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Active matter extracts energy from its surroundings at the single particle level and transforms

it into mechanical work. Examples include cytoskeleton biopolymers and bacterial suspen-

sions. Here, we review experimental, theoretical and numerical studies of active nematics - a

type of active system that is characterised by self-driven units with elongated shape. We

focus primarily on microtubule–kinesin mixtures and the hydrodynamic theories that describe

their properties. An important theme is active turbulence and the associated motile topo-

logical defects. We discuss ways in which active turbulence may be controlled, a pre-

requisite to harvesting energy from active materials, and we consider the appearance, and

possible implications, of active nematics and topological defects to cellular systems and

biological processes.

The term active matter describes natural or artificial systems that are out of thermodynamic
equilibrium because of energy input to, or by, individual particles. Living entities such as
birds, fish or bacteria intrinsically exist out of equilibrium by converting chemical content

of their food into some form of mechanical work. Similarly, synthetic systems can be designed to
perform work driven by energy from light or chemical gradients1. Active systems not only
provide an experimental testing ground for theories of non-equilibrium statistical physics2,3, but
also underpin the natural processes of life4. From pathological events such as biofilm formation
or cell invasion to morphogenesis and even the flocking of fish, birds or animal herds, the
physics of active matter plays a vital role.

An important feature of materials built from active entities is the emergence of collective
motion, in which groups of active particles move together as a unit on scales that are significantly
larger than the size of an individual. Everyday examples are the intricate patterns formed by
airborne starling flocks or when a school of fish move together to avoid a predator. Similar
collective behaviour persists down to micro-scales, where bacterial suspensions, tissues and
intracellular filaments use their intrinsic activity to create motions on lengths larger than
individual cells or proteins. There is increasing evidence that such collective behaviour is
important in equipping the cells with an ability to invade and occupy their surrounding spaces or
to shape various cell morphologies needed for tissue function5. Therefore, understanding the
mechanism and dynamics of the collective motion of active materials is of considerable relevance
to natural systems across a wide range of length scales.

Several theoretical and experimental model systems have been developed to study the col-
lective behaviour of active matter. The goal is to mimic the behaviour of natural materials in a
controlled manner to gain a better understanding of the mechanisms at work. One well-studied
class of active matter which includes, for example, elongated bacteria and filamentous particles
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1. Introduction

The term nonequilibrium statistical mechanics in classic texts and monographs [1–3] fre-
quently refers to the kinetics of relaxation to thermal equilibrium, time-correlations in 
equilibrium, and the relation between the two. The present-day use of the term, however, is 
normally restricted to driven systems, which is where the subject of the present article lies. 
Of course, stationary states far from thermal equilibrium are also a mainstream topic in 
statistical mechanics, with abundant physical realisations. Why then introduce active mat-
ter as a distinct kind of nonequilibrium system? I will try to answer this questions in what 
follows, with emphasis on contributions with which my co-workers and I have been associ-
ated. This is a personal account, not a review article—of which there are many [4–12]—so 
the coverage of topics will be incomplete. I will outline the active-matter framework in brief 
and highlight a few recent developments, always with an eye on statistical properties.

1.1. Active matter: what and why

Active matter are driven systems in which energy is supplied directly, isotropi-
cally and independently at the level of the individual constituents—active particles  
[13, 14]—which, in dissipating it, generally achieve some kind of systematic movement. 
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The grand aim of the active-matter paradigm is twofold: to bring living 
systems into the inclusive ambit of condensed matter physics, and to 
discover the emergent statistical and thermodynamic laws governing 

matter made of intrinsically driven particles
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Active nematic turbulence. In the first experiments on the
MT–kinesin system11 the mixture was placed in contact with an
oily phase through a PEG-stabilised interface (Box 2). The active
material progressively accumulates at the boundary, forming a 2D
layer with aligned bundles displaying the head–tail symmetry of a
nematic. The bundles continually extend and fold to form a
dynamical steady state, an experimental realisation of what has
come to be known as active turbulence because of its visual
resemblance to turbulent fluid flow (Fig. 1a–d). Figure 1a shows a
snapshot of the MT configuration in this state and Supplementary
Movie 1 shows the dynamics. Behind its apparent disorder, this
regime displays a distinctive spatial coherence. Indeed, a length
scale can be easily identified in the scaling of the exponential
distribution of vortex sizes, as predicted from numerical simu-
lations14 and confirmed experimentally (Fig. 1d)15. We shall term
this the active length scale: typically, it is of the order of tens of
microns, i.e., a few tens of the length of the MTs.

It is apparent from Fig. 1a (see also Supplementary Movie 1)
that the active gel is punctured by regions devoid of MTs. These
can be identified as the cores of topological defects, a defining
feature of nematic materials16 (see Box 1). In passive nematics the
defects slowly anneal out unless trapped by imperfections or
boundaries. A key difference in active nematics is that the active
driving can provide energy to create topological defects11. They
are formed in pairs of topological charge ±1/2 as a bundle bends,
and then separate: at positive defects the local configuration of
MTs resembles a comet whereas at negative defects it is star-like
(Fig. 1c). The pairs of ±1/2 defects annihilate when they meet so a
steady-state population of defects is achieved, with density
depending on the activity and material characteristics of the
active sample, and on the rheological properties of the hosting
interface17. In active turbulence, the motion of topological defects
appears to show chaotic trajectories. However, recent experi-
mental observations on centimetre-scale samples, accumulating
statistics for the orientation of thousands of comet-like (positive)
defects over long-times, report the emergence of a system-
spanning nematic order in the orientation of defects18. This
somewhat debated issue has also been addressed using numerical
simulations and theoretical analysis19–24.

