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Active fluids, such as cytoskeletal filaments, bacterial colonies and epithelial
celllayers, exhibit distinctive orientational coherence, often characterized

by nematic order and its breakdown, defined by the presence of topological

defects. In contrast, little is known about positional coherence, that is, whether
thereis an organization in the underlying fluid motion—despite this being both
aprominent and anexperimentally accessible feature. Here we characterize the
organization of fluid motion in active nematics using the notion of Lagrangian
coherent structures by analyzing experimental data of two-dimensional
mixtures of microtubules and kinesin, as well as numerical data obtained from
the simulation of the active nematodynamic equations. Coherent structures
consist of moving attractors and repellers, which orchestrate complex motion.

Tounderstand theinteraction of positional and orientational coherence, we
analyse experiments and simulations and find that +1/2 defects move and
deformthe attractors, functioning as control centres for collective motion.
Additionally, we find that regions around isolated +1/2 defects undergo high
bending and low stretching/shearing deformations, consistent with the local
stress distribution. The stress is the minimum at the defect, whereas high
differential stress along the defect orientation induces folding. Our work offers
anew perspective to describe and control self-organizationin active fluids,
with potential applications to multicellular systems.

Many out-of-equilibrium systems, from bird flocks down to biofilms
and the cell cytoskeleton, consist of agents that consume energy and
self-organize into large-scale patterns and collectively moving struc-
tures'’, which are breathtaking in their beauty and complexity and
relevant for embryonic development, wound healing and cancer® ™,
Understanding the mechanisms that lead to these patternsand charac-
terizing the phases of active matter systems will unravel their com-
plexity, suggesting ways to mimic them using synthetic materials and
eventually control and design active systems using external fields.
Self-organized patterns are typically described in Eulerian
coordinates, where the local velocity, pressure and orientation of the
active building blocks are treated as fields within a fixed laboratory

frame. Two-point correlation functions, spectral densities and other
quantities inspired by studies of statistical steady states of turbulence
in Newtonian fluids, are typical outcomes of this approach'". Topo-
logical defects, that s, localized singularities in the orientation of the
active building blocks?, have also been extensively studied and their
dynamics areknowntobeinherently entangled with large-scale chaotic
flows" . But what is the relation between the dynamics of defects and
thelarge-scale coherent motionin flow fields that are typically spatially
heterogeneous and temporally unsteady?

A natural framework to address this question is provided by the
Lagrangian description of fluid flow. By tracing the motion of passive
particles in unsteady flows, which may also include chaotic paths,
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one can often identify robust skeletons, commonly referred to as
coherent structures (CSs)'**°, which shape the trajectory patterns
and reveal the organizing barriers to material transport?-?2, Because
we expect our results to hold regardless of the specific Lagrangian
integration time, we will often use CSs, which include Lagrangian CSs'®
and their recently developed short-time limits'**>. Here we combine
theoretical concepts fromnonlinear dynamics, active nematodynam-
ics simulations and experiments on suspensions of microtubules and
kinesin to unravel the CSs underlying the chaotic flow of two-
dimensional active nematics and their relation to the dynamics of
topological defects.

Results

Lagrangian deformations and CSs

Our theoretical and computational framework for kinematic analysis
starts by considering the velocity field v(x, ¢) of a planar active nematic
fluid, and the corresponding flow map

t
F;O(xo) =Xy +f V(F{O(xo), 7dr. 1)

o

This evolves the initial position x, of a virtual tracer particle to the
corresponding position F{O (Xo) attime ¢, and its spatial derivatives
describe the Lagrangian deformation of the nematic fluid over the
timeinterval[t,, £]. Locally, asmall fluid patch canbe stretched, sheared
and folded. Stretching and shearing (Fig. 1) are completely characte-
rized by the right Cauchy-Green strain tensor field Cfo (Xg) (ref.24)
defined as

C (xo) = VF¢ (Xo) VF (Xo), @)

where VF;0 (Xg)is the]Jacobian of the flow map.

