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In microtubule-based active nematics, motor-driven extensile motion of microtubule bundles pow-
ers chaotic large-scale dynamics. We quantify the interfilament sliding motion both in isolated
bundles and in a dense active nematic. The extension speed of an isolated microtubule pair is com-
parable to the molecular motor stepping speed. In contrast, the net extension in dense 2D active
nematics is significantly slower; the interfilament sliding speeds are widely distributed about the av-
erage and the filaments exhibit both contractile and extensile relative motion. These measurements
highlight the challenge of connecting the extension rate of isolated bundles to the multi-motor and
multi-filament interactions present in a dense 2D active nematic. They also provide quantitative
data that is essential for building multiscale models.

Driven by the continuous injection of energy through
the motion of microscopic constituents, active nematics
exhibit chaotic flows that are tightly coupled to the con-
tinuous creation and annihilation of motile topological
defects [1–5]. Such dynamics are described by contin-
uum models in which the activity is introduced through
a phenomenological active stress [6–11]. Experimental
work characterized the large-scale non-equilibrium dy-
namics of active nematics [12–16]. In comparison, little is
known about how the microscopic constituents determine
the coarse-grained dynamics, especially for cytoskeletal
active nematics [17, 18]. For instance, while active stress
is the defining feature of active nematics, predicting its
magnitude or sign in terms of microscopic dynamics re-
mains a significant challenge [19–23].

Single-molecule experiments elucidated the depen-
dence of the kinesin stepping speed on both the magni-
tude and the direction of the load force it experiences [24–
28]. Consequently, determining the motor load and speed
in active nematics is important for informing the micro-
scopic models. However, measuring the relative speed
of a motor with the respect to the filament it is step-
ping along is not possible in dense active nematics. In
the absence of such data, the relative motion of filaments
provide valuable insight into microscopic dynamics. For
example, several models predict that filaments will slide
past each other at a constant speed determined by the
molecular motors [18, 29–32]. To test these predictions,
we characterize the multiscale dynamics of microtubule-
based active nematics. We find that dilute microtubule
pairs extend at a constant speed, similar to the stepping
dynamics of an isolated motor. In contrast to both the
dilute bundles and theoretical predictions, the motion of
microtubules in a dense nematic is more complex. The
filament extension rate is both significantly slower and
more widely distributed about the average when com-
pared to the dynamics of isolated bundles. These ef-
fects must be accounted for to develop accurate multi-
scale models that predict the chaotic dynamics of ac-
tive nematics from the properties of the microscopic con-
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FIG. 1. Dynamics of extensile bundles. (a) Time series
of two oppositely polarized microtubules cross-linked by ki-
nesin motor clusters. Depletion induces bundle formation at
t=0 s. Thereafter, kinesin clusters generate bundle extension.
Scale bar, 10 µm. (b) Bundle length over time for four repre-
sentative events. The red line indicates the average velocity
of eight events, with shaded standard deviation. Average ex-
tension velocity v = 540 ± 100 nm/s.