Considerably before active turbulence was observed in MT-
based systems, it had been reported in a biological multicellular
context. The earliest examples are the bioconvection plumes
formed by dense suspensions of algal cells or Bacilus subtilis

bacteria25. Working with open drops of dense, aerobic Bacilus
subtilis suspensions Dombrowski et al.26 observed large scale
flows which they termed zooming bionematics27. It was shown
later by Wolgemuth28 that the dynamics of such zooming
bionematics can be captured by a two-phase model for a bacteria
and fluid mixture. Active turbulence has also been observed in
swarming sperm cells29, human bronchial epithelial cells30, and
Madine–Darby canine kidney cells31,32.

Theoretical models
A model that has been particularly successful in describing active
nematics is a continuum theory that depends only on the sym-
metries of the system19,33–38 The method is based on equations of
motion for a coarse-grained order parameter describing the
orientation field, Q, and the velocity field, u.

Nematics have no long-range positional order, but do have
orientational order that can be described by the director field n
with (n=−n) to reflect the head–tail symmetry characterising
the nematic state. While the director gives the orientation of
alignment it carries no information about the magnitude of the
ordering and it is useful, particularly when dealing with topolo-
gical defects, to use an order parameter which is a traceless tensor
Q ¼ d

d"1 q nn" I=dð Þ, where q is the magnitude of the order, d is
the dimension of space, and I is the identity matrix.

The dynamics of Q can be described by the nematodynamic
equation39

∂tQþ u & ∇Q" S ¼ ΓH: ð1Þ

In addition to advection by the flow, elongated particles will
respond to gradients in the flow. This is accounted for by the co-
rotation term,

S ¼ λEþΩð Þ & Qþ I
3

! "
þ Qþ I

3

! "
& λE"Ωð Þ

"2λ Qþ I
3

! "
Q : ∇uð Þ;

ð2Þ

where Ω and E are the vorticity and the rate of strain tensors,
respectively. The relative dominance of the rate of strain and the
vorticity in affecting the alignment of particles with the flow is
characterised by the tumbling parameter λ.

BOX 2 MT/motor protein mixtures

An experimental system that continues to be very important to developing the understanding of active nematics is a mixture of MTs and two-headed
molecular motors. a Fluorescently tagged MTs from polymerised tubulin are brought together by the depleting action of PEG, and are cross-linked by
clusters of B-Kin and Stv, resulting in active extensile MTs bundles in an aqueous suspension (b). As the motors walk along the MTs the bundles
extend, are pushed apart, and re-form. c The active nematic self-assembles at the water/oil interface and gives rise to active turbulence for as long as
there is sufficient ATP to fuel the motors.

W
AN
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a b c

B-Kin Stv

K-Stv

MT

1 µm
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Schematic of the experimental system.
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Active Nematics

the effect of activity is to induce local stresses and create local flows with 
the character of force dipoles

macroscopic properties: local alignment; nematic order; fluid flows

model as a continuum liquid crystal



dynamics is (minimal) Stokesian liquid crystal hydrodynamics augmented by activity
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LIQUID CRYSTALS

Liquid crystals are beautiful and mysterious; I am fond of them for both reasons. My 
hope is that some readers of this book will feel the same attraction, help to solve the 
mysteries, and raise new questions. 

Pierre-Gilles de Gennes, The Physics of Liquid Crystals, 1972

photo: Michi Nakata



broken symmetry ordered mesophases

composed of long, thin, rod-like molecules

Chaikin-Lubensky

broken rotational symmetry

molecules align along a common axis (director)

nematic

1d broken translational symmetry

molecules form (fluid) layers

smectic A

+ tilt relative to the layer normalsmectic C

LIQUID CRYSTALS



The Type of Order in Active Matter
Flocks are polar — they have a macroscopic direction
Many other systems are apolar, or nematic — there is alignment 
but it is not a vector

polar nematic



Polar or Nematic
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Equilibrium concepts of symmetry apply also to active systems to 
characterise the nature of their order

Nematics: vanishing first moment; anisotropic second moment



The order in nematics is not a vector; it is a line field 

Vectors have defects with integer winding; line fields can have half integers

S1 ! {orientations} = RP1

⇡1(RP1) ⇠=
1

2
Z

loop in sample

homotopy 
theory

defects combine, and behave, much like charges

classification is by 
winding number

classify up to continuous changes

SEEING NEMATIC ORDER
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The order in nematics is not a vector; it is a line field 

Vectors have defects with integer winding; line fields can have half integers

S1 ! {orientations} = RP1

⇡1(RP1) ⇠=
1

2
Z

loop in sample

homotopy 
theory

defects combine, and behave, much like charges

classification is by 
winding number

classify up to continuous changes

SEEING NEMATIC ORDER

S1 ! {orientations} = RP2

⇡1(RP2) ⇠= Z/2

3d

defects are lines rather than points
there is only one type of defect



when you know what to look for, it is 
easy to tell what you are seeing

The order in nematics is not a vector; it is a line field 

Vectors have defects with integer winding; line fields can have half integers

SEEING NEMATIC ORDER
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director

It is common to describe the order using a direction, rather than the full Q-tensor
This is the nematic director — it is a line field, not a vector field
It is the eigenvector of Q associated to its largest eigenvalue
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THEORY OF LIQUID CRYSTALS