Given a material patch consisting of straight fibres at initial time
(Fig.1), we use the notation A, <A, and {§,, €,} to denote the eigenvalues
and the associated orthonormal eigenvectors of Cio(xo). Then one
can interpret §, as the most stretched fibre (by a factor \//1_2) and
€, is the least stretched one (by a factor 4/4;). In chaotic systems,
A, usually grows exponentially in time, it is typically rescaled to read

1
44, (%0) = = log

A R

which denotes the largest finite-time Lyapunov exponent (FTLE). The
maximum stretching along &, implies that over long times, other fibres
alignwith thelocal §, direction (Fig.1), and follows from an asymptotic
analysis of the underlying dynamical system?.

By contrast, folding deformations determine variations in the
curvature of material fibres over time?. This effect can be computed
from the second-order spatial derivatives of Fgo(xo) and provides
additional information that complements notions of stretching and
shearing characterized by first-order spatial derivatives. Starting
withaninfinitesimal patch of straight fibres at x,, from the §,-alignment
property it follows that the most likely observable fluid folding,
duringthe timeinterval[¢,, ¢],is the one along the &, fiber (Fig.1). This
leads to a Lagrangian measure of folding relative to the initial fluid
configuration, given by

[(V*F., (X0)€2)€2] - [RVF, (X0)&,]

5 (I)
/
/132

Kfo(xo’ &)=

where (V2F( (xo)ﬁz)ij = zk]FgOi (X0)&, i.j,k € {1,2} and Rdenotes a

Jk
counterclockwise 90°-rotation matrix (Supplementary Section 1).
Analogously, the same folding can be represented at the final

High bw FTLE %
(attracting) " X
'_‘t_|

Trajectory

High fw FTLE
(repelling) ™,

Ki, (X, &)
Clirvature of the
deformed patch

Patch of nematic fluid
(zoomed) X

Fig.1|Lagrangian view of an active nematic fluid. The red curves demarcate
therepelling and attracting regions in the flow identified by large values of

the forward and backward FTLE. The repellers are based on the initial fluid
configuration, whereas the attractors are based on the final configuration.
Initially close tracers that are on opposite sides of a forward FTLE (A1) ridge will
move far apart at time ¢. Similarly, initially distant tracers are attracted to a
backward FTLE (,4) ridge at time . Moreover an infinitesimal patch of nematic
fluid at x, will get stretched and folded over the time interval [¢,, £]. Different fibres
in this patch tend to align along the fiber §,(x,) corresponding to the maximally
stretched direction, and the curvature of the folded patchis Kfo (X, &5).

position x, by transporting the curvature along the flow trajectories
(Fig.1), so that

KL (% &) = K (FE (X0), ). ©)

Large values of K§O (X0, &) mark the initial positions x,, of the nematic
fluid that will undergo large folding in the time interval [¢,, t], and
similarly, Kfo(xt, §,) identifies the final positions of the nematic fluid
thatexperience small/large curvature changes (in the Supplementary
Section 1, we provide general expressions for the material curvature
and its alternative formulation in terms of Eulerian quantities such
as flow vorticity, divergence and rate-of-strain tensor). Altogether,
equations (3)-(5) completely quantify the maximum stretching
and folding deformations of a continuum moving under a given
flow map Fﬁo. These kinematic measures are model independent and
agnosticto the mechanismsdriving the flow; hence they are applicable
to experimental and computational velocity fields of arbitary origin
and arereadily implementable.

In terms of these measures, we can interpret the forward FTLE
(fw FTLE or (A) as a scalar field over the initial particle positions x,
that quantifies the maximum local deformation and identifies the
location of maximum spatial separation of initially close particles
over the time interval [¢,, t]. Similarly, the backward FTLE (bw FTLE
or ,A), defined over the final positions x,, identifies the location of
the maximum spatial convergence of initially distant particles over
[t,, t]. Together, they demarcate regions of attraction (attracting
CS) and repulsion (repelling CS) (Fig. 1). Despite the fact that FTLE
ridges arerarely not material'®, here we adopt FTLE-based CSs, instead
of geodesic ones™", because we are interested in attraction and
repulsion due to both shear and normal deformations, and FTLE CSs
are simpler than geodesic CSs to compute and analyse.