stituents.
Extensile microtubule bundles are an essential building

block of diverse active matter systems [33–37], yet their
dynamics have not been quantified. We adsorbed dilute
microtubules onto a surfactant stabilized oil-water inter-
face in the presence of kinesin motor clusters, a deple-
tion agent, and an ATP regeneration system [Fig. 1(a)].
When two microtubules bundled together, the kinesin
clusters linked adjacent filaments and moved toward their
plus ends. For pairs with opposite polarity, motors step-
ping generated bundle extension [Fig. 1(b), Supp. Fig.
1]. Notably, the bundle length increased linearly with
time, allowing us to extract the extension speed from the
slope. The average extension speed was 〈ve〉 = 540± 100
nm/s. For comparison, a single kinesin-1 motor steps
with an average speed of 〈v〉 = 610±160 nm/s [38], which
extrapolates to a bundle extension speed of 1.2 µm/s.
This discrepancy can have different causes. For exam-
ple, the crowding agent or cluster structure could change
the angle and the force load with which motors attach to
microtubules [28]. Diffusional dynamics suggest that the
frictional force of interfilament sliding is 10−1 pN [Supp.
Info.]. This is large compared to the 10−5 pN drag force
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FIG. 2. Analysis of photobleached active nematics.
(a) Time evolution of a photobleached region within a ne-
matic assembled at 10 µM ATP. Scale bar, 20 µm. (b)
Intensity profiles I⊥ along the dotted lines in (a) and aver-
aged across the length of the photobleached region. (c) The
width of the photobleached region plotted over time, fitted to
w = ae−t/τ . (d) Initially sharp, the edge of the bleached
square along the director roughens over time. (e) Inten-
sity profiles I||(x) along the director averaged across the edge
of the bleached region (points) and the prediction from the
model of diffusion in Eq. 1 (lines). (f) The effective diffusion
coefficient Dbleach extracted for Eq. 1 versus ATP concen-
tration. (g) The strain rate as a function of ATP concentra-
tion. Strain rates extracted from the exponential fit γ⊥ = 1/τ
(blue) and from a fit to the diffusion-convection model Eq.1
(red). The grey lines are fits to the Michaelis-Menten equa-
tion γ = γmax[ATP]/(KM − [ATP]) with γ⊥,max = 0.026 s−1

and K⊥,M = 54 µM (blue, dashed) and γ||,max = 0.027 s−1

and K||,M = 46 µM (red, solid). Error bars in (f) and (g) are
the standard errors of multiple measurements.

on a 100 nm bead, but small when compared to the 5 pN
force at which kinesin motors stall [26, 33, 39].

The extensional bundle motion drives the large-scale
dynamics of active nematics. To relate the two phenom-
ena, we next measured the dynamics of microtubules in
dense active nematics. Sedimenting a high-density of ex-
tensile bundles onto a surfactant stabilized oil-water in-
terface yielded an active nematic with local orientational
order that was imaged using fluorescence microscopy. Ne-
matic regions were labeled by photobleaching a ∼50 µm2

square in a defect-free, uniformly aligned region. Con-
trols confirmed that the laser did not ablate the bleached
microtubules. The bleached area remained constant over
time, consistent with 2D incompressible flows [Supp. Fig.
2]. The labeled nematic stretched along the director
and compressed perpendicular to the director [Fig. 2(a),
Supp. Mov. 1]. Occasionally, the rotational compo-
nent of the strain dominated, causing the region to shear

[Supp. Fig. 3]. Our analysis excluded such regions.
We defined the x-direction as the local nematic director

in the Lagrangian reference frame. We first measured
the intensity profile perpendicular to the director, I⊥(y)
averaged across an edge of the photobleached region [Fig.
2(b)]. The interface remained sharp while the width of
the bleached region decayed exponentially as w = ae−t/τ ,
where γ⊥ = 1/τ is the strain rate of the compressing
material [Fig. 2(c)]. The ATP dependent strain rate was
described by the Michaelis-Menten equation, the same
relationship also describing the ATP-dependent stepping
of an isolated motor [Fig. 2(g)] [26].

Next, we measured the average intensity profiles along
the director I||(x) averaged across the height of the
bleached region. In contrast to the sharp edges per-
pendicular to the director, the edges along the director
roughened [Fig. 2(d)]. Over time, the average edge inten-
sity broadened in a diffusion-like manner [Fig. 2(e)]. We
modeled the temporal evolution of such intensity profiles
as a mass transfer process with diffusion and convection:
∂I||
∂t +u ·∇I|| = Dbleach∇2I||, where u is the velocity field

and Dbleach is the activity-induced effective diffusion co-
efficient. Restricting the flows to be dipolar extensile
and incompressible gives: u = γ||{x,−y}, where γ|| is
the constant strain rate. Assuming that gradients in the
y direction are negligible yields:

∂I||

∂t
+ xγ||

∂I||

∂x
= Dbleach

∂2I||

∂x2
, (1)

which we solved numerically. The strain rate and effec-
tive diffusion coefficients were obtained by minimizing
the squared error between experimental intensity profiles
and model predictions. The predicted intensity profiles
quantitatively described the data [Fig. 2(e)], yielding the
ATP-dependent effective Dbleach and γ|| [Fig. 2(f)]. Im-
portantly, the measured strain rates were comparable to
those extracted from the perpendicular intensity profiles,
I⊥(y) [Fig. 2(g)].