The order parameter is a traceless, 
symmetric, rank 2 tensor

Q or Qij

Landau theory F =
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ddr
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The order parameter is a traceless, 
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THEORY OF LIQUID CRYSTALS

dynamics

Frank free energy

one-constant 
approximation
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ACTIVE STRESSES

at a microscopic scale the motility 
arises from kinesin walking along 
microtubules by hydrolysis of ATP

microtubules slide relative to each other 

this exerts stresses that are force dipoles 
aligned along the microtubules 

fundamental dichotomy between extensile 
and contractile systems

[Sanchez et al., Nature 2012]
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Spontaneous motion in hierarchically assembled
active matter
Tim Sanchez1*, Daniel T. N. Chen1*, Stephen J. DeCamp1*, Michael Heymann1,2 & Zvonimir Dogic1

With remarkable precision and reproducibility, cells orchestrate
the cooperative action of thousands of nanometre-sized molecular
motors to carry out mechanical tasks at much larger length scales,
such as cell motility, division and replication1. Besides their bio-
logical importance, such inherently non-equilibrium processes
suggest approaches for developing biomimetic active materials
from microscopic components that consume energy to generate
continuous motion2–4. Being actively driven, these materials are
not constrained by the laws of equilibrium statistical mechanics
and can thus exhibit sought-after properties such as autonomous
motility, internally generated flows and self-organized beating5–7.
Here, starting from extensile microtubule bundles, we hierarchically
assemble far-from-equilibrium analogues of conventional polymer
gels, liquid crystals and emulsions. At high enough concentration,
the microtubules form a percolating active network characterized
by internally driven chaotic flows, hydrodynamic instabilities,
enhanced transport and fluid mixing. When confined to emulsion
droplets, three-dimensional networks spontaneously adsorb onto
the droplet surfaces to produce highly active two-dimensional
nematic liquid crystals whose streaming flows are controlled by
internally generated fractures and self-healing, as well as unbinding
and annihilation of oppositely charged disclination defects. The
resulting active emulsions exhibit unexpected properties, such as
autonomous motility, which are not observed in their passive ana-
logues. Taken together, these observations exemplify how assem-
blages of animate microscopic objects exhibit collective biomimetic

properties that are very different from those found in materials
assembled from inanimate building blocks, challenging us to
develop a theoretical framework that would allow for a systematic
engineering of their far-from-equilibrium material properties.

We assembled active materials from microtubule filaments, which are
stabilized with the non-hydrolysable nucleotide analogue GMPCPP,
leading to an average length of 1.5mm. Bundles were formed by adding
a non-adsorbing polymer—poly(ethylene glycol) or PEG—which
induces attractive interactions through the well-studied depletion
mechanism. To drive the system far from equilibrium, we added bio-
tin-labelled fragments of kinesin-1, a molecular motor that converts
chemical energy from ATP hydrolysis into mechanical movement
along a microtubule8. Kinesins were assembled into multi-motor clus-
ters by tetrameric streptavidin, which can simultaneously bind and
move along multiple microtubules, inducing inter-filament sliding
(Fig. 1a). In this respect, our experiments build upon important earlier
work that demonstrated the formation of asters and vortices in net-
works of unbundled microtubules and kinesin9,10. However, compared
to these dispersed networks, the proximity and alignment of depletion-
bundled microtubules greatly increases the probability of kinesin clus-
ters simultaneously binding and walking along neighbouring filaments,
thus enhancing the overall activity.

Motor-induced sliding of aligned microtubules depends on their
relative polarity. Kinesin clusters generate sliding forces between
microtubules of opposite polarity, whereas no sliding force is induced
between microtubules of the same polarity11–13. To study the dynamics

*These authors contributed equally to this work.

1Martin Fisher School of Physics, Brandeis University, 415 South Street, Waltham, Massachusetts 02454, USA. 2Graduate Program in Biophysics and Structural Biology, Brandeis University, 415 South
Street, Waltham, Massachusetts 02454, USA.
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Figure 1 | Active microtubule
networks exhibit internally
generated flows. a, Schematic
illustration of an extensile
microtubule–kinesin bundle, the basic
building block used for the assembly
of active matter. Kinesin clusters exert
inter-filament sliding forces, whereas
depleting PEG polymers induce
microtubule bundling. b, Two
microtubule bundles merge and the
resultant bundle immediately extends,
eventually falling apart. Time interval,
5 s; scale bar, 15mm. c, In a
percolating microtubule network,
bundles constantly merge (red
arrows), extend, buckle (green dashed
lines), fracture, and self-heal to
produce a robust and highly dynamic
steady state. Time interval, 11.5 s; scale
bar, 15mm. d, An active microtubule
network viewed on a large scale.
Arrows indicate local bundle velocity
direction. Scale bar, 80mm.
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leading to an average length of 1.5mm. Bundles were formed by adding
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induces attractive interactions through the well-studied depletion
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tin-labelled fragments of kinesin-1, a molecular motor that converts
chemical energy from ATP hydrolysis into mechanical movement
along a microtubule8. Kinesins were assembled into multi-motor clus-
ters by tetrameric streptavidin, which can simultaneously bind and
move along multiple microtubules, inducing inter-filament sliding
(Fig. 1a). In this respect, our experiments build upon important earlier
work that demonstrated the formation of asters and vortices in net-
works of unbundled microtubules and kinesin9,10. However, compared
to these dispersed networks, the proximity and alignment of depletion-
bundled microtubules greatly increases the probability of kinesin clus-
ters simultaneously binding and walking along neighbouring filaments,
thus enhancing the overall activity.
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relative polarity. Kinesin clusters generate sliding forces between
microtubules of opposite polarity, whereas no sliding force is induced
between microtubules of the same polarity11–13. To study the dynamics

*These authors contributed equally to this work.

1Martin Fisher School of Physics, Brandeis University, 415 South Street, Waltham, Massachusetts 02454, USA. 2Graduate Program in Biophysics and Structural Biology, Brandeis University, 415 South
Street, Waltham, Massachusetts 02454, USA.