CSs organize particle motion

We now employ these analytical tools to analyse experimental obser-
vations of two-dimensional microtubule-based active nematic liquid
crystals assembled on a surfactant-stabilized oil-water interface?.
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Fig.2|Dynamics of a two-dimensional microtubule-based extensile active
nematic system assembled on an oil-water interface. The PIV based velocity is
reconstructed onauniform 670 x 800 pm?grid with a spatial resolution of

15.6 um and temporal resolution of 1 frame per second. a, /A field whose ridges
mark repelling CSs. The white regions demarcate the set of particles that left the
domainwhere the velocity field is available. b, /1 field whose ridges mark
attracting CSs. The magenta dots represent the final (¢ =200) position of the
tracers that started inside the magenta circle (shownin a) at the initial time
t=100. ¢, Final position of the tracers that started from a uniform grid at the

initial time. The particles that started outside the magenta circle are indicated
ingreen; see Supplementary Video 1. d-f, Fluorescence recovery after
photobleaching experiment in active nematics. Initial and final configuration of
the fluorescence recovery after photobleaching experiment (d and f). e, The FTLE
bA&s along with advected particles at ¢ =148, initialized to correspond to the
photobleached regions at ¢ = 0. Supplementary Video 2 shows the dataind and e
forincreasing t. Timeisindicated in seconds (s). The colour bars encode the
attraction or repulsion rates (ins™). Ina-c, the ATP concentration is 250 uM. In
d-f,the ATP concentrationis 18 uM.

The large-scale chaotic dynamics of these materials is collectively
driven by kinesin molecular motors that move along multiple filaments
toinduce relative filament sliding.

Using particle image velocimetry (PIV), we reconstruct the
velocity field of autonomously flowing active nematics. Supplementary
Section 2 and Supplementary Figs. 1 and 2 provide details of the
PIV-derived velocity and its validation for computing the Lagrangian
trajectories. Fromthe velocity field, we compute /A and /A for different
timescales |T| = |t — t,| using equations (1)-(3). Figure 2a,b shows
the A and A fields for | T| =100 s. As sketched in Fig. 1, particles are
repelled from a /A ridge and attracted towards a A ridge (covered by
magenta dots). Figure 2c shows the final position of a set of particles
initially released from a uniform grid and serves as a tracker of parti-
cle motion. Supplementary Video 1 shows the time evolution of the
FTLE fields and particle positions. Although the active fluid seems
tomove chaotically, thereis anunderlying coherent skeleton, captured
by the FTLE fields, that dynamically organizes their motion but remains
inaccessible from the mere inspection of fluid tracers.

The FTLE also provides a | T|-dependent map of the stretching
and shearing Lagrangian deformation of the active continuum,
with ridges that demarcate sets of the fluid that will experience
higher deformations relative to their neighbours. Along the tra-
jectories, the Lagrangian deformation consistently integrates the
separate contributions of viscous, elastic and active stresses deforming
the nematic fluid and thus encodes a memory trace of the nemato-
dynamicfield.

To correlate these computed Lagrangian memory traces with
direct observations of the deformation patterns near /A ridges, we label
the regions of microtubule-based active nematics and observe their
subsequent evolution (Supplementary Section 2). This is achieved by
photobleaching nine circular regions with aradius of ~4 pm (Fig. 2d).
Using the PIV data, we compute the A field along with the position of
Lagrangian tracers (magenta) initialized at £= 0 in correspondence
with the photobleached regions (Fig. 2e). Stripe-shaped ridges of bA&S
reveal a horizontal shear layer, along with regions of distinctly high
attraction and Lagrangian deformations. Our analysis predicts the

evolutionof advected and diffused photobleached patches (Fig. 2fand
Supplementary Video 2). Overall, bA‘; provides a |T|-dependent map
of attraction as well as stretching and shearing deformations maps
over the entire domain.

Positive defects mediate attracting CSs

Having uncovered the organizers of the flow fields using Lagrangian
CSs,wenow turnto understand ifand how they are related to the visible
dynamics of topological defects, well known to be correlated with com-
plex, large-scale nematodynamic flows™". To enable this, we redid our
experiments with the microtubule-kinesin system, slowed the dynamics
byreducing ATP concentration to 2 uM and simultaneously measured
both velocity vand nematic director nfields (Supplementary Section2).

We mark +1/2 defects with red dots and -1/2 defects with cyan
triangles (Fig. 1). Figure 3a-c shows A for increasing time intervals,
along with the positions of tracers (magenta), initially released from
acircular blob and eventually attracted to a A ridge. Supplementary
Video 3 shows the time evolution of /A and ,A along with particle posi-
tions. The FTLE fields again uncover the organizers of fluid motion that
areinaccessible to trajectory plots alone.

