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Introduction

Gerhard Gompper and Roland G Winkler

Theoretical Soft Matter and Biophysics, Institute of 
Complex Systems and Institute for Advanced Simulation, 
Forschungszentrum J�lich, 52425 J�lich, Germany

Active matter is a novel class of nonequilibrium systems com-
posed of a large number of autonomous agents. The scale of 
agents ranges from nanomotors, microswimmers, and cells, 
to crowds of �sh, birds, and humans. Unraveling, predicting, 
and controlling the behavior of active matter is a truly inter-
disciplinary endeavor at the interface of biology, chemistry, 
ecology, engineering, mathematics, and physics. Recent pro-
gress in experimental and simulation methods, and theoretical 
advances, now allow for new insights into this behavior, which 
should ultimately lead to the design of novel synthetic active 
agents and materials. This Roadmap provides an overview of 
the state of the art, and discusses future research directions on 
natural and arti�cial active agents, and their collective behavior.

General principles and methods.  Active systems are persis-
tently out of equilibrium, due to the continuous energy con-
sumption of its constituent agents. This implies the absence 
of equilibrium concepts like detailed balance, Gibbs ensemble 
and free energy, as well as time-reversal symmetry. Therefore, 
theories of active matter have to be constructed on the basis of 
symmetries�like polar or nematic shape and interactions of the 
agents�as well as conservation laws and dynamic rules. Agent-
based standard models, such as active Brownian particles and 
squirmers, have emerged to account for the underlying physi-
cal mechanisms in dry and wet active matter. They are comple-
mented by continuum �eld theory. Methods and techniques 
to analyze these models and theories range from simulations, 
including mesoscale hydrodynamics approaches, to �eld-theor
etical methods and dynamic density-functional theory.

Biological nano- and microswimmers.  Evolution has pro-
vided a large diversity of biological swimmers on the 
microscale, such as sperm cells, bacteria, and algae. Their 
propulsion mechanisms and navigation strategies are tailored 
to their function and natural environment, ranging from liv-
ing organisms to soil and the open seas. Microswimmers 
prototypically employ cilia or �agella for propulsion, which 
beat or rotate, but also periodic changes of their body shape. 
Understanding of the underlying principles and search strate-
gies, e.g. chemotaxis and phototaxis, allows for their targeted 
manipulation and control in medicine, ecology, and multiple 
technical applications. The motion of these swimmers on the 
microscale naturally raises the question how small a swim-
mer can be to still display directed motion, maybe even on the 
scale of a single macromolecule.

Synthetic nano- and micromachines.  Various strategies for 
the design of autonomous synthetic nano- and micromachines 
have been proposed. This includes phoresis�inhomogeneous 
catalysis of chemical reactions (diffusiophoresis), thermal 
gradients (thermophoresis)�, planktonic body deformations, 

and biology-inspired concepts. Such machines provide the 
basis for multifunctional and highly responsive (arti�cial) 
materials, which exhibit emergent behavior and the ability to 
perform speci�c tasks in response to signals from each other 
and the environment. The development of novel techniques 
facilitates control of the locomotion of individual nano- and 
micromachines as well as their interactions, and the design of 
intelligent active materials.

An important model system to study collective motion far 
from equilibrium is a mixture of semi�exible polar �laments 
and motor proteins, which form highly dynamic swirl patterns. 
Here, the motion of topological (nematic) defects and their 
creation and annihilation plays a central role. Active nematic 
theory successfully captures many observed phenomena.

In potential applications, the external control of nano-and 
micromachines is essential. Here, light has become a prime 
candidate, because it can be switched on and off at will, affects 
the particles without delay, and can be modi�ed in strength 
individually for each particle.

Swarming.  Active agents are able to spontaneously self-
organize when present in large numbers, resulting in emergent 
coordinated and collective motion on various length scales. 
Examples range from the cytoskeleton of cells, swarming 
bacteria and plankton, to �ocks of birds and schools of �sh. 
The mechanisms determining the emergence and dynamics of 
a swarm include the shape of the agents, steric interactions, 
sensing, �uctuations, and environmentally mediated interac-
tions. Novel phenomena range from motility-induced phase 
separation to active turbulence.

In biological systems, the reaction of swarms to external 
signals is crucial, and is often the reason for the formation of 
swarms in the �rst place. Examples range from the reaction 
of bird �ocks to predators to the collective motion of bottom-
heavy swimmer like algae in gravitational �elds.

In synthetic systems, light control allows for a completely 
new approach, in which the interactions between particles are 
partially direct, partially calculated numerically from meas-
ured particle conformations and then imposed externally.

Cell and tissue dynamics.  Fundamental biological processes, 
such as morphogenesis and tissue repair, require collective 
cell motions. Diverse inter- and intracellular processes are 
involved in migration, ranging from cytoskeleton-generated 
forces to deform the cell body to intercellular and substrate 
adhesion. This gives rise to speci�c phenomena, for particular 
cell types, such as �ngering-like instabilities and spreading, or 
glass-like arrest as the cellular adhesions mature.

Tissues are nature�s active materials, and are therefore 
very interesting as blueprints for synthetic active materials. 
Here, diverse aspects are combined synergistically. For exam-
ple, tissues�in particular epithelial monolayers�respond 
elastically when stretched, but can also be �super-elastic� 
(supporting enormous areal strain) due to active cytoskeletal 
polymerization dynamics. In contrast, �uidization of tissues 
on long time scales is induced by apoptosis and cell division, 
but also by mechanical stimuli, implying rheological proper-
ties controlled by activity.
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are able to reproduce experimental data on phase separation 
[2], supporting the notion that directed motion is the crucial 
ingredient. It remains to be explored more systematically how 
the MIPS scenario is modi�ed through phoretic and hydro-
dynamic interactions. At what point does new, qualitatively 
different behavior emerge?

Even for plain ABPs, an open question is the exact nature 
of the critical point terminating coexistence [8]. In passive 
systems, critical �uctuations due to a diverging correlation 
length show universality, i.e. they are determined by symme-
tries and conservation laws but independent of microscopic 
details. Can such a classi�cation scheme of universality 
classes be extended to active particles? This would be helpful 
in predicting the large-scale macroscopic properties of active 
materials. Away from the critical point, new tools will have to 
be developed to deal with multi-component mixtures of active 
particles and the associated phase behavior.

A major theoretical undertaking is to develop a better 
understanding for the statistical foundations of active mat-
ter, ideally comparable to equilibrium statistical mechanics. 
While this goal seems to be futile for non-equilibrium in 
general, quite some progress has already been made for ide-
alized active particles. The bene�t of a more abstract, model-
independent understanding is two-fold: �rst, it would allow to 
derive general bounds against which models can be validated, 
and second, it would allow to develop and adapt advanced 
numerical methods. As one example, one could then study 
rare events such as nucleation. At the moment, often mod-
els are constructed around, and in order to reproduce, exper
imental observations; with limited use for predicting novel 
phenomena.

But beyond challenges, there are opportunities. Synthetic 
active particles allow to disentangle physical mechanisms 
from more complex, regulatory feedbacks in biological 
systems [9]. Models in the spirit of ABPs are now being 
employed for this purpose, and simple variations can repro-
duce surprisingly complex behavior. For example, some 
microorganisms such as bacteria and sperm cells can �sense� 
chemical gradients and adapt their behavior. This can be used 

for communication purposes through a mechanism called 
quorum sensing, in which members of a population excrete 
signaling molecules that diffuse in the surrounding solvent 
and create a non-uniform concentration pro�le. The local con-
centration (more precisely, its relative change) of these mol-
ecules is sensed by other members and determines changes in 
their phenotype, e.g. bioluminescence and motility changes. 
Implementing such quorum sensing for synthetic active par-
ticles has be exploited to achieve aggregation at low densities 
[10]. While most studies explore the �forward� direction, i.e. 
they study the emergent collective behavior for a given model, 
it will also be interesting to consider the reverse direction and 
to determine rules that lead to a desired target state. In passive 
materials, this task is intimately related to coarse-graining and 
the determination of a pair potential from a radial pair distri-
bution. Comparable tools for non-equilibrium active systems 
are missing, but it seems safe to predict that we will see the 
deployment of machine learning concepts in this area.

Concluding remarks.  APBs and their growing number of 
variants will continue to be valuable models to study basic 
questions of non-equilibrium many-body statistical physics. 
One vision is that these models will eventually lead to a com-
prehensive theoretical framework on a par with equilibrium 
statistical mechanics. Leaning towards the application side, 
these models can provide valuable design guidelines for tasks 
such as directed transport at the microscale and controlling 
assembly pathways of dissipative materials and structures. 
Such an understanding opens the route to soft functional 
materials that could implement responses not possible in pas-
sive materials.
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In the special case � � const and � � 1. When � ��0, equa-
tion�(2) cannot be written as the derivative with respect to � of a 
free energy functional. Consequently, the extra � term was found 
to break detailed balance and the common tangent construction.

Going one step further, [16, 17] considered arbitrary coef�-
cients �(�) and �(�) (i.e. the most general expression for � at this 
order in gradient) and showed how to compute analytically the 
phase equilibria of this generalized Cahn�Hilliard (GCH) equa-
tion. This relies on introducing an �effective density� R(�) satis-
fying the differential equation��R�  �    �  (2�  �  ��)R�. Up to this 
change of variable, one recovers a thermodynamic structure: the 
coexistence densities are set by the equality of chemical poten-
tial g0 and a generalized pressure �P, which de�nes the common-
tangent construction on a generalized free energy density �f  (see 
�gure�2). The generalized quantities are all de�ned with respect 
to R: �f  is such that d�f �dR � g0 and �P � Rg0 � �f . Note that 
the equilibrium case corresponds to 2�  �  ��  �  0 so that R  �  � 
and the usual thermodynamic construction is recovered. In the 
active case, R ��� and the interfacial terms thus affect the phase 
equilibria because they enter in the de�nition of R. This is a 
major difference with the equilibrium situation where the phase 
diagram depends only on bulk properties. On the other hand, 
the non-equilibrium character of the system stems only from 
gradient terms and, consistently, the entropy production, when 
de�ned locally, is concentrated at the interfaces [18].

For QSAPs, one can explicitly coarse-grain the micro-
scopic dynamics to write a dynamical equation�for the density 
�eld [13]. At high density, when �uctuations can be neglected, 
it takes exactly the form of the GCH equation; the phase dia-
gram and the coexisting densities quantitatively agree with 
those found in numerical simulations [16, 17].

Current and future challenges.  It was recently realized that 
PFAPs actually show more complex nonequilibrium features 
than QSAPs, which are not accounted for by the GCH. Sim-
ulations indeed revealed [19] that, at phase coexistence, the 
liquid phase hosts a population of mesoscopic vapor bubbles 
that are continuously nucleated in the bulk, coarsen, and are 
ejected into the exterior vapor. The inverse process, with the 
interface buckling to bring a bubble of vapor into the liquid 
is rarely observed, suggesting that for PFAPs nonequilibrium 
features are crucial also in the bulk (bubbly phase separation). 
It is a current challenge to explain this phenomenology.

A �rst attempt to rationalize such complex steady states 
consists in a further generalization of the Cahn�Hilliard equa-
tion, including a term that cannot be written as the gradient of 
a chemical potential

�� � � � M ���
�
�� � ��2���

�
,� (3)

with equation�(2) for �. This is now the most general dynam-
ics that can be written for a conserved quantity at this order in 
gradients and it was analyzed in [20] for constant coef�cients 
M, �, � and �.

In an equilibrium �uid, full phase separation is kinetically 
achieved through the Ostwald process: as the Laplace pres
sure is larger in smaller droplets, the bigger ones grow at the 
expense of smaller ones. Crucially, it was shown in [20] that 
the � term can revert the Ostwald process, still keeping inter-
faces stable. Increasing �, one observes a phase transition 
between full phase separation and, depending on the global 
density, the �bubbly phase separation� or the microphase sepa-
rated state represented in �gure�3 (bottom). It is presently an 
open question whether such results can be connected to the 
measurement of negative interfacial tension in PFAPs [17, 21].

Explicit coarse-graining of particle models [20] that treat 
the effect of two-body forces perturbatively with respect 
to quorum sensing suggests that the pairwise interactions 
of PFAPs can generate the type of � term discussed above. 
Equation�(3) remains to show that pairwise forces suf�ce to 
generate this term and that it is indeed responsible for the phe-
nomenology of PFAPs. In that regard, an important challenge 
is to �nd means to relate the coef�cients of the macroscopic 
equations�to microscopic measurements.

