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Activity gradients in two- and three-dimensional
active nematics†

Liam J. Ruske * and Julia M. Yeomans

We numerically investigate how spatial variations of extensile or contractile active stress affect bulk

active nematic systems in two and three dimensions. In the absence of defects, activity gradients drive

flows which re-orient the nematic director field and thus act as an effective anchoring force. At high

activity, defects are created and the system transitions into active turbulence, a chaotic flow state

characterized by strong vorticity. We find that in two-dimensional (2D) systems active torques robustly

align +1/2 defects parallel to activity gradients, with defect heads pointing towards contractile regions. In

three-dimensional (3D) active nematics disclination lines preferentially lie in the plane perpendicular to

activity gradients due to active torques acting on line segments. The average orientation of the defect

structures in the plane perpendicular to the line tangent depends on the defect type, where wedge-like

+1/2 defects align parallel to activity gradients, while twist defects are aligned anti-parallel.

Understanding the response of active nematic fluids to activity gradients is an important step towards

applying physical theories to biology, where spatial variations of active stress impact morphogenetic

processes in developing embryos and affect flows and deformations in growing cell aggregates, such as

tumours.

1 Introduction

Active systems continuously take energy from their environ-
ment and convert it into mechanical stress which drives the
system out of equilibrium. Active matter has recently received
considerable attention in the community because of its
potential as a way of interpreting biological mechanics and as
examples of non-equilibrium statistical physics.1–3

Dense active systems, and in particular the continuum
theory of active nematics, have been used successfully to model
the dynamics of a variety of biological systems, such as myosin-
driven actin-microtubule networks,4 bacterial biofilms5 and
confluent cell monolayers.6–9 A key property of active nematics,
which distinguishes them from passive liquid crystals, is active
turbulence. This is a chaotic flow state characterised by strong
vorticity and topological defects which are continually created
and destroyed. Unlike in passive systems, where topological
defects of opposite charge tend to annihilate over time due to
the relaxation of the large elastic energy associated with them,
in active systems the number of topological defects is finite at
steady-state, and motile +1/2 defects move through the fluid

like self-propelled, oriented particles.10 Considerable experi-
mental and theoretical work has been devoted to understand-
ing the statistical properties of active turbulence and the
motion of the associated topological defects, in both two and
three dimensions.11–14

A major research theme has been to investigate how to
control the chaotic flows and defect motion in active materials.
Guiding active flow and defects along selected paths is likely to
be a prerequisite to using active matter for powering micro-
machines or targeting the delivery of drugs. It has been proposed
that this control can be achieved in two-dimensional (2D) systems
by patterns of activity on a substrate. This causes the orientation of
+1/2 defects to align along activity gradients and hence the defects to
move along paths defined by activity patterns.15,16 Further work has
investigated the alignment of individual topological defects by
activity gradients in 2D using theoretical arguments and numerical
simulations.17,18 More recently it has also proved possible to design
active materials that allow imaging of a three-dimensional (3D)
active nematic and, in particular, the associated motile disclination
loops and lines.11 These articles have focused primarily on how
activity patterns affect flows and the alignment of individual
topological defects, and it is still poorly understood how activity
gradients affect systems in the absence of topological defects or how
well the concept of 2D topological defects as effective oriented
particles translates to disclination line segments in 3D materials.

In this paper we numerically investigate how active nematics
respond to spatial variations in activity in both two and three
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dimensions. We start by outlining the well-established hydro-
dynamic theory of active nematics and the numerical methods
we use to solve the equations of motion. In Section 3 we show
how non-uniform activity creates active forces which, in the
absence of defects, set up flows which rotate the nematic
director field. This effectively creates an active force which
favours either normal or tangential alignment of the nematic
director with respect to activity gradients for contractile or
extensile active stress, respectively. In the following Section 4,
we show that activity gradients in 2D active turbulence induce
polar order of +1/2 defects, which is consistent with previous
theoretical predictions considering active torques on isolated
defects.17 In Section 5 we investigate how activity gradients in
3D systems affect nematic alignment and the polarisation of
disclination lines. We find that disclination lines, which locally
resemble +1/2 or twist defects, are polarized in opposite direc-
tions, aligning parallel or anti-parallel to activity gradients,
respectively. The last section of the paper summarizes the key
results, highlights similarities between activity gradients and
active–passive interfaces and points out possible connections
to experiment.