TimeMotor
force

+

+ +
dba

c

PEG

Depletion
force

Microtubules

Kinesin clusters

Figure 1 | Active microtubule
networks exhibit internally
generated flows. a, Schematic
illustration of an extensile
microtubule–kinesin bundle, the basic
building block used for the assembly
of active matter. Kinesin clusters exert
inter-filament sliding forces, whereas
depleting PEG polymers induce
microtubule bundling. b, Two
microtubule bundles merge and the
resultant bundle immediately extends,
eventually falling apart. Time interval,
5 s; scale bar, 15mm. c, In a
percolating microtubule network,
bundles constantly merge (red
arrows), extend, buckle (green dashed
lines), fracture, and self-heal to
produce a robust and highly dynamic
steady state. Time interval, 11.5 s; scale
bar, 15mm. d, An active microtubule
network viewed on a large scale.
Arrows indicate local bundle velocity
direction. Scale bar, 80mm.

1 5 N O V E M B E R 2 0 1 2 | V O L 4 9 1 | N A T U R E | 4 3 1

Macmillan Publishers Limited. All rights reserved©2012



 force dipole

splay

active stress

active force

bend

�active
ij = �⇣ninj

factive
i = @j�

active
ij = �⇣

h
ni

�
@jnj

�
+
�
nj@j

�
ni

i

Aditi Simha, Ramaswamy, Phys. Rev. Lett. 89, 058101 (2002)

ACTIVE STRESSES AND ACTIVE FORCE
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simple uniformly aligned phases are unstable 

defects are spontaneously created and control material properties 

flows develop vortices (“active turbulence”) which are stable under confinement

The ΓH term describes relaxational dynamics of the nematic
tensor to the minimum of a free energy through a molecular field
defined as

H ¼ " δF
δQ

þ I
3
Tr

δF
δQ

! "
; ð3Þ

with Γ the rotational diffusivity. The free energy is typically taken
as6

F ¼ A
2
Q2 þ B

3
Q3 þ C

4
Q4 þ K

2
∇Qð Þ2; ð4Þ

where the coefficients of the bulk terms A, B, and C are material
parameters, and the final term describes the elastic free energy
cost of spatial inhomogeneities in the order parameter field,
assuming a single elastic constant K.

The order parameter dynamics is strongly coupled to the fluid
velocity through the advection and co-rotation terms in Eq. (1).
The velocity field, assuming a constant density ρ, obeys the
incompressible Navier–Stokes equations:

∇ & u ¼ 0; ð5Þ

ρ ∂tuþ u & ∇uð Þ ¼ ∇ & Π; ð6Þ

where ∏ is a general stress tensor, which includes the pressure, P,

and the viscous, elastic, and active stresses:

Πviscous ¼ 2ηE; ð7Þ

Πelastic ¼ "PIþ 2λ Qþ I=3ð Þ Q : Hð Þ

"λH & Qþ I
3

# $
" λ Qþ I

3

# $
&H

"∇Q δF
δ∇Q þQ &H"H & Q;

ð8Þ

Πactive ¼ "ζQ: ð9Þ

In these equations, η is the viscosity and ζ is the activity
coefficient, which sets the strength of the stresses generated by
active particles. In the absence of activity (ζ= 0), Eqs. (1), (5), and
(6) correspond to the nematohydrodynamic equations of motion
for passive nematic liquid crystals39.

The proportionality of the active stress to the nematic tensor,
Eq. (9), comes from coarse-graining the dipolar flow fields that
are generated by each of the active particles25,40,41. Depending on
the sign of the activity coefficient, ζ, two general modes of self-
propulsion of particles can be distinguished: ζ > 0 describes
extensile (pusher) particles which drag the fluid towards their
sides, pushing it away along their elongation axis, while ζ < 0
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Fig. 1 Active nematic turbulence. a Fluorescence confocal microscopy micrograph of the active nematic in contact with an oil of 0.05 Pa s (see
Supplementary Movie 1 where positive defects are tracked). b Snapshot of the time evolution from solving the continuum equations of motion, showing
active turbulence. A comet-like, +1/2, and a trefoil-like, −1/2 defect are highlighted in each case. c Particle alignment and velocity fields around ±1/2
topological defects in extensile and contractile active systems. d Experimental distribution of vortex sizes in an active nematic in the regime of active
turbulence, adapted from data in ref. 15, Nature Publishing Group. The solid line is an exponential fit to the data
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Active nematics
Amin Doostmohammadi 1, Jordi Ignés-Mullol2, Julia M. Yeomans1 &
Francesc Sagués2

Active matter extracts energy from its surroundings at the single particle level and transforms

it into mechanical work. Examples include cytoskeleton biopolymers and bacterial suspen-

sions. Here, we review experimental, theoretical and numerical studies of active nematics - a

type of active system that is characterised by self-driven units with elongated shape. We

focus primarily on microtubule–kinesin mixtures and the hydrodynamic theories that describe

their properties. An important theme is active turbulence and the associated motile topo-

logical defects. We discuss ways in which active turbulence may be controlled, a pre-

requisite to harvesting energy from active materials, and we consider the appearance, and

possible implications, of active nematics and topological defects to cellular systems and

biological processes.

The term active matter describes natural or artificial systems that are out of thermodynamic
equilibrium because of energy input to, or by, individual particles. Living entities such as
birds, fish or bacteria intrinsically exist out of equilibrium by converting chemical content

of their food into some form of mechanical work. Similarly, synthetic systems can be designed to
perform work driven by energy from light or chemical gradients1. Active systems not only
provide an experimental testing ground for theories of non-equilibrium statistical physics2,3, but
also underpin the natural processes of life4. From pathological events such as biofilm formation
or cell invasion to morphogenesis and even the flocking of fish, birds or animal herds, the
physics of active matter plays a vital role.

