defect-free
structures demands that the rate of association of the building blocks to the forming assembly be
comparable to the rate of dissociation from it, leading to rather slow timescales for the completion
of the self-assembly process. Obviously, because of their enhanced translational motion, self-
propelled particles can explore a given volume and find a large slow target (the assembly) much
faster than their passive counterparts. However, the same propelling forces, when sufficiently
large, can alter the morphology or the structural properties and can even break down the target
structure by exerting unbalanced inner forces and torques. Thus, on the one hand, self-propulsion
can speed up the kinetics of particle association, but on the other hand it can affect the stability
of the desired target structure. As such, one should not expect that adding self-propulsion to any
colloidal particle will necessarily be advantageous, unless the self-propelling forces themselves
organize within the target assembly in such a way that its stability is not compromised. This can
be achieved by judiciously pairing the propelling forces and the interparticle interactions.

As a simple illustration, we review the self-assembly of active triangular colloidal particles dis-
cussed in Reference 24. Although there is nothing particularly special about the shape of this
building block, the pathway associated to its self-assembly presents all the generic features ob-
served in a typical self-assembly process. (a) There is a clearly defined target structure. Equilateral
triangles with one side hard and the other two attractive are designed to passively self-assemble into
hexagonal structures of exactly six triangles (capsids) (Figure 6b). (b) There exists an ensemble of
structures with a larger degree of orientational entropy (Figure 6c) that can directly compete with
the formation of the target structure as soon as the interparticle interaction becomes sufficiently
large. This high level of competition generates a scenario in which the success of self-assembly of
the hexagonal structures is highly dependent on the strength of attraction between colloids and is
expected to occur only for a narrow energy range. (c) Starting from a low-density suspension, the
typical times required for self-assembly become exceedingly long.
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(a) Schematic of a triangular building block with two attractive sides. The white arrow indicates the direction
of self-propulsion. (b) The target structure to be self-assembled is a hexagonal capsid composed of six
colloidal building blocks. (c) Typical disordered aggregate formed when the attraction between the triangles
is too strong. (d ) Percentage yield of target structure as a function of the strength of the attractive interaction
for passive colloids. (e) Anti-aligned (top) and aligned (bottom) configurations of a pair of triangular particles.

The percent yield of the target structure as a function of the strength of the attractive interaction
is given in Figure 6d. As expected, successful self-assembly in the passive system is limited to a
narrow range in the binding energy. In this window, the maximum yield observed is ∼90%. For
smaller values of the binding energy, the colloids do not aggregate. For larger values, the formation
of large, disordered aggregates is favored (Figure 6c). How can one endow these particles with
self-propulsion to improve the overall rate and yield of self-assembly?

The general strategy in implementing this approach is to design the colloidal building blocks so
that the particle interactions and the direction of self-propulsion work in conjunction to form and
stabilize the desired structure. In this simple example system, the solution is fairly straightforward.
By choosing the direction of self-propulsion to be perpendicular to the repulsive face of the
colloid, as illustrated in Figure 6a, one can improve the stability of the final hexagonal aggregate.
Furthermore, this choice biases the formation of the target structure early on in the self-assembly
process. Indeed, as illustrated in Figure 6e, there are only two ways for a pair of colloids to bind to
each other. In the first configuration, the propelling axes are anti-aligned, whereas in the second
configuration the self-propelling axes are partially aligned. In the former case, activity tends to
destabilize and separate the pair, whereas in the latter case the bond between the two particles
is strengthened by the contributions of the active force. Biasing the system away from binding
configurations that lead to the formation of misaligned structures leads to a significant increase in
the likelihood of a robust self-assembly process. Thus, the selection of the final structure begins
already at an early stage, as partially aligned configurations are favored and are compatible with
the target geometry.

A critical requirement of the target microstructure is that the vectorial sum of the self-propelling
forces in its interior be equal to zero. This creates a focal point in the center of the compact aggre-
gate at which each colloid can exert a force that strengthens their mutual attractive interactions
through the cooperative arrangement of the propelling forces. These emergent interactions stabi-
lize the hexagonal structure even in the absence of explicit attractive forces and behave essentially
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as active bonds of tunable strength. Any compact aggregate for which this vectorial condition is
not satisfied will experience large active torques and shear forces that can break it apart. One can
think of self-propulsion in these systems as a very selective filter that allows for the stabilization of
only certain structures. We believe that this strategy should work for all compact target structures
satisfying the vectorial condition discussed above.

We stress that this behavior also suggests ways of using activity as a tool to separate both time
and energy scales in multistage self-assembly problems (144). In fact, given that the aggregation
rate and the strength of the active bonds are completely controlled by the particles’ self-propulsion,
it is possible to use activity to quickly self-assemble compact structures with zero net propulsion,
such as the hexagonal capsids described above, that would function as new passive mesoscopic
building blocks. These could then be made to slowly self-assemble even further, exploiting standard
dispersion or weak solvent-induced interactions. The ability to efficiently separate time and energy
scales within the same sample may be greatly beneficial for the fabrication of ever more complex
microscopic architectures.

Although this strategy appears to be effective for compact but finite-sized structures, there is
evidence (145) that it can also be applied to other systems. For instance, low levels of activity
can be used to improve the self-assembly of macroscopic crystals and open-lattice structures.
It has been shown (146) that passive triblock Janus particles, which have two attractive patches
located at the opposite poles of each particle, spontaneously form macroscopic kagome lattices
for sufficiently large patch areas and attraction strengths. Our preliminary results (145) indicate
that the formation of the kagome lattice structure greatly benefits from the introduction of a
small amount of self-propulsion along the pole-to-pole axis of these particles. The reason behind
this is that the active forces in this case act to destabilize the competing elongated structures
that tend to form early on in the self-assembly process. Clearly, more work in this direction
needs to be done to understand the intricacies of how activity may affect the stability or the
dynamic pathway of the self-assembly process; nevertheless, this is a very promising direction in the
field.

5. CONCLUSIONS

In this review, have we recapitulated some of the most exciting phenomenological behavior ob-
served in suspensions of active colloids. We have also discussed some of the strategies that can be
deployed to exploit activity to more efficiently self-assemble target structures. To conclude, we
remark that apart from a few exceptions (see, for instance, References 147, 148 and the references
therein), most of the work in this area has been carried out under the assumption that the active
forces are constant with respect to time. However, the newest generation of active colloids can be
activated by light (128, 149, 150) (i.e., their self-propulsion can be turned on and off by exposure
to an external light source). This is achieved, for instance, by inserting a piece of hematite on
one side of the colloids and shining light of a specific frequency on the suspension: It is only
in the illuminated regions that the hematite catalyzes the hydrogen peroxide (128). This is an
incredibly useful feature for self-assembly, as it makes it feasible to create regions in the sample
where particles become active under light exposure and regions where particles behave as purely
Brownian objects. Another interesting feature of light-induced activity is that it allows the strength
of the active forces to be easily modulated over time either by tuning the intensity of the light
source or by switching it on and off at different frequencies. This simple feature opens the way to
experimental studies of stochastic Brownian ratchets and adds yet another handle that could be
exploited to create new functional materials, allowing one to directly intervene and dynamically
affect the pathway of structure formation.
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104. Deseigne J, Dauchot O, Chaté H. 2010. Collective motion of vibrated polar disks. Phys. Rev. Lett.
105:098001

105. Peruani F, Starruß J, Jakovljevic V, Søgaard-Andersen L, Deutsch A, Bär M. 2012. Collective motion
and nonequilibrium cluster formation in colonies of gliding bacteria. Phys. Rev. Lett. 108:098102
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