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Introduction

Geometry-dependent transmission
of externally imposed shear stress in confined
microtubule—kinesin active fluids

2 Yen-Chen Chen,? Haoran Wang,”
9 Thomas R. Powers

Joshua H. Dickie,® Tianxing Weng,
Yutian He,© Saloni Saxena,7® Robert A. Pelcovits,
Kun-Ta Wu (2 *af

¢ and

Active fluids generate internal active stress and exhibit unique responses to external forces such as
superfluid-like flow and self-yielding transitions. However, how confinement geometry influences these
responses remains poorly understood. Here, we investigate microtubule—kinesin active fluids under
external shear stresses in three geometries. In a thin slab-like container with a translating wall, we
observed a kinematic transition from activity-dominated chaotic flow to lid-driven cavity flow when the
applied shear stress exceeds ~1.5 mPa, comparable to the intrinsic active stress magnitude. Simulations
supported the conclusion that this transition arises from competition between internal active stress and
imposed shear stress. In contrast, in a ratcheted toroidal confinement, the imposed shear remains
localized near the driven boundary and does not propagate through the bulk. Nevertheless, this
localized perturbation cooperatively couples with internal active stress to reverse the global circulation.
This cooperative mechanism is further demonstrated in a connected-toroid geometry: driving one
toroid reorganizes flow in a second, indirectly connected toroid, while no such influence occurs in a
passive fluid. Together, these findings show that the response of active fluids to external forcing
depends not only on the magnitude of applied stress but also on how confinement geometry mediates
whether stresses interact through bulk competition or local-to-global cooperative reorganization,
revealing a new approach to combining static geometrical design with dynamic external stimuli for real-
time modulation of flow patterns. Such strategies may be applied to microfluidics, where micro-
mechanical actuators dynamically tune active fluid behavior within fixed geometries, enabling transitions
between chaotic and coherent flows for mixing, sorting, or transport.

can emerge from microscopic chaos. For instance, when active
fluids are confined within ring-like geometries, their collective

Active fluids consist of dynamic entities that locally consume
fuel to power their motion. The individual motions interact and
accumulate, giving rise to large-scale phenomena reminiscent
of flocking and swarming in biological systems."™ The study of
these collective dynamics has provided insights into how order
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behavior can be directed to create coherent flow motion.®™°
However, what distinguishes active fluids from their passive
counterparts is their dynamic response to moving bound-
11713 Active fluids can undergo a rheological transforma-
tion to a superfluid with reduced viscosity'*™*® or exhibit more
complex rheological transitions like self-yielding active net-
works that transition from fluid-like to gel-like, and then back
to a fluid-like state.'” These transitions emphasize the dynamic
and adaptive characteristics of active fluids when subjected to

aries.

external mechanical stress, revealing how the internal active
stresses can compete with and respond to external forces.
While the rheological properties of active fluids have been
extensively studied, particularly in terms of viscosity and
fluidity,">® the role of confinement geometry in shaping an
active fluid’s response to external driving forces has remained
poorly understood. Previous studies have mainly focused on
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how confinement affects the self-organization of active
fluids® 97! rather than how confinement can modify active
fluid’s response to external forces. In this work, we investigate
how microtubule-kinesin active fluids respond to external
driving in three distinct geometries—a thin cuboidal cavity, a
ratcheted toroidal loop, and a connected-toroid geometry that
couples two toroidal rings. These geometries are selected
to contrast open, slab-like boundaries with closed, ring-like
confinements, allowing us to probe how topology governs the
pathways by which externally imposed shear interacts with
internally generated active stress. In open geometries, external
and active stresses compete throughout the bulk, whereas in
closed and connected geometries, the imposed shear remains
localized and influences the system only through a cooperative
coupling with internal activity. Together, these complementary
geometries reveal how confinement topology fundamentally
mediates stress transmission in active fluids, offering new
insights into how such systems can be controlled and manipu-
lated in complex, interconnected environments.