Photobleaching revealed the average dipolar extensile
flows. Along the extension axis the bleached interface
roughened, indicating that the microtubules slide past
each other collectively in staggered bundles [Fig. 2(d),
Supp. Fig. 4]. This observation suggests the presence of
complex spatiotemporal correlations in microtubule mo-
tions that remain poorly understood. Eq. 1 separates
the dynamics into extensile motion that drives the large-
scale chaotic flows (γ||) and the stochastic contributions
(Dbleach), by assuming that the microscopic motion of
microtubules is the superposition of Gaussian random
walk and spatially dependent drift processes. The simi-
lar ATP-dependent scaling of both γ and Dbleach suggests
that both contributions are driven by the same micro-
scopic processes.

To probe the origin of the stochastic contributions, we
quantified the relative motions of individual filaments in
active nematics by labeling a low fraction of microtubules
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FIG. 3. Tracking microtubules in active nematics. (a)
An active nematic doped with fluorescent microtubules. (b)
An image of dilute fluorescent microtubules. The position
(dot) and orientation (bar) of an example reference micro-
tubule is overlaid in blue, and the aligned microtubules for
which the relative velocities are calculated are plotted in red.
One out of twenty-thousand microtubules is labeled. Scale
bar, 25 µm. (c) The average Lagrangian flow field in the ref-
erence frame of a microtubule located at the origin and ori-
ented along x. The flow field was obtained from binning the
relative velocities by distance and averaging over time and fil-
ament pairs (1000 µM ATP). (d) The average flow field with
relative microtubule positions and velocities collapsed into the
first quadrant, so that V|| > 0 indicates an extending pair.

[Fig. 3(a)]. We extracted relative velocities and orienta-
tions of labeled filament pairs using a custom MATLAB
program [Fig. 3(b), Supp. Mov. 2]. To analyze only uni-
form domains, the relative velocities were calculated only
for filament pairs aligned to within 10°. Averaging over
all pairs yielded V (x, y), which describes how the rela-
tive velocity of two microtubules depends on their sepa-
ration along the x and y axis [Fig. 3(c)]. As previously,
the microtubule’s long axis defined the x-axis in the La-
grangian reference frame [Fig. 3(c)]. The velocities were
broken into components along, V||(x, y), and perpendic-
ular to, V⊥(x, y), the nematic director. Exploiting the
nematic symmetry, we collapsed the flow field by rotat-
ing microtubule pairs so that the non-origin microtubule
position was in the first quadrant [Fig. 3]. In this ref-
erence frame, V|| > 0 indicates an extending pair, while
V|| < 0 indicates a contracting pair. Consistent with the
photobleaching experiments, microtubule tracking also
revealed dipolar extensile flows.

Plotting the velocity profiles along the x and y axis,
V||(x, 0) and V⊥(0, y), yielded relative filament velocities
that respectively increased/decreased linearly with in-
creasing filament separation [Fig. 4(a-c)]. The slopes de-
termined the ATP-dependent strain rates, which agreed
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FIG. 4. Analysis of filament tracking data. (a) The av-
erage velocity of microtubule pairs along the director V||(x, 0)
as a function of interfilament distance along the director for
all ATP concentrations [legend in panel (b)]. Inset: 5 µM
velocity profile with a y-axis re-scaled to nm/s. (b) The av-
erage relative velocity perpendicular to the director V⊥(0, y)
of microtubules as a function of the interfilament distance
perpendicular to the director. (c) The strain rate calcu-
lated from the slope of the velocity profiles along the director
(red) and perpendicular to the director (blue) plotted ver-
sus ATP concentration. The grey lines are fits of the data
to the Michaelis-Menten equation with γ||,max = 0.037 s−1