2 Equations of motion

We numerically solve the continuum equations of motion
of an active nematic fluid.19 The ordering of the nematic
constituents in 3D is quantified by the tensor order parameter

Qij ¼
3

2
S ninj � dij

�
3

� �
, where the scalar S quantifies the magni-

tude of the order and the director field n the direction. We work
in the uniaxial limit, ignoring higher-order effects such as
biaxial order close to disclination cores.20,21 The evolution of
the nematic tensor Q is coupled to the velocity field u of the
fluid and follows22

DtQ�W ¼ GH; (1)

where Dt denotes the material derivative and G the rotational
diffusivity which controls the relaxation of the order parameter
towards equilibrium through the molecular field
H ¼ �dF=dQþ ðI=3ÞTrðdF=dQÞ. The free energy F ¼

Ð
f dV

of the system includes a Landau–de Gennes bulk term

fbulk ¼
A

2
Tr Q2 þ B

3
Tr Q3 þ C

4
ðTr Q2Þ2, where we chose the coef-

ficients A, B, C such that nematic ordering Seq 4 0 is favoured
in equilibrium, and an elastic term fel = Kel(rQ)2, which
penalizes distortions in the director field n using the one-
elastic-constant approximation. This commonly used approxi-
mation has been shown to accurately describe many
experimental systems in 2D and 3D.6,9,11,20,23,24 It should also
be noted that active nematic dynamics are only weakly affected
by the bulk energy scale and mainly depend on the magnitude
of Kel. The second term on the left-hand side of eqn (1) is the
co-rotational term W which describes the response of a flow-
tumbling director field to gradients in the flow field u,19

W ij ¼ OikQjk þQikOjk; (2)

where Oij = (qjui � qiuj)/2 is the anti-symmetric part of the
velocity gradient tensor. The time evolution of the velocity field
obeys the incompressible Navier–Stokes equation

rDtu = r�(Pvisc + Pel + Pact), (3)

where r is the density of the fluid and the stress tensor on the
right-hand side comprises the viscous stress Pvisc of a New-
tonian fluid, elastic stress Pel caused by the relaxation of Q (for
details see ESI†), and an active stress component Pact. Activity
locally induces dipolar stress, of magnitude z, along the axis of
the director field, Pact

ij = �zQij which drives the system out of
equilibrium.25 The parameter z quantifies the type and magni-
tude of dipolar stress produced by the constituents, where
z 4 0 describes extensile systems in which particles push out
fluid along their long axis n and pull in fluid in the plane
perpendicular to n. z o 0 describes contractile activity where
the flow direction is reversed. It is apparent from eqn (3) that
active forces are induced by gradients in either Q or z. They
induce the well-known hydrodynamic bend or splay instability
of the director field n in homogeneous active nematic bulk
systems.25 We solve the equations of motion using a hybrid
Lattice Boltzmann-finite difference method19 with parameter
values stated in the ESI.†

We consider periodic variations of activity along one coor-
dinate axis with alternating extensile (z 4 0) and contractile
activity (z o 0) in two and three-dimensions,

z(x) = zmax�cos(k�x), (4)

with wave-vector k indicating the direction k/|k| and wave-
length l = 2p/|k| of activity patterns (Fig. 1a and f). In the
following we will denote the coordinate axes parallel and
perpendicular to the plane of constant activity as the tangential
and normal direction, respectively. We define a dimensionless
activity number A ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zmaxj j=Kel

p
as the ratio of the wavelength

l to the active nematic length-scale ‘z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kel= zmaxj j

p
. For more

complex, aperiodic activity patterns A can be defined as the ratio
of a characteristic domain size L to the active length-scale cz.

3 Active forces in the absence of
defects

We start by summarising results for systems with heterogeneous
activity in which the magnitude of active stress is too small to
create active defects. Assuming gradients in the order parameter Q
are small, the active force density can be approximated by

Fact E S(rz � 2(rz�n)n). (5)

This approximation is justified as long as |rz| c |zn(r�n)|,
which is satisfied in the transition area between extensile and
contractile domains (z E 0) or in the absence of topological
defects in active regions which create strong distortions in the
order parameter. The force component along the tangential
direction, perpendicular to the activity gradient, is26

F8act = �2|rz|�S cos y sin y, (6)
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where y A [�p/2, p/2] denotes the angle of director field n with
respect to the activity gradient vector rz. Whenever n is not
aligned parallel or perpendicular to a finite activity gradient,
active forces will generate flows along the tangential direction,
which are maximal at the steepest point of the activity gradient
(Fig. 1b and d). As a consequence of the co-rotation term W in
eqn (1), the resulting shear flow rotates the director field n until
a stable equilibrium is reached where the elastic energy asso-
ciated with director deformations balances co-rotation by
the flow.