Materials and methods
Microtubule polymerization

To study the response of the microtubule-kinesin active fluid to
external shear forces, we prepared this fluid using two key
ingredients: microtubules and kinesin motor proteins (Fig. 1B).
Microtubules were polymerized from o- and B-tubulin dimers
purified from bovine brains.>*** To polymerize the micro-
tubules, we mixed 8 mg mL™' of tubulins with 600 pM
guanosine-5'[(a,B)-methyleno]triphosphate  (GMPCPP, Jena
Biosciences, NU-4056) and 1 mM dithiothreitol (DTT, Fisher
Scientific, AC165680050) in microtubule buffer [80 mM PIPES,
2 mM MgCl,, 1 mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid, pH 6.8].>****> The mixture was
incubated at 37 °C for 30 minutes and then annealed at room
temperature for 6 hours. For long-term storage, the polymer-
ized microtubules were aliquoted, snap frozen with liquid
nitrogen, and stored at —80 °C.

Kinesin motor protein preparation

To generate the internal active stress necessary for our micro-
tubule-kinesin active fluid to oppose external influences, we
prepared kinesin motor proteins, which are essential for power-
ing the sliding motion of microtubule bundles (Fig. 1B).>**® We
expressed kinesin motor proteins in Escherichia coli-derived
Rosetta 2 (DE3) pLysS cells (Novagen, 71403) transformed with
DNA plasmids encoding Drosophila melanogaster kinesin genes
from fruit flies. For our experiments, we used processive motors
consisting of the first 401 N-terminal amino acids (K401).”
The kinesin motors were tagged with six histidines, allowing
purification via immobilized metal ion affinity chromatography
using gravity nickel columns (Cytiva, 11003399). To enable
kinesin motors to slide adjacent microtubule pairs, they need
to be dimerized (Fig. 1B), so the kinesin motors were tagged
with a biotin carboxyl carrier protein at their N terminals,
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enabling binding with biotin molecules (Alfa Aesar, A14207).>>>*
These biotinylated motors were dimerized by mixing 1.5 uM K401
motors with 1.8 pM streptavidin (Invitrogen, S-888) and 120 uM
DTT in microtubule buffer. This mixture was incubated for
30 minutes at 4 °C, snap frozen with liquid nitrogen, and stored
at —80 °C.

Microtubule-kinesin active fluid preparation

To prepare the microtubule-kinesin active fluid for our study,
we mixed 1.3 mg mL~" microtubules with 60 nM kinesin motor
dimers.”>** Microtubules were bundled using 0.8% polyethy-
lene glycol (Sigma, 81300) as a depleting agent (Fig. 1B). The
bundled microtubules allowed motor dimers to slide pairs of
anti-parallel microtubules apart, creating extensile bundles,
which are the primary source of activity in the active fluid.*®
This motion required motors to hydrolyze ATP into adenosine
diphosphate (ADP), so we added 1.4 mM ATP.>**° As ATP was
hydrolyzed over time, the ATP concentration decreased, leading
to a reduction in the active fluid’s activity level.>>*°" There-
fore, to maintain ATP concentrations and sustain the active
fluid’s activity, we included 2.8% v/v pyruvate kinase/lactate
dehydrogenase (Sigma, P-0294) and 26 mM phosphenol pyru-
vate (BeanTown Chemical, 129745) to regenerate ATP from
ADP, thereby maintaining the ATP concentration.>® To stabilize
the proteins in our active fluid system, we added 5.5 mM DTT.
To visualize and track fluid flows during our experiments, we
doped the active fluid with 0.0016% v/v fluorescent tracer
particles (Alexa 488-labeled [excitation: 499 nm; emission:
520 nm] 3-um polystyrene microspheres, Polyscience, 18861).
Since prolonged fluorescent microscopy can lead to photo-
bleaching, we included 2 mM Trolox (Sigma, 238813) and an
oxygen-scavenging system comprising 0.038 mg mL ' catalase
(Sigma, C40), 0.22 mg mL " glucose oxidase (Sigma, G2133),
and 3.3 mg mL™" glucose (Sigma, G7528) to reduce photo-
bleaching effects.>* Mixing these ingredients resulted in a
microtubule-kinesin active fluid, which formed a self-
rearranging microtubule network that continually generated
internal active stress to drive flow without the need for external

influences.?*>?