The motivation for the extensions of the Cahn�Hilliard equa-
tion�presented here is to describe phase separation in systems that 
do not obey detailed balance. As such, it is not limited to active 
matter and could be relevant to other non-equilibrium systems 
such as sheared suspensions undergoing shear de-mixing or shear-
banding, or to liquid-like droplets in the intracellular medium. 
Finding whether the ideas of generalized thermodynamics and 
reverse Ostwald ripening can be applied to other situations will 
thus be part of future endeavors. Mixtures of active and passive 
particles are another very active subject that is also of practical 
interest to describe, for example, mixtures of motile and non-
motile bacteria or the intracellular medium where active and pas-
sive components coexist. Several types of phase separation have 
been observed numerically but our theoretical understanding is 
still rudimentary and it is a future challenge to develop the type 
of thermodynamic formalism presented in this note for mixtures.

Figure 3.  Simulations of equation�(3), with liquid regions in yellow 
and vapor in purple for small (upper row) and large (lower row) �. 
Upon increasing �, a phase transition is crossed between full phase 
separation and a microphase separation showing a population of 
vapor bubbles forming in the liquid due to reverse Ostwald ripening. 
Reproduced from [20]. CC BY 4.0.
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symmetry of the emergent order is not given by the symme-
try of the interaction potential only, but also for the kinemat-
ics of particles. In particular, understanding the emergence of 
polar order requires to go beyond mean-�eld assumptions and 
include pair-correlations. In summary, here again, the order 
symmetry is an emergent, dynamical property of the system.

Concluding remarks.  Self-organized patterns of actively 
moving entities may emerge by alternative mechanisms to 
velocity alignment and speed-density coupling. Attractive 
forces in the absence of Newton�s third law or the interplay 
between self-propulsion and particle shape can lead to polar 
as well as nematic collective patterns. These observations 

invite to revise the interpretation of existing experimental data. 
Importantly, the order symmetry for these alternative mech
anisms is an emergent, dynamic property of the system and 
not the mere re�ection of the microscopic interaction sym-
metry. A theoretical understanding on how such order symme-
tries emerge remains an open question. Arguably, such order 
symmetries result from a non-trivial interplay between the 
kinematics of particles and the microscopic interaction rules.
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numbers. No other method so far has achieved this. Apart from 
further applications concerning microswimmers in con�ning 
geometry, this formalism should be extended in the future 
towards binary mixtures, towards freezing of concentrated 
suspensions of microswimmers and to viscoelastic solvents 
and underdamped dynamics.
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by the microswimmer SPP 1726 of the German Research 
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Figure 6.  Time evolution of the density pro�les (color maps) and orientation pro�les (white arrows) for an ensemble of pusher 
microswimmers in an external trapping potential. Starting from an equilibrated non-active system, the active drive is switched on at time 
t  �  0. From left to right, snapshots at times t  �  0.05, 0.5, 1.5, 2.5�are shown. The pushers �rst form an outwardly-orientated high-density 
ring, which then collapses towards a single spot due to their mutual hydrodynamic interactions.
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concentration pro�le and net directional movement in the 
presence of substrate gradient. These studies will naturally 
be extended to denser suspensions of enzymes and collective 
behaviour of active enzyme suspensions. Some preliminary 
work on collective behaviour of enzymatic systems has been 
done, showing great promise for exciting new directions.

Acknowledgments

The theoretical work on molecular swimming and nonequi-
librium activity of enzymes has been performed jointly with 
Tunrayo Adeleke-Larodo, Jaime Agudo-Canalejo, Armand 
Ajdari, Pierre Illien, and Ali Naja�.

Figure 7.  Schematic representation of enhanced diffusion and chemotaxis of catalytically active enzymes. Credit: Jaime Agudo-Canalejo.

Figure 8.  Modi�ed equilibrium mechanism for enhanced diffusion. (a) Generalized dumbbell model with two subunits that represent the 
modular structure of an enzyme interacting via hydrodynamic interactions and a harmonic-like potential. (b) The mechano-chemical cycle 
explored by the enzyme in the presence of substrate and product molecules: when the enzyme is free, it can bind to a substrate molecule 
and transform it into a product molecule. These transformations are assumed to be reversible, with the corresponding rates shown in the 
equation. (c) Modi�cation of the extent of elongation �uctuations of the dumbbell due to substrate or product binding. (d) Modi�cation of 
the orientational �uctuations upon substrate or product binding. Reproduced from [48]. Credit: Pierre Illien.
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Sperm as microswimmers

U Benjamin Kaupp and Luis Alvarez

Molecular Sensory Systems, Center of Advanced European 
Studies and Research, Bonn, Germany

Status.  Sperm have risen to one of the most useful model 
systems of biological microswimmers. Sperm carry a hair-
like protrusion�called �agellum�that serves as antenna for 
chemical and physical cues in the environment, as motor that 
propels the cell, and as rudder that steers sperm in sensory 
landscapes. A sensory landscape or sensory �eld refers to a 
�eld of any chemical or physical stimulus that can be regis-
tered and processed by the cell. For steering in a sensory �eld, 
sperm modulate the asymmetry of the �agellar beat: when the 
�agellum beats symmetrical, sperm move on a straight path; 
when the beat becomes more asymmetrical, �uid is pushed 
aside, and the swimming path becomes curved. In all sperm 
species, the �agellar beat is modulated by the intracellular 
Ca2� concentration ([Ca2�]i) [63]. Sperm use various sensing 
mechanisms to gather physical or chemical cues to spot the 
egg [64]. In mammals, three mechanisms have been proposed 
that guide sperm through the narrow oviduct: chemotaxis, 
thermotaxis, and rheotaxis. In marine invertebrates, chemo-
taxis has been �rmly established. During chemotaxis, sperm 
couple stimulation by chemoattractants to changes in [Ca2�]i 
and, ultimately, �agellar beat asymmetry. In sea urchin, the 
best-understood model system, a cGMP-signaling pathway 
controls the opening of sperm-speci�c Ca2� channels in the 
�agellum (�gure 11). A fascinating feature of sea urchin 
sperm is that a single chemoattractant molecule can elicit a 
Ca2� response. Such an elementary Ca2� response involves 
(1) the synthesis of about 10cGMP molecules; (2) a change 
in the intracellular proton concentration (�pHi) of about 
0.01 units; and (3) a voltage response of about 2�3 mV. Upon 
return to resting Vm and at more alkaline pHi, Ca2� channels 
open and sperm adjust their swimming path.

Current and future challenges.  Supramolecular organisation 
of the signalling pathway. The sequence of signalling events 
shown in �gure�11 is usually organised from left to right, from 
the receptor to the Ca2� channel. During forward signalling, 
several biochemical reactions are triggered that initiate the 
recovery from stimulation. Such feedback mechanisms include 
the hydrolysis of cGMP and extrusion of Ca2� from the cyto-
sol. Thus, to depict signalling as a relay race, where the baton 
is conveyed from one stage to the other, is too simple. Proba-
bly, signalling components form molecular or functional com-
plexes. To achieve full quantitative understanding, three pieces 
of information are required. First, the concentrations and stoi-
chiometric ratios of signalling components must be known. In 
principle, this can be accomplished by quantitative mass spec-
trometry. Second, a great challenge will be to identify potential 
complexes among signalling molecules. Finally, future work 
needs to determine the kinetics and properties of signalling 
proteins in quantitative terms. Only then, robust quantitative 
network models can be built that reach beyond guesswork.

Differences among species.  Sperm preferentially adopt 
unique, sperm-speci�c signalling molecules and pathways 
that differ from signalling in sensory cells and somatic cells 
in general [65]. Many of the signalling molecules are also 
species-speci�c; the differences among the molecules are 
not restricted to trivial details. Below the masquerade of 
seemingly similar faces (i.e. amino-acid sequences), signal-
ling molecules adopt new structures, mechanisms, and func-
tions. Thus, although Ca2� orchestrates motility in �agellated 
sperm, the molecules and signalling pathways that control 
Ca2� entry into sperm are diverse across phyla. Understanding 
the commonalities and differences of sperm signalling will be 
a daunting task, considering the diversity in sperm shapes, 
fertilization sites, ionic milieus, hydrodynamics, and motility 
patterns. For example, sperm from marine external fertilizers 
operate in seawater with an osmolarity of about 1100 mOsm, 
whereas �sh living in lakes and rivers spawn into freshwater 
of only a few mOsm. Future work needs to explain the dif-
ferent sperm properties in the light of the respective habitat, 
reproductive organ, or reproduction strategy.

How does the 3D �agellar beat control the swimming 
path?  Due to technical limitations, sperm chemotaxis has 
primarily been studied in two dimensions (2D). While swim-
ming in shallow observation chambers, sperm move towards 
the glass/water interface, where they accumulate due to ste-
ric and hydrodynamic interactions with the walls [64]. Accu-
mulation facilitates the observation of cell movement in the 
focal plane. While swimming in a chemical gradient of che-
moattractant, sea urchin sperm alternate between episodes of 
higher and lower asymmetry of the �agellar beat. As a result, 
sperm move on drifting circles up the gradient [66]. Inspired 
by this periodic swimming pattern, a theory was developed 
that captures the essence of chemotactic navigation [67]. A 
cellular signalling system transforms the periodic stimula-
tion s(t) (chemoattractant binding) into a periodic intracellu-
lar signal i(t) that in turn produces a periodic modulation of 
the swimming path curvature �(t). The resulting looping path 
guides sperm up or down the gradient, depending on the phase 
relation between s(t) and �(t). The phase relation is deter-
mined by the latency of the Ca2� response and the ensuing 
motility response. The swimming path of unrestricted sperm 
was tracked in 3D using digital inline high-speed holographic 
microscopy [68]. Freely swimming sperm move along helical 
paths. The �agellum beats almost in a plane that slowly rotates 
around the helix axis; a full plane rotation is achieved after 
completion of a helix period. The principles of chemotactic 
steering on a helical path were studied in 3D chemoattrac-
tant gradients, which were established by photolysis of caged 
chemoattractants. The chemoattractant concentration �eld can 
be predicted at any point in space and time; thereby, swim-
ming behaviours can be linked to the spatiotemporal pattern 
of the chemotactic stimulus. In a gradient, sperm adjust their 
swimming path by two different types of responses: gradual 
smooth alignment of the helical axis with the gradient and 
abrupt turns. Irrespective of the response strength, sperm align 
the helical axis with the chemical gradient. Thus, in contrast 
to bacteria that navigate using a stochastic strategy, sperm 

J. Phys.: Condens. Matter 32 (2020) 193001







Topical Review

21

How �agellated protists feed

Thomas Kiłrboe

Centre for Ocean Life, DTU-Aqua, Technical University of 
Denmark

Status.  Many aquatic unicellular protists are equipped with 
�agella that facilitate not only the motility of the cells but�
maybe more important�their resource acquisition. These 
�agellates can be auto- or heterotrophic, i.e. acquire resources 
through photosynthesis and uptake of dissolved mineral nutri-
ents or by foraging on prey, respectively, but many species are 
indeed mixotrophic, i.e. can acquire resources in both ways. 
Their main prey is sub-micron sized bacteria and small photo-
synthetic cells. The action of the �agella create �ows past the 
cell that, one way or another, enhances resource acquisition. 
These �ows, however, also make the cells susceptible to rheo-
tactic (�ow sensing) predators, and there is, therefore, a con-
�ict�a trade-off�between resource acquisition and survival. 
The number and arrangement of �agella as well as �agella 
beat patterns and kinematics in free-living protists must have 
evolved to optimize the trade-off between resource acquisi-
tion (near �eld �ow) and survival (far �eld �ow). Together 
with environmental conditions this fundamental trade-off is 
a main determinant of the structure and function of micro-
bial communities. In the ocean, microbial communities play 
a pivotal role in marine pelagic food webs and for ocean bio-
geochemistry and global carbon budgets through the �agel-
lates photosynthetic activity and consumption of bacteria and 
phytoplankton, and by �agellates being consumed by micro-
zooplankton and thus making energy and carbon available to 
higher trophic levels. A mechanistic understanding of this fun-
damental trade-off is, therefore, essential to understand and 
model the role of microbes for ocean biogeochemistry.

The action of cilia and �agella in unicellular organisms are 
most often studied in the context of propulsion and steering 
[72]. However, these organelles play a key role in resource 
acquisition: the beating �agella create swimming and feed-
ing currents that facilitate both the advective enhancement 
of diffusive uptake of dissolved nutrients and, in particular, 
the encounter of prey, and the �agella may also be directly 
involved in capture and handling of prey. The pioneering work 
of Fenchel [73] progressed our understanding of the func-
tional ecology of free-living, single celled aquatic protists sig-
ni�cantly, and until recently very little has be done to further 
explore the issue [74]. Fenchel described interception feeding 
protists that encounter prey as the �agellate swims through 
the water, or microbial �lter feeders that force water through 
a �lter where prey particles are strained, but his account of 
the �uid dynamics of feeding was incomplete. A fundamental 
problem in encountering prey is that viscosity impedes preda-
tor-prey contact at the low Reynolds number at which protists 
operate, yet heterotrophic �agellates are capable of clearing 
huge volumes of water for prey, typically corresponding to 106 
times their own body volume per day for microscopic prey. 
Commonly used simple �uid dynamical point-force models, 
where the �agellate is modelled as a sphere and the action of 

the �agella as point forces, typically underestimate observed 
clearance rates by orders of magnitude [75]. This is likely 
because such models do not describe near-cell �ow �elds with 
suf�cient accuracy, and does not account for hydrodynamic 
interaction between multiple �agella and the cell body and the 
physics of prey encounter is consequently poorly understood. 
Therefore, the key process of resource acquisition remains 
unexplored for most forms.