An important feature of materials built from active entities is the emergence of collective
motion, in which groups of active particles move together as a unit on scales that are significantly
larger than the size of an individual. Everyday examples are the intricate patterns formed by
airborne starling flocks or when a school of fish move together to avoid a predator. Similar
collective behaviour persists down to micro-scales, where bacterial suspensions, tissues and
intracellular filaments use their intrinsic activity to create motions on lengths larger than
individual cells or proteins. There is increasing evidence that such collective behaviour is
important in equipping the cells with an ability to invade and occupy their surrounding spaces or
to shape various cell morphologies needed for tissue function5. Therefore, understanding the
mechanism and dynamics of the collective motion of active materials is of considerable relevance
to natural systems across a wide range of length scales.

Several theoretical and experimental model systems have been developed to study the col-
lective behaviour of active matter. The goal is to mimic the behaviour of natural materials in a
controlled manner to gain a better understanding of the mechanisms at work. One well-studied
class of active matter which includes, for example, elongated bacteria and filamentous particles
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PROPERTIES OF ACTIVE NEMATICS



Active nematics exhibit a fundamental hydrodynamic instability

Aditi Simha, Ramaswamy, Phys. Rev. Lett. 89, 058101 (2002)

There are two unstable modes:

extensile materials are unstable to bend 

contractile materials are unstable to splay
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Abstract

Active particles contain internal degrees of freedom with the ability

to take in and dissipate energy and, in the process, execute system-

atic movement. Examples include all living organisms and their

motile constituents such as molecular motors. This article reviews

recent progress in applying the principles of nonequilibrium statis-

tical mechanics and hydrodynamics to form a systematic theory of

the behavior of collections of active particles–active matter–with

only minimal regard to microscopic details. A unified view of the

many kinds of active matter is presented, encompassing not only

living systems but inanimate analogs. Theory and experiment are

discussed side by side.
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The fundamental instability converts to a threshold for a spontaneous flow transition;  

the threshold depends on the width of the channel 

In quasi-1d geometry it is associated with a splay deformation of the director field
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The fundamental instability converts to a threshold for a spontaneous flow transition;  

the threshold depends on the width of the channel 

In quasi-1d geometry it is associated with a splay deformation of the director field

This is confirmed in numerical simulations; although the symmetry of the resultant 
director profile and flow is different 

Rolls form in quasi-2d geometry

Marenduzzo, Orlandini, Cates & Yeomans, Phys. Rev. E 76, 031921 (2007)

n = cos

�
✓(z)

�
e
x

+ sin

�
✓(z)

�
e
z



Sanchez et al., Nature 491, 431 (2012)
Dombrowski et al., Phys. Rev. Lett. 93, 098103 (2004)

Wensink et al., Proc. Natl. Acad. Sci. USA 109, 14308 (2012)
Thampi, Golestanian & Yeomans, EPL 105, 18001 (2014)

The instability leads to the production of defects; their proliferation creates a 
‘turbulent’ state

ACTIVE TURBULENCE



REVIEW ARTICLE

Active nematics
Amin Doostmohammadi 1, Jordi Ignés-Mullol2, Julia M. Yeomans1 &
Francesc Sagués2

Active matter extracts energy from its surroundings at the single particle level and transforms

it into mechanical work. Examples include cytoskeleton biopolymers and bacterial suspen-

sions. Here, we review experimental, theoretical and numerical studies of active nematics - a

type of active system that is characterised by self-driven units with elongated shape. We

focus primarily on microtubule–kinesin mixtures and the hydrodynamic theories that describe

their properties. An important theme is active turbulence and the associated motile topo-

logical defects. We discuss ways in which active turbulence may be controlled, a pre-

requisite to harvesting energy from active materials, and we consider the appearance, and

possible implications, of active nematics and topological defects to cellular systems and

biological processes.

The term active matter describes natural or artificial systems that are out of thermodynamic
equilibrium because of energy input to, or by, individual particles. Living entities such as
birds, fish or bacteria intrinsically exist out of equilibrium by converting chemical content

of their food into some form of mechanical work. Similarly, synthetic systems can be designed to
perform work driven by energy from light or chemical gradients1. Active systems not only
provide an experimental testing ground for theories of non-equilibrium statistical physics2,3, but
also underpin the natural processes of life4. From pathological events such as biofilm formation
or cell invasion to morphogenesis and even the flocking of fish, birds or animal herds, the
physics of active matter plays a vital role.

An important feature of materials built from active entities is the emergence of collective
motion, in which groups of active particles move together as a unit on scales that are significantly
larger than the size of an individual. Everyday examples are the intricate patterns formed by
airborne starling flocks or when a school of fish move together to avoid a predator. Similar
collective behaviour persists down to micro-scales, where bacterial suspensions, tissues and
intracellular filaments use their intrinsic activity to create motions on lengths larger than
individual cells or proteins. There is increasing evidence that such collective behaviour is
important in equipping the cells with an ability to invade and occupy their surrounding spaces or
to shape various cell morphologies needed for tissue function5. Therefore, understanding the
mechanism and dynamics of the collective motion of active materials is of considerable relevance
to natural systems across a wide range of length scales.