Design of microfluidic devices

We confined the active fluid within 3 different geometries:
a thin cuboid, a ratcheted toroid, and connected toroids.
All geometries were designed using SolidWorks 2021 to create
a 3D model followed by 3D printing to fabricate the chips. The
thin cuboid has dimensions of 3 mm x 3 mm X 0.4 mm
(Fig. 1A). To study the lid-driven flow of an active fluid, the
cuboid abutted a 440 pm-wide driving channel, which was
420 pm deep at the center and 220 pm deep at the sides. This
driving channel contained a thread which was a microtube
(Scientific Commodities, BB31-695-PE/C) towed by a motor,
serving as a moving boundary. The microtube has a diameter
of 355.6 um, which was slightly smaller than the channel width,
causing the thread to wobble while being towed. To minimize
wobbling and ensure a stable moving boundary, we placed
vertical pillars with a radius of 64 um in the driving channel

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Dynamic response of microtubule—kinesin active fluid in a lid-driven cavity flow system. (A) Schematic of a thin cuboidal cavity (3 mm x 3 mm x
0.4 mm) filled with microtubule—kinesin active fluid (blue) driven by a moving thread (brown). The dashed pink region in the cavity is the data analysis
region. (B) Polymer depletants (purple) cause the microtubules (blue) to form bundles. Kinesin motors (orange) slide the microtubules relative to each
other (red arrows). Such sliding dynamics forge an extensible microtubule network that actively stirs the surrounding solvent, creating mesoscopic
chaotic flows. (C) Plots of the velocity field (arrows) and normalized vorticity o (colorbar) at various thread speeds for the active fluid. Blue tones denote
counterclockwise vorticity; red tones indicate clockwise vorticity. Flow maps shown are limited to regions >150 um away from boundaries to ensure
reliable particle tracking and statistics (see Materials and methods). (D) Time-averaged vortex core density vs. thread speed. The dashed blue line shows
the water-control mean, and the shaded band reflects its one-standard-deviation uncertainty. Inset: The vortex core density rapidly dropped from 2 to
0.4 mm~2 upon the onset of shear, then returned to its original pre-driving value once the driving stopped. This reversible transition demonstrates that
the active fluid's flow structure adapts to the applied shear, mirroring the behavior of a conventional cavity flow at high driving speeds, yet recovers its
intrinsic turbulence-like state in the absence of driving. (E) Control experiment showing the velocity field and normalized vorticity for a water/heavy water

mixture.

near the corners of the cuboidal cavity to clamp and stabilize
the thread motion. The driving channel led to a 9.4 mm-in-
diameter cylindrical well on each side, with a 3.4 mm-in-
diameter cylindrical hole in the center to allow the thread to
enter and exit the chip. To prevent the thread from being pulled
in or out at a right angle, causing jiggling, the hole edges were
rounded. Additionally, the thread motion could inadvertently
drag fluid from one side of the well to the other, leading to a

This journal is © The Royal Society of Chemistry 2026

pressure difference between the ends of the driving channel.
This pressure difference could cause a backflow into the cavity,
altering the fluid dynamics. To minimize this effect, we added a
parallel backflow channel (400 pm in width and depth) con-
necting the two wells, directing the dragged fluid back to the
other side to minimize the pressure buildup and backflow.
Finally, to confine the active fluid in the chip, we used
the clamping method developed previously,® which involved

Soft Matter, 2026, 22,1933-1947 | 1935
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sandwiching the active fluid between the chip and a glass slide
and clamping them tightly. However, this method created a gap
between the chip and the glass slide, which could lead the fluid
to evaporate. To prevent this evaporation, we surrounded the
active fluid with a gutter (1 mm wide and 400 pm deep), which
allowed the fluid within it to evaporate first, thereby minimiz-
ing the evaporation impact on the active fluid in the cavity.