The simple point-force type models often used to describe 
self-propelled micro swimmers may be better suited to describe 
the far �eld �ow disturbance generated by these organisms 
and, hence assess the predation risk that they experience while 
feeding. Depending on the position of the force(s) generated 
by the beating �agella and the kinematics of power strokes, 
stokeslet, stresslet, impulsive stresslet, or quadropole models 
captures far �eld �ows relatively well [76], and predict preda-
tion risks with surprising accuracy, at least in slightly larger 
forms [77].

Current and future challenges.  Recent advances in microscale 
particle tracking and particle image velocimetry (�-PIV) have 
allowed the quanti�cation of near-cell �ow �elds in swim-
ming �agellates [78] and, most recently, the description of 
feeding �ows generated by some �agellates [79]. The latter 
have demonstrated the existence of feeding �ows that are suf-
�cient to account for observed clearance rates and that are 
dedicated to enhance prey encounter and solute uptake rather 
than propulsion. In mixotrophic dino�agellates, for example, 
this �ow is generated by the combined action of two �agella, 
one trailing behind the swimming cell, and one placed in a 
grove around the equator of the cell. The latter �agellum is 
further embedded in a �sock� and thus drives an undulating 
sheet, and is additionally equipped with hairs. The joint action 
of these very specialized �agella both propel and steer the 
cell though the water and pull streamlines close to the cell 
at the point where prey is contacted. The generated �ow also 
enhances the diffusive uptake of nutrients by a factor of about 
2 (over that of uptake by pure diffusion alone). The details of 
the �uid dynamics is, however, unresolved, and may be clari-
�ed only through the application of CFD.

Choano�agellates offer another example of specialized 
structures required to acquire resources. Choano�agellates 
have attracted considerable attention because they are the 
presumed ancestor of multicellular life, and the cell type 
still exists, in modi�ed form, in the kidneys of mammals. 
The cell has a single �agellum that is surrounded by a �col-
lar� of closely spaced �lter stands that extends from the cell. 
The �agellum drives a current through the collar �lter, where 
bacterial prey is retained. The feeding �ow can be accurately 
described using particle tracking. Both simple analytical mod-
els as well as detailed CFD suggest that the power produced 
by the �agellum can drive water through the collar �lter, but 
only at a rate that is 1�2 orders of magnitude lower than what 
can be observed and measured [80]. This discrepancy between 
model and observation can only be reconciled if one assumes 
that the �agellum drives a vane, which, however, has never 
been observed. A vane is well known form the choanocytes of 
the closely related sponges.
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Status.  The most primitive of all microscopic swimmers are 
bacteria, the largest group of prokaryotic organisms in biol-
ogy. These single-celled organisms without a cell nucleus 
have diverged on the evolutionary tree from the eukaryotic 
domain a few billion years ago. Bacteria constitute the bulk 
of the biomass of our planet and not only are they responsible 
for many infectious diseases, they also play a critical role in 
the life of higher organisms by performing chemical reactions 
and providing nutrients. The behaviour of bacteria is strongly 
in�uenced by the physical constraints of their habitat and the 
most important of these constraints is the presence of a sur-
rounding �uid.

Despite being far from higher organisms such as animals 
and plants in an evolutionary sense, prokaryotes swim in vis-
cous �uids by exploiting similar physical principles to those 
used by eukaryotes: they actuate slender �laments in order 
to take advantage of the anisotropic drag they experience in 
viscous �uids. In the case of swimming bacteria, the slender 
�laments have the shapes of perfect helices. A few microns in 
length, the semi-rigid helices are rotated by motors, which are 
embedded in the bacterial cell wall. These rotary motors oper-
ate with approximately constant torque. Each motor transmit 
its rotation to that of the associated helical �lament using a 
universal joint in the form of a short �exible polymeric beam 
called the hook, which is tens of nanometres long. The group 
made up of the motor with its hook and �lament is called a 
�agellum (see �gure�15, left). Some swimming bacteria are 
monotrichous and swim by actuating a single �agellum, while 
others are peritrichous and have multiple �agella distributed 
over their surface.

Most of what we know about the physics of swimming 
bacteria has been discovered via the peritrichous model 
organism Escherichia coli (E. coli, see �gure�15, right) [82]. 
Equipped, on average, with four �agella distributed approxi-
mately randomly on its cell body, E. coli cells explore their 
environment using a run-and-tumble motion. During runs 
(approximately one second long), �agellar �laments gather 
in a helical bundle behind the cell and propel the cell for-
ward. Runs are interrupted by quick (tenth of a second) tum-
bles where the counter-rotation of some rotary motors leads 
to a disruption of the bundle, and reorientation of the cell. By 
modulating the duration of runs in response to their environ
ment, cells can perform chemotaxis and move up (or down) 
chemical gradients.

Microbiology is a �eld with a long history and, given the 
context of the worldwide consequences of infectious diseases, 
it remains an active area of research. But beyond biological 
aspects, swimming bacteria have also long been of interest 
to the physics community. Much effort from the biological 
physics side has focused on understanding and quantifying the 
behaviour of cells in �uid environments. The invention of the 

tracking microscope in the 1970s was a major breakthrough in 
the �eld, which has allowed to follow individual cells as they 
perform run-and-tumble motion and to understand stochas-
tic cell dynamics as the basis for chemotaxis [83]. A second 
important development came in the 2000s with the discovery 
of a �uorescent staining method enabling the dynamics of �a-
gella on individual cells to be observed in real time (�gure 15, 
right) [84].

One particular aspect of the physics of bacteria that has 
received considerable attention is the dynamics of the �uid 
�ow created by the swimming cells [85�87].  Indeed, stresses 
created by the �uid set in motion are at the heart of force gen-
eration by the rotating �agella. Furthermore, swimming bac-
teria are in�uenced by the �ow �elds created by neighbouring 
cells and by their immediate environment (such as the pres-
ence of boundaries). Therefore, and unsurprisingly, hydrody-
namic interactions have been shown to affect the dynamics of 
cells in complex and crowded situations.

Current and future challenges.  The principal dif�culty in 
deriving rigorous models for the swimming of �agellated bac-
teria is the nonlinear nature of the underlying external phys-
ics. Indeed, it involves nonlocal hydrodynamic interactions 
between �agella, short-range steric and electrostatic inter-
actions, and elastic deformations of the �agellar �laments, 
which not only bend and twist but also undergo conforma-
tional changes [86]. Although the list of open questions in the 
domain is numerous, we highlight here three speci�c topics at 
the level of individual swimming cells for which a modelling 
approach combining analysis and computations will enable 
important progress.

Between the end of a tumble and the next run, �agellar 
�laments go from being oriented in random directions to all 
gathering on one side of the cell. An outstanding question 
remains regarding the exact role played by hydrodynamic 
interactions in this process. Similar to the dynamics of long 
hair behind the head of a swimmer at the pool, �agellar 
assembly and wrapping can take place passively without the 
need for these interactions. In this case, the �laments are 
dragged behind the cell body as the bacterium swims and 
they passively gather behind the cell since the hooks are �ex-
ible [88]. Furthermore, since the �agella rotate, the cell body 
counter-rotates, which also leads passively to a wrapping of 
the �agella around each other. However, long-range hydro-
dynamic interactions also lead to attraction. Indeed, the pro-
pulsive force created by each �agellum pushes �uid away 
from the cell body and thus create attractive �ows driven 
along the cell wall. These �ows then result in �agellum-�a-
gellum attraction. Similarly, the swirling �ows created by 
�agellar rotation lead to �agellar wrapping. Future math-
ematical modelling will be required in order to unravel the 
fundamental aspects of active versus passive interactions at 
the heart of bacterial bundling.

When the bacteria are swimming, all �agellar �laments 
are orientated and gathered on one side of the cell. Since the 
�ows induced by �agella have a slow, ~1/r spatial decay, we 
need to incorporate the impact of all nonlocal hydrodynamic 
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I argue for the importance of widely-adopted model sys-
tems for active matter research, assess how close motile 
Escherichia coli bacteria are to become a model active col-
loid, and point out some remaining issues over which caution 
needs to be exercised in assessing published data to date using 
these bacteria.

Status.  Progress in any new �eld of �small-science� physics 
requires good experimental model systems. The paucity of 
good model systems constitutes a bottleneck in current active 
matter research. Few, if any, experimental systems have yet 
gained widespread acceptance. As a host of interesting phe-
nomena are discovered, the lack of common models renders 
it is hard to distinguish generic from system-speci�c features. 
Confronting theory and simulations is hampered because 
many experimental parameters remain unknown.

Microtubules-kinesin mixtures [92] can be prepared 
reproducibly and are widely used as model extensile active 
gels, with many parameters already known. The situation is 
less satisfactory in active colloids. A model passive colloids 
requires reproducibility, known particle size/shape distribu-
tions, quanti�able and �tuneable� inter-particle interactions 
and accurate particle concentrations. For an active colloid 
[93], we must additionally understand the propulsion mech
anisms and motility-speci�c interactions (hydrodynamics, 
chemical �elds, etc). A constant but tuneable swimming speed 
is also desirable.

At �rst sight, self-propelled Janus particles should make 
ideal model active colloids. Since the original suggestion and 
�rst demonstration, many related systems have been synthe-
sised. The possibility of sphericity is a big attraction, as is the 
absence of any biology. A high-throughput method now exists 
for characterising their swimming [94]. Light-activation based 
on embedding hematite [95] or other physics [96] adds to the 
appeal. However, other features are troubling.

First, many aspects of the propulsion mechanism remain 
poorly understood [97]. Secondly, bulk experiments are dif-
�cult. The dense metal coating causes sedimentation; in 
other cases, gravitaxis causes particles to accumulate at the 
top. The proximity of surfaces further complicates swim-
ming mechanisms and inter-particle interactions. Finally, the 
rapidity with which such particles consume fuel (H2O2, etc) 
requires a 3D reservoir to sustain a �nite-concentration 2D 
system. While small 3D systems can be achieved using special 
arrangements [98], this situation is not ideal.

To overcome some of these dif�culties, one could use light-
powered Janus swimmers [95, 96]. Indeed, such particles may 
yet become a good model as more groups learn to handle and 

use them. Perhaps surprisingly, another possibility is to use 
motile Escherichia coli bacteria.

The reader should consult a practical introduction to E. coli 
as active colloids [99] for details and references. Cells behave 
as hard spherocylinders29. Length polydispersity can be mini-
mised reproducibly by rigorous control of growth and harvest-
ing. Differential dynamic microscopy (DDM) gives the 3D 
speed distribution of ~104 cells in circa 2 min and the fraction 
of non-motile cells (minimisable by careful preparation) [100].

Suspended in phosphate motility buffer (PMB), E. coli 
does not grow, and swims using internal resources, obviat-
ing the �fuel problem�. There is little evidence of interaction 
via chemical �elds due to nutrient depletion or active chemi-
cal communication, at least not over a few hours in PMB. 
Nutrients can be added to tune the speed to a limited extent. A 
more versatile method is to use light-activated E. coli whose 
speed increases with illumination intensity up to some satur
ation level [101]. Motile cells can be trapped in circular orbits 
at surfaces; but they do escape, and many remain in the bulk 
for 3D experiments.

The swimming mechanism is well understood, from indi-
vidual rotary molecular motors to the hydrodynamics of �ag-
ellated propulsion. Indeed, to date, how a single E. coli swims 
is probably less controversial than how a Janus colloid self 
propels! Fitting the known �ow �eld around a single motile 
cell gives the propulsive force dipole [86].

Mutants are widely available (and authors are obliged 
to share them). Wild-type cells change direction by rapid 
tumbles, but non-tumbling �smooth swimmers� exist, mir-
roring two paradigmatic classes of micro-swimmers: run-
and-tumblers and active Brownian particles. The original 
light-activated E. coli stops sluggishly at light off; deleting the 
F1F0-ATPase complex reduces the stop time to  �0.1 s [101].

There is therefore �a lot to like� about E. coli. A signi�-
cant body of work now exists using it to study active matter 
physics. This literature is fast reaching the point of mutual 
correction, validation and reinforcement. One example is the 
ongoing attempt to understand how �agellated bacteria swim 
in high-molecular-weight polymer solutions, where many 
data sets for E. coli exist and can (more or less) be compared 
with each other [57]. However, such work also reveals that a 
�dark side� of E. coli remains, which needs to be addressed in 
the community�s quest for a good model system.