and K||,M = 57 µM (red, solid), and γ⊥,max = 0.035 s−1 and
K⊥,M = 63 µM (blue, dashed). Error bars are standard errors
of multiple measurements. (d) The distribution of the mi-
crotubule sliding velocities for interfilament distance less than
6 µm (50 µM ATP). Lines are fits of the data to Gaussians

P = A ∗ e[−(v−v̄)2/2σ2]. Along the director (red), v̄|| = 0.04
µm/s and σ|| = 0.12 µm/s. Perpendicular to the director
(blue), v̄⊥ = −0.04 µm/s and σ⊥ = 0.07 µm/s.

with the photobleaching analysis [Fig. 5(a)]. Both pho-
tobleaching and filament tracking analysis revealed con-
stant average strain rate and net dipolar extensile flows
in the defect-free regions of the active nematic. A con-
stant strain rate indicates exponential extension along
the director. Similar dynamics were observed in grow-
ing bacterial colonies, although in that case the influx of
mass yielded isotropic growth [40].

Tracking individual filaments not only revealed the av-
erage extension rate, but also the distribution of veloc-
ities around the average value. The probability distri-
butions of the microtubule separation velocities along,
p(V||), and perpendicular to, p(V⊥), the director, showed
the deviations of individual filaments from the average
strain rate [Fig. 4(d)]. Both distributions were Gaus-
sians, with constant widths up to an interfilament dis-
tance of 30 µm [Supp. Fig. 5]. Perpendicular to the
director, the relative velocities were tightly distributed:
all microtubules moved toward each other at compara-
ble speeds, corresponding to the sharp intensity profiles
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(I⊥) of the photobleached region [Fig. 2(a-b)]. By con-
trast, velocities along the director deviated significantly
from the average strain rate. On average, microtubule
pairs moved away from each other. However, p(V||) had
a significant contractile tail (V|| < 0): at any given time
37%± 2% of microtubule pairs move toward each other.

We extracted the width of the velocity distribution σ||
from a Gaussian fit to p(V||). Similar to the Dbleach mea-
sured in the photobleaching experiments, σ|| reflects the
stochastic contribution of the microtubule movements.
Indeed, we found that both variables scaled similarly
with ATP concentration [Fig. 5(b)]. For Brownian mo-
tion, the diffusion coefficient in the x direction is related
to the width of the velocity distribution Dsingle = σ2

||∆t/2

[41]. However, we found that Dsingle 6= Dbleach [Supp.
Fig. 6]. The assumption of Brownian dynamics behind
Dsingle requires that particles act independently. In con-
trast, the jagged motion of microtubule bundles shows
strong spatial correlations of microtubule motion [Fig.
2(d)]. Taken together, these observations suggest that
the underlying microscopic dynamics do not exhibit dif-
fusion with Gaussian statistics.

Established models described active nematics by
coarse-grained nematic director and velocity fields [8, 9,
12, 15, 42–45]. Such models capture certain features of
the measured microtubule dynamics. Importantly, in a
minimal model the local Lagrangian flows within a uni-
form domain exhibit relative extension speeds that grow
linearly with distance [Supp. Fig. 7]. This agreement
shows that the coarse-grained behaviors of active nemat-
ics are generic and may be obtained from distinct micro-
scopic dynamics. However, our experiments show that
the dynamics of individual microtubules which create the
net extensional flows exhibit nontrivial deviations from
the mean velocity. This is a first step for informing the
development of multiscale theories.