Fabrication of microfluidic devices

To fabricate the chips described above, we exported the 3D
model from SolidWorks to a 3D printer (Phrozen Sonic Mini 8K
Resin 3D Printer). For imaging fluorescent tracers in the active
fluid through the 3D printed chips, we used transparent resin
(Formlabs, RS-F2-GPCL-04). To minimize foam formation dur-
ing the 3D printing process, the resin was first placed in a
vacuum for 1 hour to remove dissolved oxygen and water.
To facilitate chip removal after printing, we attached a remo-
vable magnetic build plate (Koyofei, KYF-3D-150) to the prin-
ter’s build plate. After the chips were printed and removed from
the 3D printer, they were sonicated in isopropyl alcohol for
10 minutes, rinsed with water, and air-dried. To harden and
smoothen the chip surface, the chips were clamped between
two clean glass slides, heated to 60 °C for 20 minutes, exposed
to ultraviolet light for 5 minutes, and then allowed to cool on
the tabletop to room temperature. After these post-printing
processes, the chips were ready to be loaded with the micro-
tubule-kinesin active fluid.

Sample preparation and imaging

To prepare the samples for studying the active fluid’s response
to external driving, we first passed the driving thread through
the two wells and into the driving channel of the fabricated
chips (Fig. 1A), followed by loading 20 pL of the microtubule-
kinesin active fluid into the central cavity and clamping it
between the chip and polyacrylamide-coated glass slide using
our previously developed clamping method.®?* After clamping,
both wells were loaded with an additional 20 pL of the active
fluid to serve as reservoirs, thereby reducing the impact of
evaporation on the fluid in the central cavity.

The assembled chip was mounted onto the optical micro-
scope (Nikon Ti2-E Inverted Microscope, MEA54000); the
thread was attached to the edge of a spool rotated by a 5 V
brushless DC motor (Great Artisan, X001HN17]B). The motor’s
power was tuned with an Arduino Uno board (Arduino, Uno R3)
connected to a computer, which allowed us to program the
spool’s rotation speed and thereby the thread’s speed. Initially,
the thread was kept stationary for 30 minutes to allow the active
fluid to reach a steady flowing state (chaotic, turbulence-like
flows for the thin cuboid and coherent flows for the toroids);
then the motor was programmed to tow the thread for a
targeted duration (5-60 minutes) before stopping (Fig. 1D
inset).

To characterize the flows of the active fluid in response to
the thread motion, we imaged the suspended Alexa 488-labeled
tracers using a 4x objective lens (CFI Plan Apo Lambda 4 x Obj,
Nikon, MRD00045, NA 0.2). To excite the Alexa 488 dye on the
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tracer particles, we applied blue light (401-500 nm) to the
sample and collected the dye-emitted light with a multiband
pass filter cube (Multi LED set, Chroma, 89402-ET).>* The
collected light was captured with a camera (Andor Zyla, Nikon,
ZYLA5.5-USB3) controlled by commercial image acquisition
software (Nikon NIS Elements version 5.11.03). All images were
acquired at the chamber’s mid-plane to capture the fluid
motion projected onto the two-dimensional plane. This choice
follows our previous observations under similar confinement,
which showed that horizontal motion of the active fluid
remains ballistic while vertical motion is diffusive, indicating
quasi-two-dimensional dynamics.?”

Particle tracking and flow field reconstruction

To characterize the influence of the thread motion on the active
fluid flow, measuring the thread speed was indispensable, so
we doped fluorescent tracer particles inside the thread,
which was a tube with inner boundaries to which the tracers
adhered (Movies S1-S3). These tracers moved with the thread,
allowing us to manually track their trajectories to determine the
thread speed.

To characterize the flow of the active fluid in response to the
thread motion, we tracked the suspended tracer particles in the
active fluid in sequential images using a Lagrangian tracking
algorithm,®® revealing the trajectories r,(t) and corresponding
instantaneous velocities v,(t) = dr;/dt of the tracers, where i
denotes the tracer index. Since the tracer positions were scat-
tered, the particle tracking provided scattered velocity data
points for each frame.