Several theoretical and experimental model systems have been developed to study the col-
lective behaviour of active matter. The goal is to mimic the behaviour of natural materials in a
controlled manner to gain a better understanding of the mechanisms at work. One well-studied
class of active matter which includes, for example, elongated bacteria and filamentous particles
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Soon after this, pioneering experiments by Gruler et al.94,95
described the analogy between nematic liquid crystals and
amoeboid cells. They showed that nematic ordering and topolo-
gical defects emerge in dense assemblies of melanocytes (cells
located in skin, eye, inner ear, bones and heart), fibroblasts (cells
important for tissue maintenance and wound healing), osteoblasts
(cells that synthesise bone) and lipocytes (fat cells). By estimating
the orientational elastic constants from defect structures in mel-
anocyte cells, they showed that resistance to bend deformations is
stronger than to splay (Ksplay < Kbend), and they demonstrated
that, in analogy to conventional liquid crystals, the nematic
director can be guided by creating parallel scratches on the cell
substrate. More recently, experiments on mouse fibroblast cells
have demonstrated long-range nematic order and topological
defects that become trapped between nematic domains as the
density of the cells increases and the tissue reaches a frozen
state96. In particular, confining fibroblast cells within a circular
geometry57 results in two +1/2 defects at long times.

The analogy to nematics is not specific to eukaryotic cells, and
it has been extended to prokaryotic cells such as bacteria. A
growing biofilm of E. coli bacteria in a micro-channel undergoes a
transition from an isotropic to a nematic phase as the individual
cells divide and the colony expands97. Similarly, recent experi-
ments have shown that expanding colonies of bacteria are char-
acterised by nematic domains in the form of ‘mosaic-like’
structures98. Indeed, numerical simulations of growing active
nematic colonies have predicted that the self-propelled motion of
+1/2 defects leads to the formation of finger-like protrusions and
can induce morphological changes to the shape of the colonies99.

In these examples the long time behaviour is mainly char-
acterised by the passive, elastic properties of the cells, since their
activity is dominated by strong substrate friction. However, very
recent work has identified biological systems where topological
defects are continually created as in active nematics. Examples are
shown in Fig. 4. Strikingly, there have also been suggestions that
the active nematic characteristics may be related to biological
functionality32,100,101.

Epithelial cells are tightly connected by means of cell–cell
junctions and activity constantly drives deformation of the
shape of the cells. By mapping out the (coarse-grained)
direction of the long axis of the deformed cells, Saw et al.32
identified nematic order and motile topological defects within
a two-dimensional confluent layer of epithelial cells (Fig. 4b).
Continuum active nematic theories faithfully predict the flow
fields and stresses around the defects (Fig. 5a), and, in
agreement with the theory, experiments show that there is a
correlation between the level of activity (controlled in the
experiments by adding blebbistatin) and the number of defects
in the cell layer (Fig. 5b, c).

Unexpectedly, the experiments revealed a strong correlation
between +1/2 topological defects and sites of apoptosis, where a
cell dies and is then expelled from the tissue monolayer. This is
linked to the relatively high compressive stress at the head region
of +1/2 defects. The compressive stress triggers a mechan-
otransductive response within the cell (movement of the protein
YAP from nucleus to cytoplasm), which triggers cell death and a
simultaneous expulsion of the cells at +1/2 defect sites. The
authors showed that microcontact printing of the substrate could

Bacterial colony

Stem cells Fibroblast cells

Epithelial tissueb
+1/2 defect

–1/2 defect

5 µm

1 mm

Nematic order
+1/2 defect

–1/2 defect

a

c d

500 µm

Fig. 4 Active nematic defects in biological systems. a Growing colony of E. coli bacteria99 (Copyright (2014) by the American Physical Society). The motion
of +1/2 defects towards the growing interface can lead to shape changes of the colony. b Epithelial tissue of Madine–Darby canine kidney (MDCK) cells.
Scale bar is 10 μm32 (Nature Publishing Group). Strong correlations between the position of +1/2 defects and cell death and extrusion have been reported.
c Monolayer of neural progenitor stem cells100 (Nature Publishing Group). Cells are depleted from −1/2 defects (blue, trefoil symbols) and accumulate at
+1/2 ones (red, comet-like symbols). d Dense monolayer of mouse fibroblast cells57 (Nature Publishing Group) showing −1/2 and +1/2 topological
defects marked by blue and orange circles, respectively
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Topological defects in epithelia govern cell death 
and extrusion
Thuan Beng Saw1,2*, Amin Doostmohammadi3*, Vincent Nier4, Leyla Kocgozlu1, Sumesh Thampi3,5, Yusuke Toyama1,6,7, 
Philippe Marcq4, Chwee Teck Lim1,2, Julia M. Yeomans3 & Benoit Ladoux1,8

Epithelial tissues (epithelia) remove excess cells through extrusion, 
preventing the accumulation of unnecessary or pathological cells. 
The extrusion process can be triggered by apoptotic signalling1, 
oncogenic transformation2,3 and overcrowding of cells4–6. Despite 
the important linkage of cell extrusion to developmental7, 
homeostatic5 and pathological processes2,8 such as cancer metastasis, 
its underlying mechanism and connections to the intrinsic 
mechanics of the epithelium are largely unexplored. We approach 
this problem by modelling the epithelium as an active nematic liquid 
crystal (that has a long range directional order), and comparing 
numerical simulations to strain rate and stress measurements within 
monolayers of MDCK (Madin Darby canine kidney) cells. Here we 
show that apoptotic cell extrusion is provoked by singularities in cell 
alignments9,10 in the form of comet-shaped topological defects. We 
find a universal correlation between extrusion sites and positions of 
nematic defects in the cell orientation field in different epithelium 
types. The results confirm the active nematic nature of epithelia, and 
demonstrate that defect-induced isotropic stresses are the primary 
precursors of mechanotransductive responses in cells, including 
YAP (Yes-associated protein) transcription factor activity11, caspase-
3-mediated cell death, and extrusions. Importantly, the defect-
driven extrusion mechanism depends on intercellular junctions, 
because the weakening of cell–cell interactions in an α-catenin 
knockdown monolayer reduces the defect size and increases both 
the number of defects and extrusion rates, as is also predicted by 
our model. We further demonstrate the ability to control extrusion 
hotspots by geometrically inducing defects through microcontact 
printing of patterned monolayers. On the basis of these results, we 
propose a mechanism for apoptotic cell extrusion: spontaneously 
formed topological defects in epithelia govern cell fate. This will 
be important in predicting extrusion hotspots and dynamics  
in vivo, with potential applications to tissue regeneration and the 
suppression of metastasis. Moreover, we anticipate that the analogy 
between the epithelium and active nematic liquid crystals will 
trigger further investigations of the link between cellular processes 
and the material properties of epithelia.