In the case of 0 o y o p/2 and considering a rz 4 0, the
resulting shear flow rotates the director clockwise left of the
maximum of |rz| and anti-clockwise to its right. Hence
the director in the contractile domain points along the normal,
parallel to the activity gradient k, while in the extensile domain
the director aligns tangentially, perpendicular to the activity
gradient (Fig. 1c). The magnitude of nematic alignment
depends on the relative strengths of the flow-induced rotation
of the director field through the co-rotational term W and the
relaxation of nematic distortions through the molecular field
H. Thus spatial variations of |y| along the normal coordinate
become larger for increasing activity zmax (faster flow) and
decreasing elastic constant Kel (slower relaxation) (Fig. 1e).

The nematic alignment induced by active flows at points of
large activity gradients therefore acts as an effective anchoring
force, favouring normal anchoring on the contractile side and
tangential anchoring on the extensile side of transition regions.
To investigate how the shape of activity profiles modifies the
dynamics, we also used activity profiles which feature sharper
interfaces between extensile and contractile domains,

zðxÞ ¼

zmax; if 0 � x � L=3;
�zmax; if L=2 � x � 5=6L;

zmax � cos
6p
L
x

� �
; otherwise:

8>><
>>:

(7)

We find that this does not qualitatively change the dynamics in
the laminar regime and only slightly modifies the shape of flow
and director profiles (Fig. S1a and b, ESI†).

In 3D systems where activity varies along one of the coordi-
nate axes, the director alignment with respect to the gradient
direction k is quantified by the director angle |yx| = |cos�1

(k/|k|�n)|. As for the 2D case, the director field follows varia-
tions in activity and aligns normal to the activity gradient in
contractile domains. In extensile domains, however, the tan-
gential director orientation is degenerate and points along a
random direction within the two-dimensional plane perpendi-
cular to k (Fig. 1f and g).

4 Defect polarization in 2D active
turbulence

We will now consider systems with large active stress zmax,
where the soft confinement introduced by passive boundaries
between extensile and contractile regions is too weak to prevent
the system transitioning to active turbulence. Active turbulence

is characterised by strong vorticity and topological �1/2 defects
which are continually created and destroyed (Fig. 2a and b). In
2D systems the transition occurs at a critical activity number
A �4 10, thus depending on the magnitude of active stress zmax,
the elastic constant Kel and the wavelength of the activity
patterns (Fig. 2c). Although topological defects and chaotic flow
fields tend to destroy any nematic ordering, the time-averaged
director field still shows some finite normal (tangential) align-
ment in contractile (extensile) domains in the turbulent state as

Fig. 1 (a) Cosinusoidal variation of active stress along the normal direc-
tion. Extensile and contractile regions are labeled as E and C respectively.
(b) Active flows form along the tangential direction in the transition regions
where z E 0. (c) Director field aligns tangential (normal) to the gradient
direction k in extensile (contractile) regions. (d and e) Before the onset of
active turbulence, the magnitude of flows and the degree of tangential
(normal) alignment increases with activity number A ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zmaxj j=Kel

p
.

(f and g) Three-dimensional systems in which activity varies along one
coordinate axis show the same quasi-two-dimensional behaviour. How-
ever, the director alignment in extensile regions is degenerate within the
two-dimensional tangential plane.
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shown by the time-averaged director angle h|y|i between direc-
tor n and gradient axis (Fig. 2d). The magnitude of alignment Ay,
which is defined as the amplitude of variations of h|y|i along the
normal direction, reaches a maximum at the onset of active
turbulence and decays with increasing activity (Fig. 2e). The
director n eventually approaches a random distribution,
y � U �p=2; p=2ð Þ, which yields h|y|i - p/4 throughout the
system.