Along with A, Fig. 3a-c shows the evolution of topological defects,
with the red arrows indicating the direction of motion of positive
defects. These datasuggest that positive defects move and deform A
ridges, which, inturn, directs particle motion. Displaying the director
field with the A field (Fig. 3c) shows that n aligns with the A ridges,
suggesting that the director tends to align with the direction of maxi-
mum stretching”. The entire time evolution of nand A is shown in
Supplementary Video 3 (middle). Interestingly, +1/2 defects appear to
beinregionsof low Lagrangian stretching or shearing deformation as
quantified by the FTLE field. By contrast, the Lagrangian folding meas-
ure is maximum at the defects (Fig. 3d), where the absolute folding
field |l<§0 (X4, &)|issuperimposed to the nematic director nat the same
time as thatin Fig. 3a.

To further quantify our observations on deformations at defects
andthecorrelation of their dynamics with the FTLE A, next we turn to
numerical simulations of anincompressible (V - v=0) planar uniaxial
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a b

bw FTLEP" T, ¢, = 475,

bw FTLER T, t, = 550,
T=-275

Fig.3|Dynamics of an extensile active suspension of microtubule bundles
and kinesin at an oil-water interface witha2 pM ATP concentration.

a, /A for|T] =200 s along with the position of tracers (magenta) attracted to
ayAridgeand initially released froma circular blob. b,c, Same as abut for larger | 7].
Thered arrowsillustrate +1/2 defects pulling at the attracting ,A ridges that, in turn,
shape the Lagrangian particle motion. d, Absolute folding field |l<§0 (X, &)|for

c d
bw FTLEQ" T, t, = 600,
T=-325

K‘o” W &, tg =275,

T 200

6
4
2
[0]

T=200s, along with topological defects and director field at the current time
t,+ Tasina. Defects are invariably located at regions of high folding and low
stretching or shearing Lagrangian deformation. Incand d, the director field nis
showninred. Timeisinseconds. The colourbar ind encodes the Lagrangian
foldingin1pum™, whereas the attraction rates are shown ins™. Supplementary
Video 3 shows the time evolution of /A and A along with particle motions.

active nematicliquid crystal whose dynamics are given by the nemato-
dynamicequations

p% = —Vp+r]V2v+V-(0e +0%), (6a)
(:j_(tz =ASD+QQ - QQ + )y 'H, (6b)

which can be derived from phenomenological arguments or micro-
scopic models, and capture typical experimental statistics”. Here p
and n denote the density and viscosity of the nematic fluid, respec-
tively; d/dt=0,+v - Visthe material derivative; Ais the flow alignment
parameter; and y is the rotational viscosity®. In equation (6b),
Q=5(n ® n-1/2) denotes the nematic tensor, O < S < 1is the nematic
order parameter, I is the identity tensor, D =[Vv + (Vv)"]/2 is the
symmetric partand Q = [Vv - (Vv)"]/2is the antisymmetric part of the
velocity gradient Vv. H=-8F/8Q = KV*Q* - (a, + a,|Q|»)Q s the mole-
cular tensor governing the relaxation dynamics of the nematic phase
defined as the variational derivative of the two-dimensional Landau-
de Gennes free energy F = [fdA, wheref, the free-energy density, is*®

_1 2.1 o+ Lo of
f=SKIVQP +3@1QP + FaQl, %

where |-| denotes the Frobenius norm (that is, |Q|* = Q;Q;), K is the
orientational stiffness relating the elastic free energy to spatial
inhomogeneities in the configuration of the nematic tensor and a,
and a, are the bulk moduli. Finally, 6°=-ASH + QH - HQ denotes the
elastic stress arising from a departure from the lowest free-energy
configurationand 6® = aQis the contractile (a > 0) or extensile (a < 0)
active stress exerted by the active particles along n. We non-
dimensionalize distances by the length scale #=L/5, where L is the
system size, time by the viscous timescale 7= p#?/n and energy by
& = K. Since the typical Reynolds number of microtubules/kinesin
suspensions varies in the range of 10°-107 depending on the ATP
concentration, we eliminate the convective derivative inequation (6a)
and numerically integrate equations (6a) and (6b) using finite differ-
encesonal28 x 128 collocated grid with periodic boundary conditions.
Following ", we select our parameters so that the nematodynamic flows
areturbulentand show that our results apply evento chaotic regimes.
In all our simulations, we set the parameter values as follows: 1=0.1,
K=1,a,=-1,a,=2,y=10,a=-25and L =5, in previously defined
rescaled units (Supplementary Section 3 provides the selection of
parameters). This yields the velocity field v along with the nematic
tensor field Q, from which we identify the topological defects