To generate a flow field and vorticity map, these scattered
velocities were interpolated onto the grid over the region of
interest (cavity), which allowed us to construct a velocity field
on a defined grid, V(r,¢) and subsequently determine the
vorticity distributions as o(rt) = [V x WV(rt)],- To visualize
the flow structure in the thin cuboid, we normalized the
vorticity distribution by three times the standard deviation of
the vorticity>'® and then plotted the instantaneous velocity
field and normalized vorticity maps (Fig. 1C and E).

Analysis of Okubo-Weiss field and vortex core density

To quantify vortex core density and identify vortex-dominated
regions in the active fluid, we analyzed the Okubo-Weiss
field,>”3° which characterizes the balance between shear strain
and vorticity and is defined as II = (0,V})(0,V,) — (0.V)([&yV}),
where V is the flow velocity field. The Okubo-Weiss field
highlights rotational and strain-dominated regions, with nega-
tive II indicating vorticity-dominated areas and positive II
indicating strain-dominated areas (Fig. S1). To identify vortex
cores and analyze vortex core density, we first discarded posi-
tive II values, and among the remaining negative II values, we
selected the 10th percentile closest to zero as the vortex-
defining threshold and further excluded the II's above this
threshold. This thresholding ensures that only the significant
vortex regions are identified while excluding low-magnitude II
values that may arise from measurement noise. Regions where
II was below this threshold were classified as vortex cores.

This journal is © The Royal Society of Chemistry 2026
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These regions were segmented using a connected-component
labeling algorithm, and the total number of detected vortices
was normalized by the physical area of the domain to obtain
the vortex core density (Fig. 1D).

Analysis of flow velocity correlation length

To characterize the flow patterns of the active fluid in the thin
cuboid upon external driving (Fig. 1C), we analyzed the flow
velocity correlation length to gain insight into the sizes of
vortices in the fluid.”® To extract the correlation length, we
first determined the velocity autocorrelation function:

Y(AR,Ar) = JdrdtV(r +AR 1+ At) - V(r, 1), 1)
which was calculated using the convolution theorem as:
V(AR At) = F-H{F{V} - F{V}), @

where F{} represents the Fourier transform, F~!'{} represents
the inverse Fourier transform, and F{}" denotes the complex
conjugate of F{}.** The correlation function was then normal-
Y (AR, Ar)
7(0,0)
the normalized equal-time velocity autocorrelation function as

ized as P(AR, A1) = , which allowed us to determine

P(AR) = P(AR,0). In our correlation analysis, we excluded
grid points within 150 pm of the boundaries (both stationary
and moving) due to tracking algorithm limitations near
the moving thread and lower statistics of tracer data near the
stationary side walls. This exclusion was implemented to
maintain consistent statistics across our analyses for correla-
tion length in the bulk of the active fluid.

To analyze the correlation length, we first averaged the
correlation function over the orientation of AR:

View Article Online

Paper

where ()|agj=ar indicated angular averaging over the same
magnitude of spatial displacement AR. Then, we fit the normal-
ized correlation function to an exponential decay:

- AR

Y(AR) = Ae” [, (4)
with the prefactor A and the correlation length [ serving as
fitting parameters (Fig. 2B).*” These analyses were repeated for
various thread speeds to observe how the correlation length [
varied with the thread speed (Fig. 2C). Additionally, to provide a
comparative baseline for a passive fluid, these analyses were
performed for the systems filled with water/heavy water mixture
(49.2% H,O and 50.8% D,O [Cambridge Isotope Laboratories,
7789-20-0]). This water/heavy water mixture was used to match
the solvent density with that of the tracer particles, preventing
tracer sedimentation (Movie S2). In the active fluid system,
the internally generated active fluid flow kept the tracers
suspended (Movie S1).