In the active turbulent regime, both �1/2 defects move in
the background flow, but comet-shaped +1/2 defects are also
self-motile, with their propulsion speed being proportional to
activity |z|.27 Their propulsion direction v is parallel (anti-
parallel) to the defect orientation vector p = r�Q/|r�Q| (which
points from head to tail), in contractile (extensile) systems.
Activity gradients across +1/2 defects give rise an active torque
Gact which acts to align +1/2 defects parallel to activity gradi-
ents, p p rz (Fig. S3a and b, ESI†). On the other hand, the
flow-driven normal (tangential) director field alignment in
contractile (extensile) domains acts as a soft boundary condi-
tion on the director field n. +1/2 defects which align anti-
parallel to the activity gradient, p p �rz, minimize distortions
in n, thus elastic forces create an elastic torque Gel which
minimize the elastic energy of the system (Fig. S3c and d, ESI†).
The elastic torque Gel on +1/2 defects thus opposes the active
torque Gact (Fig. 3a). While the magnitude of active and elastic
torques can be easily measured for single +1/2 defects subject to
external activity gradients or nematic boundary conditions, it is
not immediately clear which contribution dominates in the
regime of active turbulence, where a finite alignment magni-
tude Ay of the average director field h|y|i gives rise to soft
boundary conditions and interactions between defects become
important.

To investigate the behaviour of defects in the regime of
active turbulence, we track the position and orientation p
of +1/2 defects in the system. By considering active and elastic
forces in the vicinity of defects, we can calculate elastic and
active torques on +1/2 defects as a function of defect orienta-
tion (see ESI†). By averaging over defects and time, we confirm
that elastic torques indeed oppose active torques (Fig. 3b).
However, active torques remain the dominant contribution to
the total torque G = Gel + Gact in the regime of active turbulence
(Fig. 3c).

In order to quantify to which extent defects are locally
polarized by active torques, we measure the angular distribu-
tion of defect orientations p, averaging over time (Fig. S2a,
ESI†). We define the defect orientation order parameter

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hpxi2 þ hpyi2

p
, which is zero if +1/2 defects are oriented

randomly and equals one if the defects perfectly align along one
direction. The polarization direction, hpi, is calculated as the
circular mean of the distribution of p. Even though the motion of
individual defects is highly chaotic in the regime of active
turbulence, we find that +1/2 defects are strongly polarized at
the boundaries between extensile and contractile domains
(Fig. 3d). The average defect orientation aligns with and is
proportional to the activity gradient, hpi p rz, in agreement
with previous theoretical predictions which considered active

Fig. 2 For sufficiently large activity, the system transitions into an active
turbulent state, which is characterised by (a) chaotic flow fields and (b)
motile topological defects. Comet-like +1/2 defects are self-propelled and
are shown in red; trefoil-like �1/2 defects are only passively advected and
are highlighted in blue. (c) The onset of active turbulence is characterised
by chaotic flows with components along the normal coordinate, as
indicated by a sharp increase of the average flow component along the
normal coordinate uN relative to the root-mean-squared velocity urms in
the system. The critical activity zmax at which this transition occurs depends
on the dimensionless activity number A ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zmaxj j=Kel

p
� 10. (d) The

average alignment of the director field in the turbulent regime decreases
with A as shown by the time-averaged director angle h|y|i = h|cos�1(k/|k|�
n)|i. (e) The magnitude of alignment Ay, which is defined as the amplitude
of variations of h|y|i along the normal direction, increases monotonically
with A in the laminar regime and decays with increasing activity in the
turbulent regime. The mean director angle and normal flow component
were calculated by averaging quantities over the tangential coordinate and
over time t = [0, 80 000] (80 snapshots).

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

3:
28

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00228k


5658 |  Soft Matter, 2022, 18, 5654–5661 This journal is © The Royal Society of Chemistry 2022

torques on individual defects.15,16 A strong polarization of defects
along activity gradients thus confirms once more that active
torques on +1/2 defects are dominating elastic torques, Gact 4
Gel. It should be emphasised, however, that both torques

originate from activity gradients since the nematic boundary
condition giving rise to Gel is driven by active tangential flows.

In systems with sharp activity interfaces, non-zero defect polar-
ization hpi and average director alignment h|y|i are limited to
boundaries and vanish in contractile and extensile bulk regions as
expected for isotropic active turbulence (Fig. S1c and d, ESI†).