Current challenges and future directions.  An early �nding 
from DDM was a time-dependent average speed, �v�t�. In 
PMB sealed inside a sample chamber, d�v�dt � 0 until �v �  0 
abruptly at oxygen exhaustion. At low cell densities (n  � 109 
cells ml�1), a small amount of nutrient, e.g. glucose, gives 
d�v�dt � 0 between oxygen and nutrient exhaustion [99]. At 
higher n, accumulating carboxylic acids from fermentation 
lead to �v  �  0 abruptly before nutrient exhaustion. A stronger 

29 Occasionally, a cell becomes heritably sticky by switching on production 
of the protein Ag43. Starting from fresh stock solves the problem.
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Status.  The study of the propulsion mechanisms of individ-
ual micro-swimmers does not exhaust the �eld of micro-swim-
mers [105]. Collective effects are of paramount importance, 
but in this section�we concentrate on understanding motility at 
the level of a single unicellular organism (more on this in the 
concluding remarks).

Understanding the propulsion mechanisms of unicellular 
organisms on the basis of detailed bio-physical models is 
important both from the point of view of biology (in order to 
shed light on the physics of cell motility phenomena which 
play a fundamental role in biology, from the spreading of 
metastatic tumour cells, see, e.g. [106], to the response of the 
immune system, see, e.g. [107]) and from the point of view of 
technology (as for example in Soft Robotics where new bio-
inspired concepts for the design of more responsive, ef�cient, 
and autonomous devices is being sought, see, e.g. [104]).

It is foreseeable that this two-way interaction will lead in 
a not-so-distant future to signi�cant advances in the design of 
new, bio-inspired engineering devices and to a more quantita-
tive understanding of biological processes that are fundamen-
tal for life.

Current and future challenges.  One of the key roles that 
quantitative bio-physical models of the motility of unicellular 
swimmers can play is to help identify general, over-arching 
principles for locomotion and shape-control.

Swimming at low Reynolds numbers is a �uid-structure 
interaction problem where, by action and reaction, one may 
equivalently focus on the equations�of motion of the �uid sub-
ject to the forcing of a shape-changing micro-swimmer, or on 
the equations�of motion of the swimmer, subject to the drag 
due to the presence of the �uid.

The �rst point of view has been fruitful, for example, in the 
analysis of the signature a swimmer leaves in the �uid �ow 
it generates. By representing the latter as the result of a suit-
able combination of singular sources (multipole expansions), 
the widely used notion of pusher and puller swimmers has 
emerged [105].

We have chosen the second point of view, which is typical 
of the engineering problem of controlling the movement of 
vehicles (guidance, navigation, and control), and exploited the 
tools of nonlinear geometric control theory [109, 115]. This 
point of view has delivered the celebrated scallop theorem of 
Purcell [105], which can be rephrased as the statement that 
loops in the space of shapes are necessary to produce non-
trivial displacements through periodic shape changes [109] 
(see, however, [113] for some caveats).

By focusing on the mechanics of individual swimmers, the 
problem of what are the mechanisms the organisms have at 
their disposal to execute shape changes becomes natural, and 

studying it can be rewarding in terms of the possible discov-
ery of new morphing mechanisms [109�112]. These can be 
exploited in the design of innovative engineering devices such 
as deployable structures, dexterous robotic manipulators, and 
biomedical applications such as smart endoscopic capsules.

In spite of several exciting discoveries, and some success 
in replicating biological mechanisms and constructs with arti-
�cial machines, there is plenty of room for using bio-inspira-
tion at a much deeper level. With the exception of the rotary 
motors powering bacterial �agella (which are concentrated at 
few locations on the cell wall, not unlike the engines of typical 
man-made vehicles) locomotion is mostly powered by molec-
ular motors that are distributed. Indeed, molecular motors are 
distributed along eukaryotic cilia and �agella, or inside the 
body of the organisms (dyneins driving the sliding of micro-
tubules in eukaryotic �agella, kinesins driving the sliding of 
microtubules and pellicle strips in Euglena gracilis [112], 
myosin motors driving the sliding of hierarchical assemblies 
of actin �laments in muscular contraction, etc). Organised 
collective behaviour emerges in these systems spontaneously, 
from the body architecture, thanks to the constraining action 
exerted by the elastic resistance of the sub-structure of the 
body on which the motors exert their forces. Replicating these 
concepts in engineered systems capable of self-regulating 
their mechanical response, and possibly made with bio-hybrid 
materials mixing passive components and active molecular 
motors is an interesting (grand) challenge for the future.

The study of motility in unicellular organisms offers also 
opportunities to understand the response mechanisms in sim-
ple organisms, where it is not mediated by a nervous system 
and a brain. Recent developments include some preliminary 
understanding of the response to light (phototaxis) [116] and 
to con�nement [112] in Euglena gracilis.

E. gracilis swims thanks to the asymmetric beating of a 
single anterior �agellum, which produces helical trajecto-
ries accompanied by body rotations around the helix axis 
[114]. These rotations cause the fact that the photosensitive 
organelle, positioned laterally in the body behind an opaque 
shutter (the eyespot), is periodically lit or sheltered from light 
coming from a lateral source, while it is continuously exposed 
to light if the source is aligned with the body axis. This sug-
gests that the swimming style may provide the key mechanism 
for the phototactic response of E. gracilis, possibly exploit-
ing a common biochemical �trick� to use periodic signals as 
a means to navigate, whereby existence of periodicity implies 
lack of proper alignment [117].

When con�ned (in crowded environments, between glass 
plates, or in a capillary), E. gracilis switches its motility 
behaviour from �agellar swimming [114] to amoeboid motion 
(metaboly), powered by peristaltic waves across the whole 
body [112]. The mechanisms by which the beating �agel-
lum �senses� the presence of external obstacles and activity of 
the motors is �transferred� from the �agellum to the body of 
the organism is currently unknown. Moreover, the peristaltic 
waves enable a form of very ef�cient and versatile crawling 
motility in severely con�ned environments, which can be pre-
sumably exploited in robotic applications. Intriguingly, it is 
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Status.  Adaptive behavior is a key feature of biological sys-
tems. In response to environmental conditions living matter 
has evolved speci�c functions and behaviors out of intrinsi-
cally noisy molecular processes. In many cases, these adap-
tive processes require activity, i.e. a form of active transport 
or energy consuming motion together with a control signal 
that is processed to modify the systems response. Inspired 
by this biological adaptivity, for example, machine learning 
techniques have successfully coarse grained the complexity 
of biological adaption processes into mathematical strategies. 
These models are applied to imitate the adaptive behavior 
of natural systems, and to reach the autonomy of different 
robotic schemes in several �elds. The almost omnipresent 
application of machine learning nowadays makes it a very 
multidisciplinary research �eld going from mathematics to 
neuroscience, passing through computer science, biology and 
of course physics. Yet, introducing such computational capa-
bilities into arti�cial microscopic or molecular systems is still 
challenging. On one hand, the motion of microscopic objects 
such as active particles is strongly in�uenced by Brownian 
motion and thus actions are inherently noisy. On the other 
hand, adaptive systems need some type of sensing and feed-
back mechanism that allows the system to gain information 
about the environment and to feed this information back into 
an appropriate response.

Arti�cial microscopic active systems rely on differ-
ent propulsion mechanisms [118]. The speci�c propulsion 
mechanism and the non-equilibrium nature of those systems 
already provide a wide range of new collective phenomena 
due to physical interactions. Self-assembly by hydrodynamic 
interactions [119] as well as motility-induced phase trans
itions belong to these phenomena [95]. However, biological 
systems go beyond such physical interactions by an exchange 
of signals, which control their actions even at interaction dis-
tances beyond the range of physical forces.

Such signals can be introduced into active particles with 
an appropriate control. The control of colloidal systems by 
light has been sparked with the development of photon nudg-
ing [120] of light-controlled self-thermophoretic active parti-
cles. It introduces a tool for a feedback control of Janus-type 
active particles [121]. Based on the real-time tracking of the 
position and orientation of such particles with respect to a tar-
get location the activity of the particle is controlled. Thus, the 
�vision� of a target location generates a mean drift towards a 
target location. The control of such active particles is never-
theless limited by the speed at which particles reorient their 
sight towards the target by rotational diffusion. Inspired by 
this, feedback control of the motility of Janus-like particles 
has opened up the study of self-organization principles fol-
lowing quorum sensing-like interaction rules [10].

Recently, it has been shown that the use of self-thermo-
phoretic symmetric active particles removes the importance 
of active particle reorientational dynamics for the control 
(see �gure� 17(A)). The absence of rotational diffusion 
time scales as a limiting factor for the control of the par-
ticle activity in these symmetric particles provides a whole 
new experimental platform. Information-based interac-
tions can be applied to control arti�cial active matter and 
its self-assembly. It has been shown that information that 
is extracted from a system of active particles allows the 
self-organization into dynamical structures, so called active 
particle molecules [122]. Such molecules show oscillations 
that are solely controlled by the speed of information �ows 
(see �gure� 17(B)). The possibility of engineering interac-
tions among the particles can lead to a new era of a bottom-
up study of emergent structures and dynamics. The precise 
control of these interactions allows the optimization of the 
collective responses.

Optimization of actions according to environmental sig-
nals is the fundamental principle behind reinforcement learn-
ing [123]. In this �eld of machine learning optimal behavior 
is reinforced by rewards provided upon actions that are car-
ried out in a speci�c state of the system. The technique of 
reinforcement learning has been theoretically studied for the 
optimal navigation of microscopic swimmers [124] and also 
large-scale active systems [125]. Recently it has been shown 
how microswimmers controlled by light can also optimize 
their navigation (see �gure�18) through reinforcement learn-
ing [126]. This work shows how the in�uence of the stochastic 
noise of such a context plays a role in the strategies developed 
by these learning routines.

Current and future challenges.

3D challenge. Current experiments study cases in 2D con�ne-
ment. The self-thermophoretic propulsion mechanism of the 
symmetric microswimmer and other controllable swimmers 
also allows for 3D control. It is a challenge to maintain the 
feedback control of light-activated individual microswim-
mers in a structure or swarm migrating through a soft mat-
ter environment in three dimensions. The implementation of 
3D tracking methods based on the use of convolutional neural 
networks might substantially improve the ef�ciency in terms 
of speed and precision.

Activity waves challenge.  Recently a strategy was proposed 
to direct ensembles of active Brownian agents by imposing 
time and space periodic activity landscapes [127], where the 
migration is strongly dependent on the swimmer scales com-
pared with the activity wave parameters. Even a change of the 
migration direction is predicted in a certain parameter range. 
This could be shown in an experiment with light-activated 
Janus-type swimmers.

Optimal delay challenge.  The temporal delay intrinsic to the 
reaction of any real active system has been proposed to be a 
critical parameter in the emergence of single and collective 
behavior [122]. While in a biological context the dependency 
of collective phenomena can be just observed and modeled, 
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Status.  Studies of the motion of colloidal particles in con-
centration gradients have a long history and the continuum 
theory of the diffusiophoretic mechanism responsible for this 
motion is well understood [129, 130]. Also, the self-propul-
sion of active colloidal particles (motors) has been studied 
extensively in experiments and through deterministic con-
tinuum theory [131, 132]. In the self-diffusiophoretic mech
anism propulsion occurs because concentration gradients on 
the surface of the particle arising from asymmetric chemical 
activity lead to a body force on the motor and, since the sys-
tem is force-free, this force is compensated by �uid �ows in 
order to maintain momentum conservation (�gure 19 (left)). If 
the motors of interest have micron or sub-micron dimensions 
thermal �uctuations become important necessitating stochas-
tic formulations of the dynamics. Although there has been a 
considerable amount of research in this area, some of the basic 
elements that are involved in the description of diffusiopho-
retic propulsion of small colloidal particles are often over-
looked, treated in special limits or under speci�c conditions.

Self-propulsion is a nonequilibrium phenomenon. A sys-
tem at equilibrium satis�es detailed balance that follows from 
the microscopic reversibility of the laws of motion governing 
the time evolution of the system. These basic dynamical prin-
ciples must be respected in theoretical formulations since they 
have implications for the forms that the macroscopic laws 
and dynamical properties take. In order for motor propulsion 
to occur the system must be in a nonequilibrium state where 
detailed balance is broken. Such nonequilibrium conditions 
are typically obtained by placing the system in contact with 
reservoirs that control the concentrations of chemical spe-
cies so that the chemical af�nity takes non-zero values. Thus, 
some of the key elements that are required for the construc-
tion of a dynamically consistent theory of self-propulsion of 
small motors are the respect for the fundamental properties 
that stem from microscopic reversibility, the implementa-
tion of constraints to drive the system out of equilibrium, and 
the incorporation of thermal �uctuations in the dynamical 
description.