(Supplementary Section 4). Our results apply to both contractile
and extensile cases. We show extensile experimental and numerical
datasets in the main text and contractile active nematics in the
Supplementary Information.

Figure 4a-c shows /A for different time intervals |7, along
with the position of aninitially circular set of particles (magenta) that
are attracted to a /A ridge. Analogous to our results of the analysis
of the experiments, we find that A ridges are pulled (red arrows)
and shaped by moving Eulerian +1/2 defects and remain insensitive
to -1/2 defects (Fig. 4a—c). In Supplementary Section 4 and Supple-
mentary Fig. 3, we quantify the correlation between the evolution
of A and defect motion. We first find a velocity field that transports
and deforms ./ over increasing T, and evaluate it at defects. The A
evolution along with defect velocities are provided in Supplementary
Video 5. We then compute the relative angle between the A velocity
at defects and defects velocities. The mean and standard deviation
oftherelative angle associated with positive defects are six times smaller
compared to those related to negative defects. We perform the same
analysis on the experimental data in Fig. 3 and find that the mean and
standard deviation of the relative angle associated with positive
defects are three and four times smaller, respectively, compared
with those related to negative defects (Supplementary Section 4).
Supplementary Video 6 is similar to Supplementary Video 5 but for
the experimental data. We note that A is Lagrangian, that is, it con-
tainsinformation of particle trajectories, whereas defects are Eulerian
and hence agnostic to particle paths. This connection could provide
aquantitative framework to control the Lagrangian motion and defor-
mation of active nematics by steering the position of Eulerian defects.

As in Fig. 3¢, Fig. 4c shows that n tends to align with attracting
/A ridges. By contrast, in contractile active nematics simulated using
equations (6a) and (6b) with the same parameters of the extensile
case and a = 25, we find that n tends to be perpendicular to attracting
v/ ridges (Supplementary Section 5 and Supplementary Fig. 4). In
Supplementary Section 6 and Supplementary Fig. 5, we perform the
same analysis as that in Fig. 4 on simulated extensile active nematic
in confined geometry characterized by dancing defects® and find
again that n tends to align with attracting ./ ridges, consistent with
Figs.3cand 4c.InSupplementary Section 7 and Supplementary Fig. 6,
we provide amechanistic argument that explains these observations.
First, we show thatin extensile (contractile) nematics, ntends toalign
with (perpendicular to) the leading eigenvector e, of D. This provides a
precise connection betweennand Eulerian—or short-time—attractors
(repellers)’, which are parallel (perpendicular) to e,. Then, we relate n
to Lagrangian attractors.

In Supplementary Section 8 and Supplementary Fig. 7, we
also provide an aggregate measure of positional coherence by
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a b
FTLE®'T, t,=6.6,T=-1.6

FTLE®'T, t,=6.8, T=-1.8

Fig. 4 |Lagrangian analysis of a simulated extensile active nematic fluid.

The nematic fluid obeys equations (6a) and (6b). a, ./ for | T] = 1.6, along with

the position of material particles (magenta) attracted to a ,A ridge and initially
released fromacircularblob. b,c, Same as a, but for larger | 7]. The red arrows
illustrate that +1/2 defects pull the attracting ,A ridges that, in turn, shape particle

c d

FTLE® ", t5=7.0, T=-2.0 loglke T (x, &I, to = 5.0, T=2.0

motion. Inc, the red segments display the director field. d, Logarithm of the
folding field modulus |l<f0 (X¢, & )|for T=2,asthatinc.Supplementary Video 4
shows the evolution of the datain a and d for different Tvalues. The positive
defects are located at regions of high folding and low stretching or shearing
Lagrangian deformation.