To understand the mechanisms that underlie apoptotic cell extru-
sion (Fig. 1a), we investigated the relationship between extrusion and 
epithelial monolayer remodelling. By culturing Madin Darby canine 
kidney (MDCK) epithelial cells at confluency on micropatterned 
substrates coated with extracellular matrix proteins (Methods), 
we observed that extrusion events were preceded by a coordinated,  
long-range flow of cells towards the eventual location of the extrusion  
(Fig. 1b, − 160 min; Supplementary Movie 1). The group of cells that 
constituted these flows consistently formed a comet-like shape, with 
the head portion of the comet pointing towards the cell destined for 

extrusion (Fig. 1c, d). Since the cells in the monolayer were aniso-
tropic in shape over long periods of time (Extended Data Fig. 1a, b) 
and demonstrated supracellular orientational order in their alignment 
(Extended Data Fig. 1c, d), the comet shape can be identified as a sin-
gularity in the cellular alignment9,10. We note that the singularity takes 
the form of a topological defect with + 1/2 topological charge, where 
the orientational ordering is destroyed in a nematic liquid crystal. There 
are predominantly two types of defects in nematic liquid crystals, that 
is, + 1/2 and − 1/2, and both were identified in the monolayer (Fig. 1e, 
Methods)12. Such nematic topological defects have been identified in 
a wide variety of biological systems including lipid vesicles13, fibroblast 
cell colonies9,10, suspensions of microtubule bundles14, motility assays 
of driven filaments15, and growing Escherichia coli colonies16.

We found that extrusion events were strongly correlated with the 
positions of a subset of + 1/2 defects (and less so with − 1/2 defects) 
(Fig. 1f, Extended Data Fig. 1e–h, Methods). We further found similar  
extrusion–defect links in different types of epithelium (Fig. 1f and 
Extended Data Fig. 1e–h), including a cell-division-inhibited (treated 
with mytomycin C) MDCK monolayer, a breast cell line (MCF10A) and 
human epithelial skin (HaCaT). In the last case, we found a correlation 
between extrusions and defects, but with a stronger correlation with  
− 1/2 defects, which may be attributed to the multi-stratified organiza-
tion of HaCaT cells as well as the HaCaT cell layers being more elastic 
than the MDCK monolayer17. We then analysed the temporal correlation  
between nematic defects and cell extrusions within MDCK epithelial 
monolayers. Defects occurred well before cell extrusion and caspase 
activation (at about 100 min) (Extended Data Fig. 1i), consistent with 
spatio-temporal cellular flows observed in these regions. It suggests that 
singularities in cellular alignment are spontaneously generated in the 
epithelial monolayer in the form of nematic topological defects, and 
the defects in turn trigger cell apoptosis and extrusion.

To probe the first part of the hypothesis, we studied the properties 
of singular points of cellular alignment in wild-type (WT) MDCK to  
confirm their identification with topological defects in active nematic 
liquid crystals. We used particle image velocimetry18 (PIV; see Methods) 
to measure experimentally the velocity and strain rate fields around 
the singular points in cell alignment (Fig. 2a top row, Experiment), 
and compared them to numerical simulations (see Methods) of active 
nematic liquid crystals (Fig. 2a bottom row, Simulation)19. The close 
match between strain rate patterns and velocity fields around + 1/2  
topological defects in experiments and simulations (Fig. 2a) revealed that 
the epithelium monolayer of cells indeed behaves as an extensile, active 
nematic. The extensile nature is manifest as flow along the elongated 
axes of the cells that moves towards the head region of the defect (Fig. 2a  
rightmost column, Average velocity field), in contrast to contractile 
flow, which is directed towards the tail region (Extended Data Fig. 2a).  

1Mechanobiology Institute, T-Lab, Singapore 117411, Singapore. 2National University of Singapore Graduate School of Integrative Sciences and Engineering (NGS), Centre For Life Sciences (CeLS), 
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Jacques Monod (IJM), Université Paris Diderot, CNRS, UMR 7592, Paris 75013, France.
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Vicsek Model

Birds (or boids) fly with some speed and 
align with their neighbours, subject to noise
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Vicsek Model

critical noise strength
critical number density

Look for a ‘flocking transition’ as we vary the relevant parameters

Reminiscent of a continuous transition with finite size effects

increase 
size



Vicsek Model

It took over 10 years to discover that this paradigm is not quite correct
The general consensus now is that the transition is discontinuous

Chaté et al., Phys Rev E 77, 046113 (2008)
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Nature of the Ordered Phase

Chaté et al., Phys Rev E 77, 046113 (2008)

There are travelling bands of high density and order 
separated by disordered low density regions