A great deal of current research concerns the collective 
behavior of many-motor systems, often employing simple 
generic models to capture essential features of the collective 
dynamics [133]. A full theoretical description of the many-
body dynamics of diffusiophoretic motors presents additional 
challenges since effects arising from chemical gradients are 
often the most important factor responsible for the collective 
phenomena. This requires the development of more complex 
models that account for chemical reactions and the many-
body gradients they produce. Since diffusiophoretic motors 

generate �uid �ow �elds as part of the propulsion mechanism, 
these �ow �elds also contribute to the collective dynamics. In 
fact, with few exceptions, theoretical studies of the collective 
dynamics of active particles often focus on one or the other 
of �uid �ow or chemical gradient effects to model collective 
behavior. The nature of the collective behavior of diffusiopho-
retic motors using models that incorporate all relevant effects 
remains to be fully explored. Challenging problems in theory, 
simulation and experiment remain, and potential real-world 
applications of these motors remain to be developed [134].

Current and future challenges.
Mechanochemical coupling.  It is essential to understand the 
coupling between chemistry and mechanics for both biologi-
cal molecular machines and chemically-powered synthetic 
motors. The nature of this coupling has been investigated in 
detail for molecular motors, but it is only recently that the 
importance of mechanochemical coupling has been recog-
nized for our understanding of colloidal motors self-propelled 
by diffusiophoresis. This coupling is responsible for the gen-
eration of a velocity slip between the solid surface of the 
colloidal motor and the surrounding �uid arising from the 
reaction-generated concentration gradients of some molecular 
species. Since the motion of small colloidal motors is stochas-
tic, the problem is to understand the nature of the coupling 
between their random spatial displacements and the �uctua-
tions in the number of reactive events providing chemical free 
energy for their propulsion. Since the dynamics at the molec-
ular scale is time-reversal symmetric, the mechanochemical 
coupling should obey Onsager reciprocal relations, as is the 
case for molecular motors [135, 136]. The theoretical descrip-
tion of this coupling provides expressions for the diffusiopho-
retic velocity and the reciprocal effects of an external force 
and torque on the reactions catalyzed by the colloidal particle 
[137, 138].

Colloidal surface properties.  Given the central role played 
by surface forces in the diffusiophoretic mechanism, a main 
component in the experimental design of new motors is the 
engineering of their equilibrium and nonequilibrium surface 
properties. Theory is expected to play an important part in 
guiding the experimental work. Materials science has pro-
duced many theoretical tools to predict the bulk properties 
of materials; however, the large variety of surface properties 
remains uncharted territory, especially for nonequilibrium 
surface properties. Therefore, the development of theoretical 
methods to predict these material properties is an important 
and challenging task for research. Using surface tension, an 
equilibrium surface property, the engineering of hydrophobic-
ity has already been developed extensively. However, colloidal 
motors function out of equilibrium, consuming and dissipat-
ing chemical free energy by catalytic surface reactions, slid-
ing friction, and the mechanochemical coupling provided by 
diffusiophoresis, in addition to bulk �uid viscosity. The sur-
face processes involved in reaction, including the adsorption, 
dissociation, surface diffusion, and desorption of the different 
molecular species involved in the reaction, can be engineered 
using the methods of heterogeneous catalysis for the various 
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Status.  Most examples of active matter are biological in 
origin, but current interest in the design of synthetic active 
systems is quickly raising [1, 51]. Besides the manufacture 
of structures mimicking biological microswimmers, arti�-
cial micrometer-sized colloidal swimmers can be synthesized 
nowadays. The shape and composition of these swimmers can 
be tailored aiming at systems with various properties, which 
will certainly �nd applications in lab-on-a-chip devices, or 
drug delivery, and which will also be of fundamental theor
etical signi�cance in non-equilibrium statistical physics and 
transport processes. A relatively simple and effective strategy 
to design arti�cial microswimmers are phoretic effects.

Colloidal phoresis refers to the mechanical force that arises 
from an inhomogeneous �uid environment interacting with 
a suspending colloid, which translates in the colloidal drift 
motion. Such inhomogeneities can be gradients of electric 
potential (electrophoresis), concentration (diffusiophoresis), 
or temperature (thermophoresis). These gradients are fre-
quently a consequence of external constrains, but interestingly, 
in case one particle is able to produce a local gradient �eld, 
self-propulsion may occur. For diffusiophoretic microswim-
mers [140], the metal coated part catalyzes a chemical reaction 
inducing a local concentration gradient, while for thermopho-
retic microswimmers, the metal coated part is able to effec-
tively absorb heat from, for example, an external laser, which 
creates a local temperature gradient [141]. Catalytic swimmers 
are experimentally more abundant, although they require that 
fuel and product are constantly added and removed to and from 
the solution, in order to keep stable gradients. Thermophoretic 
swimmers are activated by heat, such that they do not require 
any modi�cation of the solvent, and the absence of surfactants 
or chemical fuels, makes them easily bio-compatible. Due 
to their intrinsic nature, these two swimmer types will have 
potentially different applications, and they can eventually even 
be combined, providing them with additional functionality. 
On the other hand, the two phoretic phenomena are, from a 
fundamental viewpoint, equivalent. This equivalence implies 
that most conclusions can be interchanged from catalytic to 
thermophoretic and vice versa. For practical reasons, here we 
will mostly focus on the thermophoretic effect. It is important 
to note that the drift of a colloid in a solvent gradient can in 
principle occur towards or against the gradient. In this way, 
thermophobic swimmers are those that propel against the heat 
source (the most frequent case), while thermophilic swimmers 
are those that drift towards heat source. The osmotic motion of 
the colloid surrounding �uid, occurs together with the colloid 
drift, the direction, range, and intensity of both displacements 
is determined by the surface solvent detailed interactions, as 
well as by the system boundary conditions [142].

Simulations performed with Janus and dimeric colloidal 
swimmers [143] have explored the precise solvent behavior 

and show a fundamental different hydrodynamic behavior. A 
very powerful approach to the study of phoretic swimmers 
is the use of mesoscopic computer simulations, and in par
ticular the use of a particle based method known as multi-
particle collision dynamics, in which the solvent is explicitly 
considered. Hydrodynamic and phoretic interactions emerge 
as a natural consequence of the imposed boundaries. In the 
case of diffusiophoresis, these are the different interaction of 
the two components in the solvent, and in thermophoresis the 
temperature dependent interactions. Janus particles displayed 
the typical neutral behavior which means that their hydrody-
namic interactions are short ranged, and axi-symmetric [143]. 
Hydrodynamic interactions between self-phoretic Janus par-
ticles are then expected to be negligible in comparison to 
the effects of concentration or temperature gradients. Other 
structures of relevance are dimeric Janus colloids [144]. The 
solvent velocity �elds around dimeric microswimmers with 
slightly separated beads, show to behave as the well-known 
hydrodynamic character of force dipoles [105], being the 
�ows originated by thermophilic and thermophobic simply 
symmetric and with reverse direction with respect to each 
other. If another dimer or particle is placed lateral and close 
to the dimer, the �ow �eld will exert an attraction in the case 
of a thermophilic microdimer and a repulsion in the case of a 
thermophobic microdimer, which allows us to identify them 
respectively as pushers and pullers. In the case of the dimeric 
swimmers, the separation between the beads, and their size 
ratio is also very important, determining not only the overall 
swimmer velocity, but also the qualitative shape of the hydro-
dynamic interactions. The �ow �eld of the asymmetric dimer 
in �gure�20(a) shows a strong and long ranged lateral hydro-
dynamic attraction which is qualitatively different from the 
symmetric case, as the quantitative comparison in �gure�20(b) 
shows. Such cross-over from attraction to repulsion in the lat-
eral part is due to the complex geometry of the dimer, since 
simpler spherical geometries do not exhibit similar features.

The collective behavior of self-phoretic colloids is deter-
mined by various interactions of which phoretic and hydro-
dynamic are the most relevant ones. The heated bead of each 
dimer produces a temperature gradient in the surrounding 
solvent which affects, not only the attached phoretic bead, 
but also any other colloid nearby. Two thermophoretic dimers 
might therefore have different combinations of hydrodynamic 
and phoretic attraction and repulsion, with which the over-
all collective behavior can be tuned. In particular, two ther-
mophobic asymmetric dimers will hydrodynamically attract 
each other laterally, and phoretically repel axially, making 
them to assemble in single-layered structures, with hexago-
nal and high orientational order (see �gures�20(c) and (d)), 
and directed collective motion [145]. In contrast, thermophilic 
dimers form large static clusters, showing that in this case the 
phoretic attraction dominates any other hydrodynamic inter-
actions, behaviour also observed for similar chemically active 
Janus colloidal particles [134].

Current and future challenges.  The collective behaviour of 
phoretic swimmers has already shown to display reversible 
clustering, the formation of planar swarming structures, and 
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Status.  Interest for colloidal systems of motile constituents 
has exploded during the last couple of decades [51, 133]. 
Motility is here understood either originated from an intrin-
sic activity of the dispersed entities, or, contrarily, be driven 
externally, following a purposed (electric, magnetic, or optic) 
actuation. The difference between active and driven, although 
sometimes faint appears to us essentially rooted in the fact that 
autonomous swimmers, while consuming internal or ambient-
available energy, mostly follow unguided trajectories. Con-
versely, driven colloids normally admit to being steered by the 
same forces that set them into motion.

Research in the �eld has progressively shifted from the 
description of individual behaviour towards understanding 
the complexities that emerge from large assemblies. Within 
the �rst perspective, experiments on Janus-like colloids and 
models such as those based on active Brownian particles 
or squirmer-based swimmers appear as highly celebrated 
achievements [51, 133]. Equally popular, are collective phe-
nomena such as anomalous density �uctuations related to 
swarming/�ocking, motility-induced phase separations, or 
adapted versions of fundamental thermodynamic concepts 
(pressure and temperature), to mention a few [51, 133].

Apart from the basic interest in understanding new aspects 
of non-equilibrium physics, progress in the study of motile 
colloids has been spurred both from the perspective of 
practical applications, mainly in relation to their biomedical 
use (swimming micro/nano robots), as well as being often 
considered as simple realizations of much more complex  
biophysical materials (bio�lms, cell tissues, cytoskeleton 
reconstitutions, etc).

Current and future challenges.  In this section�I will brie�y 
address two issues that I consider among the biggest chal-
lenges for future research in the �eld of active and driven 
colloids. To balance the discussion, one example refers to an 
active colloidal system, while the second considers a scenario 
of driven electric actuation for colloids dispersed in anisotro-
pic �uids.

Active nematics: control from interfaces.  A rewarding 
example of active material is the aqueous assembly of bun-
dled microtubules powered by kinesin motors under ATP 
consumption [92]. Most typically, the material is prepared at 
the interface with an isotropic oil and constitutes a paradig-
matic realization of an active nematic (AN) [146]. Experi-
ments and dedicated numerical simulations have unveiled 
rich dynamical behaviour of defect-driven active �ows under 
non-con�nement, and, more specially, much effort has been 
directed towards understanding the characteristics of an appar-
ent turbulent state yet endowed with a characteristic length 
scale [147, 148] (�gure 21(a)). Very recently we proposed a 

versatile and robust strategy towards the control of such cha-
otic-like state. The simple idea consists in replacing the iso-
tropic interfacing oil with a liquid crystal (LC) in its smectic 
phase. Without any further intervention, the active turbulent 
state gets con�ned into circular domains (focal conics) (�g-
ure 21(b)) [148]. Moreover, by applying a moderate magn
etic �eld, we observe active �ow regularization organized in 
stripes of a well-de�ned and activity-dependent periodicity 
[149] (�gure 21(c)). Both situations are explained in terms of 
the arrangement of the passive LC molecules, in absence and 
under magnetic forcing, respectively.

Phoretic nematic colloids: individual and collective 
effects.  Phoresis of colloids is a standard technique, com-
monly employed in aqueous environments under the applica-
tion of a DC electric �eld. On the other hand, the use of a 
LC dispersing medium permits to explore non-conventional 
electrokinetic phenomena of nonlinear nature (liquid crystal 
enabled electrokinetics (LCEK)) [150]. Speci�cally, electro-
phoresis of colloids is quadratic in the electric �eld, permit-
ting to apply an AC forcing. Moreover, electrophoresis in this 
case has a tensorial nature, permitting displacements perpend
icular to the applied electric �eld. We have recently explored 
different situations in this context, addressing aspects of the 
individual motion, as well as features of collective assembling 
[151, 152].

In the �rst context, we have considered LCEK, as well 
as gravity-induced sedimentation as benchmark, of colloids 
in a cell of homogeneous director orientation enforced to 
be parallel to the enclosing plates. Spherical silica particles 
with different functionalization protocols ensure situations 
of homeotropic (perpendicular) (�gure 22(a)), as well as 
planar (tangential) anchoring of the LC at the particle sur-
face. A broad temperature range has been investigated and 
the particle size has been similarly varied. Both under grav-
ity- and electrically-induced driving nematic colloids follow 
ballistic motion along the far-�eld direction imposed by the 
nematic matrix. However, when looking at diffusion charac-
teristics transversal to the nematic director we found strik-
ing differences depending on the particle/LC contact. More 
speci�cally, we �nd normal diffusive behaviour for planar 
anchoring, while super-diffusion is evidenced for hometropic 
interaction (�gures 22(b) and (c)). The latter exponents turn 
out to largely depend on particle size and temperature, with a 
saturating trend at a value close to 1.8 for the highest temper
atures explored, still well-below the nematic/isotropic trans
ition [151]. We tend to interpret this marked difference in 
terms of the back�ow currents originated in the LC host by 
the moving colloid.