a b
O (D). 1=6.5 PO/l e t = 6.5
KAKRXAKHKS,
RAAROAY, o
5
0

d
Stress
5 o -pl
I P
o /
{Orientation
_5 Deformation
to 4
@ A4

Fig. 5|Stress and deformation around anisolated +1/2 defect in simulated
extensile active nematics. a, Maximum eigenvalue of the total deviatoric
stress 6” in the proximity of a +1/2 defect (red circle). The leading eigenvector
of 6”is marked by black lines and the the nematic director field, by red lines
(Supplementary Fig. 10 shows separate viscous, elastic and active stress
contributions). b, Pressure field normalized by its maximum absolute value
characterizes the isotropic stress @' = —pl. ¢, Logarithm of the folding rate

modulus of the active nematic, computed from equation (8). d, Sketch of the
deviatoric and isotropic stress distribution near anisolated +1/2 defect in
extensile active nematics (top). The arrow size is proportional to the stress level,
and the blue arrow marks the direction perpendicular to defect orientation. A
sketch of the material deformation near a +1/2 defect (bottom). Supplementary
Fig. 9 shows the equivalent analysis for the contractile case.

using the inverse of the broadly used H mixing norm®’, and show
how it decreases with increasing integration time 7 and activity a.
Our results are consistent with”” where it was discovered that in
the asymptotic limit 7>, the braiding of positive defects contri-
butes dominantly to the increase in topological entropy in active
nematics. However, although' quantifies the contribution of
+1/2 defects to the aggregate (that is, space-independent) mixing,
here we focus and uncover dynamic spatial structures (attracting
Lagrangian CSs) that shape particle motion while being steered
by +1/2 defects. In other words, we identify the spatiotemporal
organizer of active nematics that complement previous analyses
of global mixing properties. Figure 4d shows Kfo(xt,fz) associated
with |T] =2 (Fig. 4c). Consistent with our experimental results
(Fig. 3), we see that +1/2 defects are preferentially located in regions
of high Lagrangian folding and low stretching. We obtain results
similar to Fig. 4 for contractile (a > 0) active nematics, simulated
using the same parameters listed above and a = 25 (Supplementary
Section 5). Supplementary Video 7 shows the same data as Supple-
mentary Video 4 but for the contractile case. Finally, in Supplementary
Section 9 and Supplementary Fig. 8, we confirm that Lagrangian
structures contained in ,A and x remain typically inaccessible
to Eulerian quantities such as the director field n, the nematic
order parameter S, the eigenvalues and eigenvectors of the
rate-of-strain tensor, the velocity divergence V - v,and bend and splay
elastic energies.

Stress gradients are maximum at positive defects

Motivated by the striking deformations associated with +1/2 defects,
we analyse the stress distribution using the simulation data for
extensile active nematics in Fig. 4. We find that the magnitude of
both deviatoric and isotropic total stresses are minimum at +1/2
defects, but their gradients have high values at these locations
along the defect orientation (Fig. 5a,b), and thus induces folding
deformation (Fig. 5d). We obtain similar results for contractile active
nematics (Supplementary Section 10 and Supplementary Fig. 9), where
the folding direction is towards the head of the defect as opposed to
the tail (Fig. 5d).

To bridge the gap between the Lagrangian deformations, which
accounts for the motion history of the nematic continuum, and Eulerian
deformations based on aninstantaneous configuration, we derived an
exact formula for the Eulerian folding rate

Vo(x,t)-n

Kk(t,x,n) = [(VD(x,t)n)n] - n; — o)

®

experienced by aninfinitesimal patch of nematic fluid with orientation
n (Supplementary Section 1). The folding rate can be computed from
vand n, and arises from spatial heterogeneities of the rate-of-strain
tensor D and vorticity w. For example, if the nematic continuum s an
epithelium, k(¢, x, n) measures the bending rate experienced by the
cell located at x with orientation n. Using equation (8), we also find

Nature Physics | Volume 19 | September 2023 | 1355-1361

1359


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-023-02062-y

that k(¢,x, n) is the maximum in the vicinity of +1/2 defects (Fig. 5c),
consistent with the corresponding stress distribution (Fig. 5a,b) and
Lagrangian folding (Fig. 4).