5 Disclination line properties in 3D
active turbulence

We next consider 3D bulk systems in which activity varies along
one direction. The point defects of 2D nematics are replaced by
disclination lines which can continuously transform from a
local �1/2 configuration, in the plane perpendicular to the line
tangent, into a +1/2 configuration through an intermediate
twist defect, which is inherently three-dimensional (Fig. 4a
and b). The director configuration of the defects along a
disclination line can be locally classified by the twist angle b,
where �1/2 (+1/2) wedge-type defects correspond to b = 0(p) and
line segments with twist defects are indicated by b = p/2. Radial
twist and +1/2 defects both have a unique polar direction p in
the plane perpendicular to the line tangent (Fig. 4b).

The flows and morphological dynamics of disclination lines
in 3D active nematics are governed by the local director
profile.12,13 While disclination lines in purely extensile systems
are predominantly twist-like, contractile activity favours the
creation of the wedge-like line segments with cross-sections
that resemble�1/2 defects.14,28 This is reflected by variations in
the spatial density of �1/2 and twist line segments across a
system with extensile and contractile domains (Fig. 4c).

In 3D active turbulence with homogeneous activity the
orientation of the director field n is, by symmetry, randomly
distributed, cos yx � Uð0; 1Þ, where yx is the angle between the
director field and a random reference vector. Deviations from
the average director angle hcos(yx)i = 1/2 thus indicate that the
time-averaged director field is either aligned parallel (hcos yxi
4 1/2) or perpendicular (hcos yxi o 1/2) with respect to the
reference vector. For 3D active turbulence with heterogeneous
activity we find that the time-averaged director field is aligned
normal (tangential) with respect to the activity gradient in
contractile (extensile) domains, as for 2D systems (Fig. 4d).
The nematic alignment in 3D systems can be quantified by Ay,
the amplitude of variations of hcos(yx)i along the normal
direction. To compare the variation of the alignment magni-
tude with activity in 2D (Ay A [0, p/4]) and 3D systems (Ay A [0,
0.5]), we normalize Ay with respect to Amax

y , the maximum
alignment realized just before the onset of active turbulence.
We find that with increasing activity, the average alignment of
the director field in 3D decays much more slowly compared to
2D systems, where Ay sharply drops at the onset of active
turbulence (Fig. 4e).

To gain further insight, we measure the angle gx between
disclination line segments and the gradient direction k. We
find that disclination lines are preferentially oriented perpendi-
cular to activity gradients, gx E p/2 (Fig. 5a). This preferred

Fig. 3 (a) +1/2 defects are subject to an elastic torque Gel, which tries to
minimize the elastic energy of the system (orange), and an active torque
Gact, which is caused by differential self-propulsion v across the defect
(red). (b) Activity gradients create an active torque on +1/2 defects, which is
strongest if the defect orientation p is perpendicular to the activity gradient
rz (a = �p/2) and vanishes at a = 0, p. Active torques align +1/2 defects
parallel to activity gradients, which is evident from the stable fixed-point at
a = 0. Elastic torques, on the other hand, oppose active torques and favour
+1/2 defects to align anti-parallel to activity gradients (see Fig. S3, ESI†).
We find that the average torque on defects G = Gel + Gact is dominated by
active contributions in the regime of active turbulence. Average torques
Gact and Gel were obtained by averaging over defects within an orientation
window [a � p/12, a + p/12]. (c) The relative magnitude of active and elastic
torques does not significantly change as function of activity number A.
Error bars show the mean and standard deviation of Gel/Gact when
averaged over defect orientations a. (d) +1/2 defects are polarized at
positions of large activity gradients between contractile and extensile
domains with their tail pointing towards extensile domains. The fluctua-
tions in polarization P are caused by the finite sample size of defect
orientations. The defect polarization P as a function of normal coordinate
x was obtained by averaging over defect orientations p in intervals [x� l/
20, x + l/20] along x and averaging over time t = [0, 400 000] (200
snapshots).
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alignment is caused by active torques Gg on line segments when
they lie along activity gradients (Fig. 5b). This implies that the
orientation of the defect structures in the plane perpendicular
to line segments can be either parallel (p p rz), anti-parallel
(p p �rz) or perpendicular (p�rz = 0) to the activity gradient.

We define the polarization order parameter for disclination

lines as P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hpxi2 þ hpyi2 þ hpzi2

p
, which is zero if defects are

oriented randomly and equals one if the defects perfectly align
along one direction. The polarization order parameter P and
direction of +1/2 and twist segments are shown in Fig. 5c and d,
respectively. While +1/2 disclination are polarized parallel
to activity gradients, hpi p rz, like in 2D systems, twist
disclinations are polarized anti-parallel to the activity gradient
hpip �rz.