Narayan, Ramaswamy & Menon, Science 317, 105 (2007)

Giant Number Fluctuations
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Giant Number Fluctuations



Giant Number Fluctuations

this system is nematic !!
Narayan, Ramaswamy & Menon, Science 317, 105 (2007)



Giant Number Fluctuations

this system is nematic !!
Narayan, Ramaswamy & Menon, Science 317, 105 (2007)
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Active Nematics
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active flux

giant number (density) fluctuations are a generic 
feature of active systems, both polar and nematic

The active flux drives particle motion, so the diffusive 
particle flux should have comparable magnitude

scalings

Giant Number Fluctuations

�Dr�⇢ ⇠ ⇣r ·Q
diffusive flux

�D@
x

�⇢ ⇠ ⇣@
y

✓

=) |�⇢|2 ⇠ |✓|2 ⇠ 1

q2

=) �N ⇠ N1/2+1/d as before



giant number (density) fluctuations are a generic 
feature of active systems, both polar and nematic
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simulations of 
a ‘nematic’ 

Vicsek model

simulations of 
the metric-free 
Vicsek model
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+1/2 defects self-propel in the 
direction of bend distortions 

other defects do not self-propel

Distortions in the director are especially strong 
around topological defects
The active current leads to directed motion of defects 
in active nematics

Self-Propulsion of Defects
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Abstract

Self-propelled particles include both self-phoretic synthetic colloids
and various microorganisms. By continually consuming energy, they
bypass the laws of equilibrium thermodynamics. These laws enforce
the Boltzmann distribution in thermal equilibrium: The steady state
is then independent of kinetic parameters. In contrast, self-propelled
particles tend to accumulate where they move more slowly. They
may also slow down at high density for either biochemical or steric
reasons. This creates positive feedback, which can lead to motility-
induced phase separation (MIPS) between dense and dilute fluid
phases. At leading order in gradients, a mapping relates variable-
speed, self-propelled particles to passive particles with attractions.
This deep link to equilibrium phase separation is confirmed by simu-
lations but generally breaks down at higher order in gradients: New
effects, with no equilibrium counterpart, then emerge.We give a selec-
tive overview of the fast-developing field of MIPS, focusing on theory
and simulation but including a brief speculative survey of its experi-
mental implications.
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Escherichia coli adopt an interesting strategy for exploring the world they 
live in

They swim in a directed fashion for some time … 

… and then stop, spin around and take off in a new direction

This is called run and tumble

Howard Berg (Harvard)

SELF-PROPELLED PARTICLES
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It has been known for a long time (Derjaguin) that a colloid in a 
concentration gradient will move — diffusiophoresis 

Catalytic decomposition of hydrogen peroxide by a Janus particle creates 
an anisotropic concentration field

The colloid moves in this concentration field, that it itself generates — 
self-diffusiophoresis†

Howse et al., Phys Rev Lett 99, 048102 (2007) 
Golestanian, Phys Rev Lett 102, 188305 (2009)†This is not purely diffusiophoretic, but also has relevant electrokinetic and electrophoretic aspects
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Experiments on clustering in self-phoretic colloids provide some evidence in 
support of the MIPS paradigm

Finite cluster sizes (arrested coarsening) is not currently accounted for by MIPS

MOTILITY-INDUCED PHASE SEPARATION
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At short times the motion is directed, but at long times both of these 
systems look like they perform random walks

If so, then 

(unordered) active system   ⟺    passive Brownian particle
!!

There is, of course, a (significantly) enhanced diffusion constant, but you 
can work that out

D =
v2

↵d

D =
v2

d(d� 1)Dr

D =
v2⌧

d
+Dt

⌧�1 = ↵+ (d� 1)Dr

run and tumble

active Brownian 
particle

SELF-PROPELLED PARTICLES



At short times the motion is directed, but at long times both of these 
systems look like they perform random walks

If so, then 

(unordered) active system   ⟺    passive Brownian particle
!!

SELF-PROPELLED PARTICLES

Today we will look at this mapping to an equivalent passive system

A natural question, then, is what makes an active system active ?



Things slow down when they become more dense

There is an all too well-known example …

a single active Brownian particle in an inhomogeneous 
environment, so that it has a position-dependent swim speed

The same happens in active Brownian particle systems 

It gives rise to phase separation in a system without attractive interactions, 
called MIPS

This is a collective phenomenon, but let’s start with something simpler

MANY BODY EFFECTS — SLOWING DOWN
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Dt

kBT
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Fi + Fppi
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p
2Dt ⇤ @t✓i =

p
2Dr ⇤✓

p

✓
Using molecular dynamics, active Brownian particles can be 
simulated directly

Weeks-Chandler-Anderson 
interactions

Redner et al., Phys Rev Lett 110, 055701 (2013) 
Stenhammar et al., Soft Matter 10, 1489 (2014)

SIMULATIONS OF ACTIVE BROWNIAN PARTICLES



v(⇢) = v0
�
1� ⇢/⇢⇤

�
A density dependent swim speed emerges from the simulation

It is well-approximated by a simple linear form

≈ close packing density
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Simulations reveal that there is a critical 
Péclet number for MIPS

It is analogous to an inverse temperature

MIPS is not observed below the critical 
value

Redner et al., Phys Rev Lett 110, 055701 (2013) 
Stenhammar et al., Soft Matter 10, 1489 (2014)

particle size in the 
WCA potential

Pe =
3v0⌧

�

Not all features are captured by the “thermodynamic” theory

Pe < Pec '
(
55 2d

125 3d

SIMULATIONS OF ACTIVE BROWNIAN PARTICLES