Numerical simulations of active fluid in a cavity flow system

To gain deeper insight into the observed kinematic transition
(Fig. 2C) and test our hypothesis that the transition arises from
stress competition rather than network rupture, we developed
a 2D numerical model of an active fluid confined in a cavity
flow system. Although the experimental system is three-
dimensional, the flows occur in a thin layer where the gap
height /2 = 0.4 mm is much smaller than the lateral dimension
L =3 mm (h <« L; Fig. 1A). In this regime, the fluid motion is
quasi-two-dimensional with most of the dynamics taking place
in-plane, with minor vertical fluctuations (see Materials and
methods-Sample preparation and imaging).*” In such confined
geometries, the top and bottom plates introduce a wall friction
(Brinkman term) that effectively introduces a uniform hydro-

P(AR) = (F(AR 3 dynamic damping proportional to the local velocity.*'™**
( ):< ( )>\AR\=AR’ (3) We estimated this frictional stress to be ~1 mPa in our
1.0 450 800
10fA B . s C
: Poe T T§++%+
0.6 &I—,té ——
30, 600 + i + ——
2 0.4 S § *
g 5 7 g
=20 =3 < Z400r &
s S
= ~ g
0.2 i
10f 200 |,
Active fluid Active fluid
ok Water Water
0 100 200 300 400 500 600 0 200 400 600 800 1,000 0 00 100 200 300 400 500 600
Vi (Lm/s) AR (um) Vip (Hm/s)

Fig. 2 Fluid speed and velocity correlation length. (A) Mean tracer speed vs. thread speed for the active fluid (red) and water (blue), with error bars
representing one standard deviation of the temporal variation in the measurements; each dot represents one experiment. The dashed blue line is a fit to
the data for water, with a slope of 0.067 4 0.003. In the active fluid (red dots), tracer mean speeds remained almost constant (10 um s~ %) at low thread
speeds (<120 pm s, indicating minimal influence of thread movement. As the thread speed increased beyond 120 um s, the mean tracer speed in the
active fluid rose and eventually converged with that of water, suggesting a transition from active stress—dominated to shear stress—dominated flow. (B)
Normalized equal-time velocity correlation functions ¥ for the active fluid at various thread speeds (colorbar). (C) Velocity correlation length [ vs. thread
speed, with vertical error bars denoting fitting error, and the horizontal error bars denoting standard deviation. In the active fluid system (red dots), the
correlation length began at 200 um when the thread was nearly stationary, reflecting the size of intrinsic vortices driven by internal active stress. As the
thread speed increased, the correlation length grew nearly linearly, plateauing at ~600 um for speeds exceeding ~120 pm s~%, where external shear
stress dominated the flow dynamics.

This journal is © The Royal Society of Chemistry 2026 Soft Matter, 2026, 22,1933-1947 | 1937
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experimental system (Section S3), which is comparable to
the estimated active stress of 1.5 mPa from the experiments
(Section S2). Because this term acts primarily as a linear
dissipation that reduces the overall flow speed without altering
the main flow patterns (Fig. S4), we adopted a purely two-
dimensional model that neglects such wall friction for compu-
tational efficiency, while acknowledging this approximation as
a limitation of the present model.

To capture how the balance between internal active stress
and external shear stress influences the flow behavior of the
active fluid, we adopted the minimal continuum active nematic
model previously used by Varghese et al.,>>***° which treats the
microtubule network as a continuous active nematic field
where the local orientation of microtubules is represented by
the traceless symmetric nematic order tensor Q. The evolution
of Q is governed by a kinetic equation that accounts for
rotational diffusion and flow-induced reorientation of micro-
tubules:

%Q+wVQ+Q-QfQ-Q=40Q+KV@+6E (5)

where E = [(Vv)" + V]/2 is the strain rate tensor, 2 = [(V»)" —
Vv]/2 is the vorticity tensor, y is the liquid crystal relaxation
rate, k is a rotational diffusion constant related to the liquid
crystal elasticity, ¢ is the flow alignment coefficient, and v is the
solvent flow velocity field of the incompressible fluid (V-v = 0).
The flow field v is governed by the Stokes equation:

nV — Vp — aV-Q =0, (6)

where 7 is the shear viscosity, p is the pressure, and o is the
activity coefficient of the active nematic representing the
strength of active stress. We follow Varghese et al’**° and
nondimensionalize the equations using the characteristic
length scale /) = \/K_/V, characteristic time scale ¢, = 1/y, and
characteristic pressure scale p, = #y. If we model the micro-
tubule bundles as long thin rods, then ¢ =1 and the dimension-
less equations are