In relation to collective effects, a simple strategy to assem-
ble LCEK-driven colloids consists in locally creating defect-
based accumulation sites. We implemented this technique by 
using a photosensitive (azo-based) surfactant, that change 
locally the LC anchoring from homeotropic to planar on one 
of the enclosing plates [152]. In doing so, nematic colloids are 
not only driven through the cell but collectively reunited by 
thousands around a pure splay or mixed splay/bend singulari-
ties, depending on the illumination protocol. In the �rst case, 
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When dense active matter is con�ned, the interplay of the 
con�nement size and the length scale of patterns that are 
formed by activity, together with the possible creation of 
motile topological defects, can lead to surprisingly complex 
behaviour. Investigating this is relevant to understanding 
active systems that thrive under con�nement, such as bio-
�lms, tissues or organoids, and to developing novel means of 
controlling active matter for possible uses to power micro-
scale devices.

Active �ow in a channel.  In the bulk, dense active nematic 
or polar systems with hydrodynamic interactions show active 
turbulence characterised by chaotic �ows, engendered by 
�uid jets and vortices, and motile topological defects [146]. 
The scale of the vortices is the active length, la, which is set 
by a competition between the elastic restoring force and the 
strength of the activity. When the system is con�ned in a 
channel of dimension l  �  la the hydrodynamics is screened 
and active turbulence cannot develop. Instead more regular 
�ows are possible: spontaneous shear �ows, unidirectional 
�ows, and vortex lattices. However, these depend sensitively 
not only on the �uid parameters and the channel width but 
also on the details of the boundary conditions and the strength 
of intrinsic �uctuations.

So far, almost all experimental and numerical results have 
been restricted to two dimensions. Here, as the width of the 
channel is increased at �xed activity, the evolution in �ow con-
�gurations can usually be characterised as no �ow  ��  lami-
nar �ow (shear or unidirectional)  ��  a 1D line of �ow 
vortices  ��  active turbulence (�gure 23) [153]. The system 
starts to �ow when the active stresses can overcome the pin-
ning effect of the boundaries, velocity vortices can form once 
the channel becomes wide enough to accommodate them, and 
then a further increase in channel width allows relative motion 
of the vortices, corresponding to active turbulence.

Motile, active topological defects add complexity to this 
sequence. Channel walls are preferential sites for defect 
formation, particularly if any boundary alignment is weak 
and if active particles can freely slip along the walls. The 
stationary  �1/2 defects remain close to the walls due to 
elastic interactions, whereas the self-propelled  �1/2 defects 
move towards the centre of the channel. If the �ow is lami-
nar  �1/2 defects can traverse the channel to be annihilated 
by the  �1/2 defects at the opposite wall. In the vortex 
regime, however, they can be captured by the �ow vortices 
and perform a �ceilidh dance�, with right and left moving 
defects moving past each other on sinusoidal trajectories 
(see �gure�23(d)) in a way reminiscent of the great chain 
�gure�in country dancing [153].

Simulations have been used to study the full range of con-
�ned behaviours. Experiments on various 2D active systems 
have so far been able to address more restricted, but diverse, 

regions of the available parameter space. A transition from a 
quiescent state to spontaneous shear �ow has been observed 
for cells con�ned to an adherent stripe [154], and there is evi-
dence of velocity vortices in other experiments which track 
cells dividing and expanding along a channel, but the vortices 
do not form a regular pattern. Dense suspensions of bacte-
ria moving around a racetrack show a crossover from laminar 
�ow to active turbulence with increasing track width. Near 
the crossover vortices form, but again these do not order into 
a regular lattice. Experiments which con�ne microtubule-
kinesin mixtures to move at an oil-water interface are not 
able to access the quiescent state, but transitions from shear 
�ow to a 1D vortex lattice, and then to active turbulence are 
observed as the channel width is increased. This is a system 
where defects form easily at the walls because the microtu-
bules have weak, planar anchoring and are able to freely slide 
along the channel walls. In the shear state the defects form in 
periodic bursts and then move across the channel to annihilate 
with the  �1/2 defects at the opposite wall. In the �ow vortex 
lattice state  �1/2 defects become entrained by the vortices  
to perform a recognisable, albeit noisy, ceilidh dance. See 
[146, 155, 156] for more complete references.

Very little is currently known about the behaviour of con-
�ned active material in three dimensions. As a �rst important 
step in this direction, recent experiments [157] have shown 
that con�ning a microtubule-kinesin mixture in a 3D micro-
channel can produce long-range coherent �ows up to metre 
scales. For channels with a cross section� of aspect ratio ~1 
the �ow was coherent for all the channel sizes (�m to mm) 
considered. Once the channel aspect ratio increased beyond 
~3 the coherent �ow was replaced by active turbulence. This 
scale-independent behaviour is surprising and not yet under-
stood. The authors of [157] suggest that it may be related to 
layers of aligned active nematic on the walls of the micro-
channel that power the whole �uid.

Circular con�nement and spherical shells.  Similar interplays 
between active �ow and the dynamics of motile topological 
defects govern the behaviour of active materials con�ned to 
circles [158] (�gure 24). Flows that rotate around the container 
can be established for small circles, crossing over to active 
turbulence at higher activities or in larger traps. Planar or 
homeotropic boundary conditions introduce a  �1 topological 
defect which splits into two  �1/2 defects to minimise the elas-
tic energy of the system. Simulations show that these motile 
defects move towards opposing walls where their behaviour 
depends on the details of the system. For example, defects can 
remain pinned and stabilise arrays of �ow vortices, continue 
to move along periodic closed orbits, or continuously move in 
and out of the walls.

Experiments on cells correspond to low activities, and 
persistent circular currents have been observed in con�uent 
epithelial cell sheets. The coherent motion was destroyed by 
knocking out cell-cell junctions that enable force transmission 
between the cells, emphasising the importance of collective 
interactions in determining the dynamics. An innovative way 
of con�ning a higher-activity microtubule-kinesin mixture to 
circles is to interface it with a passive liquid crystal which 
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Status.  Active matter encompasses a wide class of systems 
out of equilibrium. These systems are composed of interacting 
self-propelled �agents� or particles. The agents, such as bacte-
ria or arti�cial microswimmers, transduce the energy stored in 
the environment (e.g. in the form of some nutrient or chemi-
cal fuel) into persistent mechanical motion. The examples 
range from biological cytoskeletal �laments [161], swimming 
organisms (bacteria and unicellular algae) [162], to synthetic 
catalytic nanomotors [140] and colloidal self-propelled Janus 
particles [95]. Active materials demonstrate a remarkable ten-
dency towards self-organization and exhibit properties that are 
not present in traditional materials and composites. Namely, 
active materials may self-repair, change shape on signal, or 
even adapt to new conditions.

Possibly the simplest and the most studied realization of 
active matter is a suspension of microscopic swimmers, such 
as motile bacteria or self-propelled colloids [163]. The studies 
over the last ten years revealed a plethora of new phenomena, 
from the reduction of the effective viscosity to recti�cation of 
chaotic motion. Arti�cial rheotaxis, i.e. drift against the imposed 
�ow, was also observed. Most of the contemporary studies of 
active matter are performed in an isotropic medium like water. 
Typical suspending liquid also contains some sort of a �fuel� 
in the form of a nutrient for bacteria or hydrogen peroxide for 
catalytic bimetallic microswimmers (often called nanomotors). 
It is desirable developing a realization of active matter based on 
an anisotropic and highly structured suspending medium like a 
liquid crystal. Such a system would have the potential to control 
and manipulate active matter by the external electric or magnetic 
�eld, chemical gradients, light, or by surface treatment.

Liquid crystals occupy an important niche between solids 
and liquids. Due to a crystal-like ordering of molecules, liq-
uid crystals may �ow like a liquid and respond to deformations 
as a solid. A new class of composite materials is formed by 
mixing a water-soluble (lyotropic) liquid crystal with a small 
amount of active fraction, such as a suspension of swimming 
bacteria [164]. This active composite termed living liquid 
crystal exhibits a variety of highly-organized dynamic collec-
tive states, the spontaneous formation of dynamic textures of 
topological defects (i.e. singular con�gurations of the molecu-
lar orientation �eld), trapping and transport of bacteria in the 
cores of defects [165], as well as controlled and recon�gurable 
transport of cargo particles, and manipulation of individual tra-
jectories of microswimmers [166], see �gure�25. A predictive 
model of living liquid crystals is developed by coupling the 
well-established and validated model for nematic liquid crystals 
(so-called Beris�Edwards approach to liquid crystals) with the 
corresponding equations�describing bacterial transport [165].

Current and future challenges.  The studies of living liq-
uid crystals provide fundamental insights into physical 

mechanisms governing a variety of active systems, such as 
tissues of migrating cells, cytoskeletal extracts, bacterial 
bio�lms. Furthermore, living liquid crystals may stimulate 
the development of new classes of soft adaptive composites 
capable of responding to light, magnetic and electric �elds, 
mechanical shear, airborne pollutants, or bacterial toxins 
[167].

For many technological applications, it is highly desir-
able to design a synthetic version of living liquid crystals, 
e.g. based on arti�cial microswimmers such as catalytic AuPt 
nanorods [140] or other autophoretic Janus particles [95]. The 
preliminary experiments show that the chemical composi-
tion of lyotropic liquid crystals is generally not compatible 
with the propulsion mechanisms of AuPt nanorods [140]. 
However, the anisotropy of liquid crystal can be utilized for 
guiding the motion of active Janus particles con�ned at the 
interface between the aqueous solution of hydrogen peroxide 
and nematic liquid crystals.

Microscopic rod-shaped particles can be also propelled 
by ultrasound [168]. Acoustic propulsion of nanorods in 
liquid crystals is relatively easier to achieve. Unfortunately, 
it is a challenge to create homogeneous distributions of the 
ultrasound intensity. Overall, it makes the control of nanorod 
motion and distribution in liquid crystal quite dif�cult. 
Colloidal particles in liquid crystals can be also propelled by 
electric or magnetic �elds. Liquid crystal anisotropy can be 
potentially used to guide magnetic microswimmers. However, 
these systems were not mastered yet. The main bottleneck 
here is relatively high viscosity of liquid crystals. Therefore, 
practical use of the liquid crystal anisotropy for the control 
and guidance of arti�cial microswimmers remains an open 
challenge.

Up to date, only nematic liquid crystals were explored in 
active systems. The use of more ordered liquid crystalline 
phases, e.g. smectic (layered) or cholesteric (chiral) for the 
design of novel active systems is an intriguing opportunity. 
Preliminary experiments demonstrated that bacteria have a 
hard time swimming in smectic or cholesteric liquid crystals, 
mostly due to increased viscosity. However, here also comes 
an opportunity. For example, smectic liquid crystals often 
exhibit highly ordered textures of more complex defects, 
such as focal conical domains. Correspondingly, focal coni-
cal domains can be used as templates for the spatiotemporal 
organization of active matter. These domains can be fur-
ther controlled by imprinting surface patterns or applying a 
magnetic �eld.

Ultimately, there are many similarities between living and 
arti�cial active systems. For instance, bacteria and chemically 
powered nanomotors often have similar sizes, shapes, and pro-
pulsion speeds. However, this similarity turns out to be quite 
super�cial. The main differences in this context stem from the 
inter-particle and boundary interactions. Bacteria typically 
bounce from the boundaries and scatter from other bacteria. 
In contrary, due to electric charging [140], chemically pro-
pelled microswimmers may hover very close to charged sur-
faces. Despite the apparent resemblance, living and arti�cial 
active matter systems do not demonstrate similar collective 
states or respond the same way to external stimuli. Bacteria 
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Status.  Active colloidal particles (APs) are currently con-
sidered as model systems to mimic collective behavior under 
controlled conditions but may also �nd technical use as micro-
robots to perform complex tasks in liquid environments [1]. 
In the meantime, a plethora of propulsion schemes has been 
developed which allows APs to harvest energy from their sur-
rounding and convert it into translational motion. A key ques-
tion in this �eld is to understand, how active particles are able 
to organize from random disperse into dense and highly orga-
nized collective structures (swarms, �ocks) as known e.g. from 
birds, �sh, insects or even bacteria [170]. Clearly, such behav-
ior requires robust communication mechanisms between indi-
vidual group members. Conversely to living systems where 
collective behavior is achieved by complex internal processes 
which are not always fully understood, the response of APs 
is much simpler. When user-de�ned interaction-rules were be 
applied to synthetic systems, this would provide a novel and 
versatile platform to gain a better understanding of the rela-
tionship between communication and self-organization.