Our experiments revealed several features of active ne-
matics. First, both stepping of isolated kinesin motors
and the active nematic ATP-dependent strain rate are
captured by the same Michaelis-Menten kinetic equa-
tions [26]. This demonstrates that the average exten-
sion rate is determined by the kinesin stepping speed.
Second, the strain rate of an isolated filament pair is es-
timated by dividing the extension velocity [Fig. 1(b)]
by the average microtubule length in the nematic, ∼2.5
µm. This microscopic strain rate (∼ 0.2s−1) is signifi-
cantly larger than the effective strain rate measured in
active nematics (0.03 s−1) where multi-motor and multi-
filament interactions are present [Supp. Fig. 8]. This
discrepancy suggests that the motors in dense nematics
have different dynamics than those in the dilute solu-
tions. One possibility is that motors in dense nematics
experience high force loads, which reduces their stepping
speed. Indeed, recent measurements suggested that the
force load on kinesin is ∼20 pN which generates signif-
icant pre-stress [46]. Third, given the nearly uniform

extension rate of isolated bundles, one might also expect
uniform extension in the active nematic, wherein all mi-
crotubules slide past each other at the same rate [30].
However, the measured distribution width of sliding ve-
locities in dense nematics (σ = 680 nm/s) is much larger
than what is found for dilute bundles (σ = 100 nm/s).
Finally, the narrow distribution of velocities perpendicu-
lar to the director p(V⊥) is consistent with active stress
being generated only along the director. The movement
of microtubules perpendicular to the director is driven by
incompressible material flows, with the contraction rate
along y reflecting the average extension rate along x.

The microscopic origin of the extensile/contractile
symmetry breaking remains an open question. Numeri-
cal and theoretical work suggests that non-uniform mo-
tor distributions along filaments could be the microscopic
source of the symmetry breaking, but these distributions
are challenging to measure [47–49]. The measured fila-
ment velocity distributions provide an alternative param-
eter that can perhaps be used to confirm specific micro-
scopic models.

The microtubule velocity distributions determine the
temporal evolution of a photobleached region. Uniform
sliding velocities yield a photobleached area that splits
into two distinct regions moving in the opposite direc-
tions, associated with opposing microtubule polarity [30].
Such dynamics were observed in 3D aligned microtubule
gels powered by kinesin-14; all the microtubules moved
at the same speed, exhibiting uniform extension that
was identical to the isolated speed of the kinesin-14 mo-
tors [18]. In contrast, 2D active nematics exhibit non-
uniform displacement along the edge of the bleached re-
gion. This striking difference suggests the existence of
multiple classes of microscopic dynamics. Understanding
the differences between these systems and their emergent
dynamics is essential for developing accurate multiscale
theories of active systems.

Importantly, in our experiments the edge of the
photobleached region along the director does not blur
smoothly; rather it roughens as discrete “bundles” of
bleached and fluorescent microtubules slide past each
other [Supp. Fig. 4, Supp. Mov. 3, 4]. This sug-
gests that on short time scales bundles of microtubules
move as cohesive units. One possibility is that the co-
herently moving regions have localized transient polar
order [17, 30], a hypothesis which could be verified with
second harmonic generation microscopy [18, 50].

In conclusion, we probed the dynamics of microtubules
within dense 2D active nematics. The average flows are
dipolar extensile with well-defined average strain rates.
The microscopic motions are widely distributed about
this average and cannot be captured by coarse-grained
variables. The velocity distribution along the director
and the appearance of coherent bundle motion implies
that non-additive motor-microtubule interactions are im-
portant for generating extensile active stress.
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FIG. 5. Comparison of photobleaching and filament
tracking results. (a) Strain rate along the director ex-
tracted from the slope of velocity profiles (blue dots) and Eq.
1 (gold squares). Inset: Strain rate perpendicular to the direc-
tor from slope of velocity profiles (blue dots) and exponential
fit of photobleached region width (gold squares). Gray lines
are fits to the Michaelis Menten equation. (b) Width of ve-
locity distribution along the director σ|| (blue dots, left axis)
and effective diffusion coefficient Dbleach (gold squares, right
axis) versus ATP concentration.
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