We argue that this is caused by a different balance between
elastic torques Gel and active torques Gact on different defect
types. While active torques Gact dominate elastic torques Gel for
+1/2 disclinations (see Fig. 3b), active forces around twist
disclinations feature out-of-plane components, yielding an
active torque which does not align with the line tangent
(Fig. S6, ESI†). Thus the orientation p of twist defects is less
affected by active torques than the orientation of +1/2 defects

(Fig. S6c, ESI†), causing twist defects to align in a way which
minimizes the elastic energy of the system. Indeed, since active
torque is generated by differential velocities across defects, we
would expect a smaller active torque on twist defects because
they have a lower self-propulsion speed than +1/2 defects.12,14

Sharp activity interfaces in 3D systems give rise to similar
dynamics, where defect polarization hpi and director alignment
hcos yxi are limited to boundary regions and vanish in contrac-
tile and extensile bulk regions (Fig. S4, ESI†).

6 Conclusion

In this paper we have investigated how two- and three-
dimensional active nematic bulk systems respond to one-
dimensional spatial variations of active stress. We have shown
that, in the absence of defects, activity gradients induce an
effective anchoring force which aligns the director field along
the normal direction in contractile domains and tangentially in
extensile domains. In line with recent analytical work,16,17 we
found that the orientation of motile +1/2 defects in 2D active
turbulence are dominated by active torque and polarized
parallel to activity gradients, p p rz. Since the director field

Fig. 4 (a) Three-dimensional active turbulence is characterised by motile disclination lines which form closed loops or span the entire system as open
lines. (b) Disclination lines can be locally classified by a continuous twist-angle 0o b o p which quantifies how the director field winds around the
disclination core in the plane perpendicular to the line tangent. b is the angle between the line tangent t and the rotation axis O around which the director
winds while moving around the disclination core. Quasi-two-dimensional �1/2 defects correspond to b = E 0, p, respectively, and b E p/2 describes
twist disclinations, which are unique to three-dimensional systems (radial twist-type shown here). (c) The relative density of �1/2 and twist segments
depends on the type of activity (extensile/contractile) and follows spatial variations in active stress (fluctuations are caused by finite sample size). (d) The
director field alignment in 3D systems in the turbulent regime decays with A ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zmaxj j=Kel

p
, as shown by the time-averaged director angle hcos(yx)i.

(e) As for 2D systems, the magnitude of alignment Ay, which in 3D is defined as the amplitude of variations of hcos(yx)i along the normal direction, decays
with increasing activity number A. Black diamonds show Ay/A

max
y as a function of zmax for different parameters Kel = [0.04, 0.08, 0.12, 0.2], where Amax

y is
the maximum alignment realized just before the onset of active turbulence (dashed line). Pink diamonds show normalized data taken from Fig. 2e. The
mean director angle and disclination line densities were calculated by averaging quantities over both tangential coordinates and time t = [0, 500 000]
(250 snapshots).
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in the vicinity of polarized +1/2 defects opposes the director
alignment set up by active flows perpendicular to activity
gradients, the average alignment of the director field in 2D
active turbulence remains weak.

In 3D systems we find that disclination line segments are
oriented perpendicular to activity gradients, thereby allowing
the orientation of the defect structures in the plane perpendi-
cular to line segments to point parallel, anti-parallel or
perpendicular to activity gradients. Like in 2D systems, active
torque robustly aligns +1/2 disclination lines parallel to activity
gradients, even in the turbulent regime. In contrast, the align-
ment of twist disclinations is dominated by elastic interactions
rather than active torques, causing them to be polarized anti-
parallel to activity gradients. Thereby the director field in the
vicinity of twist defects matches with the alignment set up by
active flows in the plane perpendicular to activity gradients and
the average alignment of the director field decays more slowly
with activity number A than in 2D systems. Deriving exact
expressions for the elastic torque on disclination line segments
in the turbulent regime remains challenging since the local
torque on line segments depends not only on the nematic
boundary conditions in the plane perpendicular to the line
segment, but also on elastic forces acting along disclination
lines and their local curvature. Active-passive systems which
are purely extensile or contractile with spatial activity profiles

z(x) = zmax(cos(k�x) � 1) are qualitatively similar to extensile-
contractile systems and are presented in the ESI† (Fig. S2
and S5).