A possible experimental route to impose user-controlled 
interactions to a suspension of APs is the use of a feed-back 
mechanism by which the propulsion of APs can be controlled 
on an individual level [171]. Recently, this idea has been 
experimentally demonstrated using Janus particles which are 
propelled by a light-induced mechanism [10, 172]. When such 
particles are illuminated with a focused laser beam, their pro-
pulsion motion can be controlled on a single particle level. 
Using a rapidly steered laser beam and a feedback mech
anism, this allows to adjust the AP�s motion depending on the 
surrounding particle con�guration, the latter tracked in quasi 
real-time employing digital optical microscopy.

Current and future challenges.  As a speci�c example for such 
user-de�ned interaction rule, we discuss how quorum sensing 
[173, 174] can be implemented in a suspension of synthetic 
ABPs. In bacterial systems, quorum sensing is achieved by the 
release and detection of diffusing signaling molecules which 
are characterized by a diffusion coef�cient DC, their produc-
tion rate � and their �nite lifetime � [175]. The concentration 
sensed by an individual i is then given by

ci�t� � �c
�

j��i

�
rij�t�

�����rij�t����� (4)

where rij � ��ri ��rj� is the distance to its neighbour j , � the size 
of an individual, and � the decay length � �

�
Dc�  (being a 

measure of the range of communication). The prefactor �c is 
given by �c � ��4�Dc�. When the concentration sensed by an 

individual exceeds a sharp threshold value cth, this triggers a 
sudden change in its behavior, e.g. in its motility leading to 
the ef�cient formation of bacterial colonies. To mimic such 
quorum sensing behavior, the motility of particle i is set by 
the following rule: when the concentration ci (as determined 
from the experimentally measured particle con�guration 
and the use of equation� (4)) exceeds a user-de�ned thresh-
old concentration ci   �  cth the particle is non-motile, i.e. its 
propulsion velocity is zero. Otherwise it becomes motile and 
propels with velocity vi   �  v0, i.e. it is locally illuminated with 
the laser beam. Figure�27 shows how the normalized density 
distribution of a suspension of APs changes upon increasing 
the threshold cth.

To understand, why cluster formation is supported by quo-
rum sensing, it is important to recall that the propulsion of 
APs becomes zero in regions with high local particle den-
sity. Accordingly, particles can only diffusively escape dense 
regions which then facilitates their growth. On the other hand, 
particles in dilute regions are motile, which largely increases 
their probability leaving such areas. Accordingly, particles 
will permanently switch from a motile to a non-motile state. 
Indeed, it can be shown, that cluster formation becomes most 
enhanced when the switching rate (motile to non-motile and 
vice versa) becomes large and thus supports the idea, that 
quorum-sensing rules lead to enhanced clustering similar to 
living systems.

The above approach can be easily changed to other types 
of rules, e.g. including memory-effects or non-reciprocal 
interactions where the mutuals response of two individuals 
is not symmetric (opposed to the above example of quorum 
sensing). Non-reciprocal rules are relevant e.g. when the 
environmental sensing of individuals is based on vision. For 
�nite vision cones, an individual A may see individual B 
but not otherwise which will largely affect their collective 
behavior.

It is important to realize that the above experimental 
approach does not aim towards modelling a speci�c collec-
tive state but imposes an interaction rule. Contrary to numer
ical simulations, all relevant particle interactions (phoretic, 
hydrodynamic) are fully contained within this approach and 
thus allows to observe collective behavior under realistic con-
ditions. This apporach can be also extended to, for example, 
viscoelastic (opposed to Newtonian) swimming media which 
comprise the natural habitat of many living microorganisms. 
Such �uids are characterized by rather long stress-relaxation 
times which leads to a number of signi�cant changes in their 
swimming motion [176, 177].

Concluding remarks.  The possibility to impose user-
de�ned interaction rules in systems of APs largely expands 
their use as model systems resemling the collective behav-
ior of living systems. In addition to quorum-sensing rules, 
almost any other type of communication can be established, 
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Status.  Microswimmers use friction with the surrounding 
�uid to swim forward and thereby induce �ow �elds [105]. 
The details of hydrodynamic �ow depend on the speci�c type 
of swimming mechanism involved. An intriguing example is 
the African trypanosome, the causative agent of the sleeping 
sickness [178]. It moves with a bending wave running along a 
�agellum, which is attached to the cell body. However, micro-
swimmers can be categorized by their hydrodynamic far �elds 
[105, 133]. Flow of the leading force dipole decays as 1/r2 
and �ow of the source dipole as the next contribution decays 
as 1/r3, where r is the distance from the swimmer. The force 
dipoles are divided into pushers and pullers also called exten-
sile or contractile swimmers, respectively, that either push 
�uid out along their swimming axis or they pull it in. These 
swimmer types are often used to explore how the self-gener-
ated �ow �elds of microswimmers determine their behavior.

Microswimmers interact with bounding surfaces through 
their �ow �elds. For example, [179] shows how the deten-
tion time of a swimmer between reaching and leaving a wall 
strongly depends on its basic type and thus on its hydrody-
namic interactions with the wall. Most prominently, micro-
swimmers interact with each other through their self-generated 
�ow �elds and thereby induce appealing emergent collective 
motion, which is reviewed in [133]. In the following, we only 
mention a few illustrative examples including the author�s 
own work.

First, a very prominent example is turbulent motion in a 
bacterial bath identi�ed by a power-law decay of the spatial 
power spectrum of velocity �uctuations [180]. While a model 
with self-propelled rods and continuum theory reproduce the 
turbulent motional patterns [180], a recent study using lattice-
Boltzmann simulations identi�es the turbulent state only 
for pushers through large-scale �uid vortices and jets [181]. 
Second, colloidal rollers, which perform Quincke rotation in 
an external �eld, form propagating bands and at higher densi-
ties a polar liquid [182]. The rollers interact hydrodynamically 
through their hydrodynamic rotlet singularities and thereby 
form the observed polar order.

Third, in an own work we studied active Brownian parti-
cles in a harmonic trap potential. They interact with each other 
by the leading stokeslets that result from the trapping forces 
[183]. With increasing Peclet number or swimming velocity, 
the active particles show a relatively sharp transition between 
an isotropic con�guration and the pump state, where they 
are aligned in a tightly packed region close to the trap center 
(�gure 28, left). They form a regularized stokeslet, which we 
used to formulate a mean-�eld theory for the observed polari-
zation (�gure 28, right).

Fourth, magnetotactic bacteria align in an external magn
etic �eld. When swimming in a microchannel against a 
Poiseuille �ow, they become more and more focused with 

increasing �eld strength and ultimately show an instability to 
a pearling state, where the bacteria circulate in droplets [184]. 
A recent theoretical treatment traces the instability to the 
interplay between activity, external alignment, and magnetic 
dipole-dipole interaction [185]. The authors of [185] surmise 
that in the experiments hydrodynamic interactions are most 
likely negligible. However, theoretical work without �ow 
reports instabilities of aligned magnetic microswimmers due 
to hydrodynamic interactions [186] or stresses the generation 
of �ow [187]. Thus, the role of hydrodynamics in this interest-
ing problem should be further explored.

The squirmer is a model swimmer, which was introduced 
by Lighthill and later Blake to desribe ciliated microorganisms 
[188, 189]. It has extensively been used by Ishikawa, Pedley, 
and coworkers to study their hydrodynamic interactions and 
collective motion (for a review see [188]). For the same pur-
pose we have implemented it in the particle-based method of 
multi-particle collision dynamics (MPCD), which solves the 
Navier�Stokes equations� including thermal noise, in order 
to perform large-scale simulations [189]. The squirmer is a 
spherical particle with a prescribed velocity �eld at its surface, 
which propels the particle. The swimmer type is tuned by 
the parameter � between a pusher (�  �  0), neutral squirmer 
(�  �  0), and puller (�  �  0).

We have used squirmer model swimmers to analyze how 
they behave in a gravitational �eld. An important quantity is the 
ratio � of the swimming velocity to the sedimentation velocity 
in bulk. Even a single squirmer with �  �  1 and at large Peclet 
number shows interesting bound states (�gure 29(a)). They 
mainly correspond to stable �xed points in squirmer height 
above the bottom wall and orientation [190]. For example, 
in the �oating state (�  �  0,2) the squirmer points upwards. 
Then, the �oating height is determined by a balance between 
the upwards swimming and the sedimentation velocity. The 
latter decreases when approaching the bottom surface due to 
increasing friction. We also simulated thousands of squirmers 
under gravity [191] and found a sedimentation pro�le with 
layering at the bottom and after a transitional region a very 
dynamic pro�le, which on average is exponential as for single 
microswimmers (�gure 29(b)). The vertical squirmer current 
plotted in �gure�29(c) reveals a convection cell.

A prominent feature of active particles is the motility-
induced phase transition (MIPS), which describes a phase 
separation into a dilute and dense phase of active particles. 
The question came up how hydrodynamic �ow �elds in�u-
ence MIPS. A pure 2D treatment of squirmer suspensions 
observes hydrodynamic suppression of MIPS due to the long-
range nature of hydrodynamic interactions [192], while in 
a quasi-2D geometry of a monolayer of squirmers con�ned 
between two plates MIPS clearly occurs [193]. We have also 
mapped out the full binodal in the phase diagram of Peclet 
number versus mean density and found that it depends on 
the mean density of squirmers [194]. This is a clear feature 
of hydrodynamics and the non-equilibrium, which we could 
rationalize by adding hydrodynamic pressure to the active 
pressure balance between dilute and dense squirmer phases. 
A recent work [62] notices that the density of MPCD particles 
used in [193, 194] are reduced in the dense squirmer phase. 
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Status.  Patterns of collective motion displayed by schools of 
�sh and �ocks of birds have attracted great interest in many 
�elds of science. It is now widely acknowledged that the beau-
tiful coordination among group members is achieved without a 
leader and largely by self-organisation [196]. Individuals that 
are moving are supposed to coordinate with others by (some 
of) the three A-rules: they Avoid collisions with others nearby, 
Align their heading to others at medium distance and are 
Attracted to those further away. The absence of a leader is par
ticularly remarkable in the case of the starling �ocks because 
they are exceptional in both their large number of �ock mem-
bers (up to many thousands) and their low number of individu-
als with whom they are supposed to coordinate their motion, 
namely their six to seven closest neighbours only [197]. Mod-
els of individuals that move and follow the three A-rules, how-
ever, do not generate the �ocking patterns typical of starlings, 
because they lack the great variability in shape of these �ocks. 
The most frequent shape of schools of �sh, instead, is oblong, 
also when turning. Their consistency of shape is captured by 
the models of moving and coordinating by the three A-rules 
whereby individuals avoid collisions by slowing down. The 
shape of �ocks of starlings, however, changes with each turn 
[198]. In a new computational model, StarDisplay, by adding 
to the three A-rules a simpli�ed model of aerodynamics of 
�ying behaviour with rolling during turning, like in real birds 
and airplanes, the shape of the �ock changes with each turn, 
like in empirical data of �ocks of starlings (and also pigeons). 
Other detailed empirical traits of �ocks described by physi-
cists from Rome, are also found in StarDisplay, namely: the 
repositioning of individuals during turns, aspects of internal 
structure, i.e. the scale free correlation between the absolute 
length of the �ock (in m), the correlation length of the devia-
tion of the velocity and speed of individuals from that of the 
centre of gravity also in relation to speed control [199], and 
the degree of disorder or diffusion in the group [200].

Little attention, both empirically and theoretically, has 
been given to patterns of collective escape from an attack by 
a predator, even though predation is considered as the major 
evolutionary drive for group living [201]. Empirical patterns 
of collective escape are most impressive in huge �ocks, such 
as those of starlings. Recently these patterns have been char-
acterised, quanti�ed, and classi�ed, in relation to the hunting 
behaviour of the predator at different degrees of predation risk. 
The main patterns observed are blackening (where suddenly 
part of the �ock darkens), wave event (where a dark band 
travels over the �ock in the direction away from the predator  
[202, 203]), split (the �ock splits in sub �ocks), and �ash 
expansion (part of the �ock �explodes� with individuals �y-
ing in all directions away from the point of attack) (�gure 30) 
[204]. In computational models of �sh schools under attack of 
a predator, patterns similar to �ash expansion and split have 

been shown to emerge [205]. In these models, individuals are 
moving and coordinating following the three A-rules. A pred-
ator was added that was attracted from a large distance to the 
members of the school moving towards them. Next to their 
rules of coordination, �sh were supplied with rules to move 
away from the approaching predator in order to �ee ahead of 
it. The collective patterns of �ash expansion and split emerged 
in this model when the tendency of the individuals to coor-
dinate with group members was low (weighted as 0.3) and 
that to escape the predator was high (weighted as 0.7) [205]. 
This is in line with the �nding on starling �ocks that �ash 
expansion happens particularly when threat is intense, namely 
when the predator attacks at high speed by stooping from 
above rather than at low speed from the side or below [204]. 
This seems adaptive, since in case of intense threat behav-
ioural motivation will be mainly oriented to escape rather than 
towards coordinating in a �ock.