Itisinteresting to compare these results with experimental find-
ings that suggest a biological consequence of topological defects in
epithelial layers'>*"**, where the deformations and stress at the defects
is thought to elucidate how mechanical stimuli are converted into
downstream biochemical signals. Positive defects with strength +1/2
inmonolayers of Madin-Darby canine kidney cells, for example, have
been associated with sites of cell apoptosis®, with a possible explana-
tion being the high compressive stress at the defect location. This
hypothesis has been tested by correlating the isotropic stress aver-
aged over several (-6) cell sizesin the neighbourhood of atopological
defect during apoptosis®. Our findings, however, show that bending
deformations are dominant at positive defects, suggesting that there
may be other mechanisms at play associated with bending deforma-
tions at topological defects.

We observe aclear similarity of the extensile active nematic stress
distribution (Fig. 5) with that experimentally measured in monolayers
of Madin-Darby canine kidney cells® during apoptosis. It is worth
noting that the novel stress and deformation distribution around +1/2
defects, together with the known ability of cells to sense curvature
changes®, may lead to uncovering new feedback mechanismsinactive
epithelial dynamics®**.

Discussion

By combining concepts from nonlinear dynamics, experiments
on two-dimensional active nematics, and simulations of active
nematodynamics equations, we found that the motion of active
nematics is organized by dynamic (time-dependent) attracting
andrepelling CSs, whose motionis coupled to that of +1/2 topological
defects. As the defects move, they deform attracting CSs, which in
turn regulate collective motion. Furthermore, the Lagrangian
timescale-dependent maps of stretching- and folding-type deforma-
tions of a nematic continuum show that +1/2 defects are correlated
with locations of high bending and low stretching-type or shearing-
type deformations. Motivated by this finding, we have discovered a
characteristic stress distribution around +1/2 defects: the stress is
the minimum at the defect, but its large gradient along the defect’s
orientation causes differential stress thatinduces bending. The bend-
ing is towards the defect head (tail) for contractile (extensile) active
nematics. Similar stress distributions were experimentally measured
in monolayers of Madin—-Darby canine kidney cells®. Finally, we have
observed and explained that the nematic director tends to align along
(perpendicular to) attracting Eulerian and Lagrangian CSs'®" for exten-
sile (contractile) active nematics.

More broadly, using only the measured velocity and nematic direc-
tor, our results provide a quantitative framework for assessing the
motion, mixing and deformation of active nematics. Emerging experi-
mental evidence associates biological functionality with topological
defects of cells orientation®, actin fibre orientation®® and the ability
of cells to sense and react to bending and stretching deformations™.
From this perspective, our approach quantifies the stretching and
folding deformations in anematic continuum as timescale-dependent
maps. Investigating the correlation between curvature and stretching
deformation mapsinepithelial layers and other similar systems could
elucidate how cells couple mechanical inputs to intracellular signals
in oriented active matter systems.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541567-023-02062-y.
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Methods

Experimental data

We discuss our microtubule-based active nematic experimentsin detail
in Supplementary Section 2.

Numerical data
We solve our active nematodynamic equations using a dedicated code
developed elsewhere®.

FTLE, Lagrangian folding and Eulerian folding rates

Given a modelled or experimental planar velocity field v(x, t), we
compute the Lagrangian attractors and repellers from backward
and forward FTLE (equation (3)). To compute the FTLE, we first calcu-
late F{ (xo) (equation (1)) by integrating the cell velocity field v(x, ¢)
using the built-in Runge-Kutta solver ODE45 in MATLAB 2021b with
absolute and relative tolerance of 1079, linear interpolation in space
and time and auniformdense grid of initial conditions. Then, we com-
pute VF; (xo) taking the spatial derivatives of FZ) (o) With respect to
the initial conditions using centred finite-difference approximation.
Using equation (2), we compute C] (xo)and use the eigenvalue MATLAB
functionto calculateits largest eigenvalue field 1, and the correspond-
ing eigenvector field ,. Using numerical centred finite differencing,
we calculate the second spatial derivatives of F; (xo)and compute the
Lagrangian folding field x fromequation (4). Using the same numerical
schemes, we compute the Eulerian folding rate field & (equation (8)).

Topological defects

We discuss the identification of topological defects, calculation of
defect velocity and their correlation with the motion of Lagrangian
attractorsin detail in Supplementary Section 4.

Data availability
The experimental and simulated data that support the findings of this
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