We note that the alignment of the director field and defects
due to active force gradients is not unique to bulk systems. In
systems with isotropic–nematic interfaces (rS 4 0), active
forces create flows which align the director field either
perpendicular or planar to the interface in contractile or
extensile systems, respectively.29 This effect, termed active
anchoring, also affects the orientation of defects close to an
interface and can be observed both in experiments30 and in
simulations in two and three dimensions.14,31

Experiments with spatially structured activity have been
realised by combining actin filaments with light-activated
gear-shifting myosin motors, where light locally induces exten-
sile active stress in an otherwise passive fluid.15 Extending the
concept of light-modulated activity to contractile systems, it
might be possible to create artificial systems with distinct
extensile and contractile domains in the future by selectively
activating molecular motors mediating either extensile or con-
tractile stress. Spatial variations of active stress are also ubiqui-
tous in biological systems, ranging from structure formation
during embryonic development driven by a heterogeneous
distribution of myosin motors32–34 to flows and deformations
of cell aggregates, such as tumors, caused by differential cell

Fig. 5 (a) The angle gx between disclination line segments and the normal axis along which activity varies is measured for all disclination lines in the system.
The time-averaged distribution of |cos(gx)| shows that disclination line segments preferentially point perpendicular to activity gradients (gx = p/2), independent
of twist-angle b. The distribution of orientation gx was obtained by averaging over all disclination line segments and time t = [0, 500 000]. (b) When a +1/2
disclination line points along an activity gradientsrz(gx = 0), active forces (black arrows) create a torque Gg (pink arrow), which re-orients the disclination line
perpendicular the gradient direction (gx = p/2). The magnitude of the line torque Gg depends on the self-propulsion speed of the disclination type, thus it is
strongest for +1/2 line segments and vanishes for �1/2 segments. Since disclination line segments of different types b are connected with each other, line
torques Gg acting on +1/2 and twist segments also align passive �1/2 segments. (c) As in 2D systems, active torques align the orientation p of +1/2 defects
parallel to activity gradients rz, causing a large polarization of +1/2 disclinations (b A [7p/8, p]) at points of large activity gradients. (d) Twist disclinations
(b A [3p/8, 5p/8]) are dominated by elastic torque rather than active torque, thus they are polarized anti-parallel to activity gradients. The fluctuations in
polarization P are caused by the finite sample size of +1/2 and twist defect orientations. The polarization P of disclination lines was calculated by averaging
over defect orientations p in intervals [x � l/20, x + l/20] along the normal coordinate x and averaging over time t = [0, 500 000] (250 snapshots).
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growth and death as a consequence of limited access to
nutrients in the core of the aggregate.35–38 Understanding the
response of two- and three-dimensional active nematic systems
to activity gradients is thus an important step towards applying
physical theories in the life sciences.
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3 T. Chen, T. B. Saw, R.-M. Mège and B. Ladoux, J. Cell Sci.,
2018, 131, jcs218156.

4 G. Lee, G. Leech, M. J. Rust, M. Das, R. J. McGorty, J. L. Ross
and R. M. Robertson-Anderson, Sci. Adv., 2021, 7, eabe4334.

5 Y. I. Yaman, E. Demir, R. Vetter and A. Kocabas, Nat.
Commun., 2019, 10, 1–9.

6 T. B. Saw, A. Doostmohammadi, V. Nier, L. Kocgozlu, S. Thampi,
Y. Toyama, P. Marcq, C. T. Lim, J. M. Yeomans and B. Ladoux,
Nature, 2017, 544, 212–216.

7 R. Mueller, J. M. Yeomans and A. Doostmohammadi, Phys.
Rev. Lett., 2019, 122, 048004.

8 G. Duclos, C. Erlenkämper, J.-F. Joanny and P. Silberzan,
Nat. Phys., 2017, 13, 58–62.

9 T. B. Saw, W. Xi, B. Ladoux and C. T. Lim, Adv. Mater., 2018,
30, 1802579.

10 A. J. Vromans and L. Giomi, Soft Matter, 2016, 12, 6490–6495.
11 G. Duclos, R. Adkins, D. Banerjee, M. S. Peterson, M. Varghese,

I. Kolvin, A. Baskaran, R. A. Pelcovits, T. R. Powers and
A. Baskaran, et al., Science, 2020, 367, 1120–1124.
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