During waves of agitation individual birds are supposed to 
copy the escape manoeuvre displayed by neighbours. What 
kind of escape manoeuvre they copy, cannot be detected 
due to the large distance (hundreds of meters) from which 
humans observe the �ock. Therefore, we have investigated 
for two escape strategies at the individual level whether dark 
bands emerge that are travelling over the �ock in the model 
StarDisplay. The escape strategies were (a) a manoeuvre to 
�ee away fast from the predator inwards into the �ock (result-
ing in a density wave) and (b) a skitter motion in the form of 
a zigzag (�gures 31(D) and (E)), which happened by bank-
ing sideward and back again (resulting in an orientation wave) 
[203]. It appears that in the model dark bands are observed 
only when the wave is an orientation wave based on the zig-
zag escape manoeuvre (�gures 31(A)�(C)) and not when it is 
a density wave. In an orientation wave dark bands are visible 
due to the larger area of the wing that we temporarily observe 
when birds are banking while zigzagging (�gure 31)

Current and future challenges.
Damping of a wave.  As to waves of agitation it is of inter-
est to discover whether they are damping with time, and if so 
what causes this, because during an undisturbed turn of a �ock 
all individuals copy the turning motion completely, without 
attenuation [206]. However, in starlings waves of agitation 
occur in response to a predator attack [202]. Thus, we may 
imagine that further away from the location of attack, birds 
are less frightened and, thus, skitter less, causing us to observe 
a smaller variation of surface of the wing. This process needs 
to be studied in detail in both models and empirical data, by 
measuring dark bands moving over the �ock, and testing 
whether they become more greyish with time nearing the end 
location, thus, whether the amplitude of illumination decrease 
while travelling over the �ock.

Blackening of �ocks.  Sometimes parts of �ocks show sudden 
blackening. This may happen both when a predator is pres-
ent and when it is not. What behaviour underlies blackening 
cannot be detected due to the large distance of the observer 
from the �ocks. Therefore, we studied it in the computational 
model, StarDisplay. In the context of a predator being absent 
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Status.  Filamentous systems are ubiquitous in nature and 
offer a rich playground to experimental and theoretical inves-
tigators. Many of the most fundamental events of living cells, 
including division or migration, rely on intracellular processes 
involving cytoskeletal �laments such as actin or microtubules. 
These processes also contribute to morphogenesis at the level 
of the tissue and higher. Importantly, the movements of molec-
ular motors and cytoskeletal �lament dynamics often bring 
these systems far from thermodynamic equilibrium. Conse-
quently, cytoskeletal processes are best viewed as microscopic 
�machines�, with original behaviour that lies between inert 
and living matter. New theoretical tools have had to be devel-
oped to study them.

We focus here on mathematical models in which the �la-
ments are explicitly represented. Each �lament in the system 
will typically have a position, an orientation and a length, 
and may be treated as rigid or �exible. This level of descrip-
tion lies between more microscopic models in which some 
structural aspects of the constitutive proteins are included, 
and coarser models in which, for example, only the average 
direction of multiple �laments is considered. A serious dis-
advantage of more microscopic descriptions is their addi-
tional computational costs, which often preclude simulating 
many �laments on a relevant time scale. On the other hand, 
the coarse-grained approach has seen many applications and 
variations [22], but it often starts by assuming some sort of 
local order, thereby losing the ability to describe all possible 
�lament con�gurations. The focus of this article, �lament-
based simulations, typically excel at describing small sys-
tems by allowing the necessary details to be incorporated, 
as described below. While adding more features may pre-
clude thorough mathematical analysis, valuable insights can 
be gained from numerical results obtained through comp
uter simulations, in a way that promotes our understand-
ing of the biological system and guides the development of 
theory. These models are limited by computer performance 
and the algorithms used to perform the simulation. Thanks 
to the spectacular development of computer technology in 
the past decades, their range of applications has tremen-
dously increased. Our focus has shifted from writing ef�-
cient code to exploring which combinations of assumptions 
best represent biological reality. Hardware limitations will 
remain, but nature offers many systems of a size that can 
be simulated rapidly enough that many conditions can be 
analysed on a high-performance cluster. Important progress 
is still to be done, as we realize that current models lack 
some essential biological features. Yet, precise models of 
processes such as mitosis, cytokinesis, endocytosis or cell 
migration should become available in the coming years, 
helping us to understand how these cytoskeletal machines 
operate more globally.

Filament-based simulations �nd their roots in polymer 
physics. The forces produced by immobilized molecular 
motors could readily be added to a semi�exible chain model 
to simulate gliding assays [209]. It took efforts to extend this 
approach to multiple �laments, initially using rigid �laments 
and later with �exible �laments. Filament dynamics is a topic 
in itself that is still under active investigation, but many models 
use a lattice to store the chemical state of the �lament building 
blocks (GTP/GDP for tubulin). With this capacity built into 
each �lament, one can study the crosstalk that naturally exists 
between mechanical force and �lament dynamics. For exam-
ple, it has been possible to study how an aster of dynamic 
microtubules would move within a �xed volume. Since then 
many other situations have been considered in which an orga-
nelle, the nucleus or multiple nuclei, move within the bounda-
ries of the cell. Microtubules can push on the boundaries, and 
may be pulled by molecular motors (dynein) anchored at the 
boundary or within the cytoplasm. Due to the con�gurations 
generated by the anchoring of microtubules at their minus-
ends, direct microtubule-microtubule interactions are rare in 
such systems and may be ignored for simplicity.

Some important problems were tractable without consider-
ing the movement of the �laments: the traf�cking of motors 
and vesicles along an immobile cytoskeletal network or chro-
mosome capture by microtubules. In plant cells, microtu-
bules are speci�cally anchored to the extracellular cell wall, 
and although they may be treadmilling, their organization is 
determined by the assembly dynamics at their tips and �la-
ment severing. Important computational gains are obtained by 
freezing the irrelevant degrees of freedom of the �laments, 
leaving the collisions detection algorithm as the bottleneck of 
the calculation. On the other hand, it may be desirable to sim-
ulate the Brownian motion of �laments, including their bend-
ing, when this qualitatively changes the chance for a �lament 
to �nd a suitable target.

In general, it is essential to model the movements of �la-
ments to study the evolution of the system. This constitutes 
the bulk of the calculation on which algorithmic choices will 
have a major impact [210]. Filaments may contact, but the 
best approach for implementing steric interaction has not yet 
been determined. Multivalent motors may bridge adjacent �l-
aments promoting their active sliding relative to each other. A 
crosslinking motor or a passive crosslinker can be represented 
by an elastic link between the �laments, that may be Hookean 
or non-linear, de�ning a tension f . The position where a 
motor is attached on a �lament evolves according to the force-
velocity relationship of the motor v� f � that is linear in the sim-
plest case. To simulate the self-organization of microtubules 
[211], or the contraction of actin networks [212], a continuous 
description of motor movements was suf�cient, where their 
displacement is � � h v, during a time interval h. This simpli-
�cation was however insuf�cient to model the elongation of 
the spindle during anaphase, because molecules compete for 
the binding sites on the microtubule lattice. In that case, the 
movement of motors is modelled as instantaneous jumps on 
a lattice of binding sites, re�ecting better the reality of pro-
tein interactions. This stochastic representation makes it pos-
sible to simulate traf�c jams between motors or crosslinkers, 
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Status.  Spindle-shaped elongated cells in bidimensional cul-
tures tend to align together and form large, perfectly aligned 
domains [218, 219]. These domains are separated by nematic 
defects of charge  �  1/2 that prevent them to fuse (�gure 34(a)). 
Interestingly, such a nematic organization is observed in several 
biological tissues such as muscles or liver [220]. As a result of 
cell activity, �1/2 defects generate only limited �ows that remain 
balanced (no net direction) for symmetry reasons, while  �1/2 
defects that are not symmetric generate intense directed �ows 
(�gure 34(b)) that result in the net displacement of the defects 
themselves. Defects have been correlated with cell extrusion 
[221], the formation of tridimensional cell mounds [222] or the 
transition to low Reynolds number turbulence [223].

As time goes by, cell proliferation and subsequent increase 
in density [224, 225] has two consequences on the time evo
lution of such systems: on the one hand, the nematic order 
is improved by excluded volume interactions whereas, on the 
other hand, movements are considerably slowed down by a 
process derived from Contact Inhibition of Locomotion that 
progressively leads to a jammed state [224, 225]. The steady 
state at long times results from a balance between these two 
effects giving rise to �nite well-oriented domains as large as 
1 mm [218, 225].

Con�nement has a strong in�uence on the architecture 
and on the dynamics of these cell assemblies. When plated 
in stripes, NIH-3T3 �broblasts tend to align with the stripe�s 
edge. As cells proliferate, this order propagates toward the 
center of the stripe leading to cells perfectly aligned with the 
stripe direction [225]. This behavior holds as long as the stripe 
width remains smaller than the typical size of the above-men-
tioned domains in an uncon�ned culture.

Such a perfect alignment is the expected situation for pas-
sive nematic systems. Passive systems con�ned in disks are 
expected to organize with two facing  �1/2 defects positioned 
on a diameter, at a well-de�ned distance from the origin that is 
set by minimizing the nematic distortion energy [226]. This is 
quantitatively what is obtained with several cells lines includ-
ing NIH-3T3 �broblasts, C2C12 muscles cell or RPE1 retina 
cells [227] (�gures 34(c) and (d)). In this case, playing on the 
activity of the cells does not affect the defects� positioning. 
This passive-like behavior for cells that otherwise act as active 
entities can be attributed to a decreased activity induced by 
the jamming of the system or by an enhanced friction between 
the cells and their substrate (see discussions on the impact of 
friction in [154, 224, 227]).

However, returning to the stripe geometry, C2C12 and 
RPE1 cells� self-organization markedly differ from the one 
adopted by the NIH-3T3 cells. Indeed, they make a �nite angle 

with the stripe�s direction (�gure 35(a)). This tilted organiza-
tion goes with a shear �ow along the edges of the stripe (�gure 
35(b)). Similar antiparallel displacements have been observed 
in vivo in the collective migration of cancer cells [228]. For 
stripes narrower than a critical width, these two features dis-
appear: cells align exactly in the stripe�s direction and do not 
exhibit a net shear �ow. In the framework of the active gels 
theory, this transition has been interpreted as a Fr�edericksz 
transition controlled by the activity of the cells [154].

Current and future challenges.
Nematic order and aspect ratio.  If the nematic self-orga-
nization is relatively intuitive for cells that are intrinsically 
elongated, these architectures have also been reported for cells 
that are basically isotropic when isolated such as many epithe-
lial cells [221, 223]. In monolayers, although the cells� aspect 
ratio remains close to one, there is a slight bias suf�cient to 
characterize a nematic order. A question therefore arises on 
the impact of the displacements of these deformable cells on 
their nematic order. In contrast, the analysis of the previous 
examples assumed that it was the elongated shape of the cells 
that triggered the nematic order, which in turn affected the 
�ows and forces. A feedback mechanism between activity and 
cell deformation may be an important component to incorpo-
rate in the analysis [229].

Nematic order and polarity.  Based on the typology of the 
defects (�1/2 and  �1/2 only), there is no ambiguity on the 
nematic nature of the order. Yet, the nature of the motion of 
the corresponding isolated cells can be bipolar with no head 
or tail, or polar. Bipolar character amounts to apolar when 
integrated in time and is compatible with the nematic order 
while displacements of polar symmetry with a certain persis-
tence are not. This is for instance the case with epithelial cells 
[221]. The reason why activity would foster nematic ordering 
of front-rear polar migrating cells remains an open question.

Active or not active?  As mentioned above, depending on 
the experiment, the same cells have been observed to dis-
play either behaviors characteristic of a passive or an active 
system. For instance, C2C12 cells plated on disks position 
their  �1/2 defects as passive systems do, while they exhibit 
a pronounced active shear �ow when con�ned in stripes. One 
tentative explanation is that these observations re�ect differ-
ent surface densities. In stripes, mostly because of the conv
ergent �ow described below, cell density is maintained at a 
low level near the edges and shear �ows can develop. In con-
trast, in circular con�nements cell proliferation progressively 
jams the cell layer (that then amounts to an effectively passive 
system) [224, 230], before it develops in 3D.

Microscale versus mesoscale contact guidance.  As noted, 
cells in the low activity regime perfectly align in stripes whose 
width is up to a millimeter. Only the cells at the edges �feel� 
an external guidance cue (the edge itself): they align with this 
edge and this order propagates toward the center by self-orga-
nization. There are several bioengineering applications for 
which such an alignment is desirable [231]. Such alignments 
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