gQ+wVQ+Q1L41Q:—Q+WQ+E (7)

and
Vv — Vp — «*V-Q = 0, (8)

where o* = o/(ny). The no-slip boundary conditions take the

Vit A A
form v = —of = Vi, at the top wall, and v = 0 at all other walls.
vV KY

Note that the dimensionless side length of the square cavity is
L* = L./7/k. The boundary conditions for the order parameter
tensor are n-VQ = 0 at all walls, where n represents a unit vector
normal to boundaries. Although we know the shear viscosity
and have an estimate for o, we do not have good estimates for y
and k. Therefore, we choose an activity value comparable to
what Varghese et al.>**° used in their study, «* = 5, and study
the flow as a function of v,. We assume the length scale [, is
small compared to L, arbitrarily taking L* = 45.
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The system was initialized with a quiescent solvent (v = 0)
and an isotropic state [Qu = —Qy, = 2.5 x 10~ * rn(r) and Qy, =
Qyx =5 x 10~ rn(r), where rn(r) is a spatially uniform random
number between —1 and +1] under uniform pressure (p = 0). To
enhance numerical stability in solving these governing equa-
tions (eqn (7) and (8)), we reformulated them into their weak
forms for numerical implementation in COMSOL Multi-
physics.>* The system evolved from ¢ = 0 to 40 using a time-
dependent solver with adaptive time-stepping to ensure
numerical stability.

To quantify the competition between internal active stress
and externally imposed shear stress, we defined a dimension-
less stress ratio A = gy,/o, where oy, = nvy/(L/3) represents the
characteristic shear stress. Expressed in dimensionless form,
this ratio becomes A = 3vj, /(«*L*). This parameter allows us to
compare the effects of shear stress relative to active stress and
determine how their relative strength governs the transition in
flow behavior.

To assess how externally imposed shear stress affects flow
structure, we performed a correlation analysis similar to that in
the experiments (eqn (1)) to extract the normalized equal-time
autocorrelation function P(AR, At = 0), where the simulated
velocity field v corresponds to the experimental flow field V.
Since the boundary moves in the +x direction, we further
extracted the correlation function along the x-dimension,
P(Ax,Ay = 0,At = 0) (Fig. 3C). To extract the characteristic
correlation length scale, the correlation function was fit to an
exponential function: ¥ ~ e~2¥/% with I, as the fitting parameter
representing the decay length scale of the correlation function.
This analysis was performed across different boundary speeds v},
from 0 to 134, corresponding to stress ratios in the range of 0 <
A < 1.8, allowing us to examine how externally imposed shear
influences the correlation length (Fig. 3D).

Externally driven active fluid in ratcheted toroidal geometries

To further investigate how the active fluid responds to external
forces in a different geometrical confinement, we explored
a toroid (outer radius: 1 mm; inner radius: 500 um; depth:
400 pum) where the active fluid could form a spontaneous
coherent flow before being driven (Fig. 4A).° We chose this
geometry based on our prior study showing that spontaneous
coherent circulation occurs only when the aspect ratio of the
toroidal cross section lies between 1/3 and 3.° Accordingly, we
selected a channel width of 0.5 mm and height of 0.4 mm
(aspect ratio ~1) to ensure robust coherent flow before the
onset of external driving. The height of the toroid (4 = 0.4 mm)
was chosen to match that of the thin cuboidal geometry
(Fig. 1A), enabling comparison between the two confinements
with different topologies. To apply external driving to the
toroidal system, the toroid intersected with the driving channel,
creating an opening width of 485 um. To ensure that the
coherent flow developed in the opposite direction of the driv-
ing, the outer boundary of the toroid was decorated with 1-3
ratchet teeth.® Each tooth had a triangular structure with one
edge perpendicular to the outer boundary of the toroid and

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Simulation of a 2D active fluid confined in a square cavity. (A) Streamline plots overlaid with normalized flow speed colormaps for different
externally imposed shear stresses in the active fluid system. Left: Lid stationary (4 = 0); the flow exhibits turbulence-like chaotic flows. Middle: Moderate
shear stress (4 = 0.38); a coexistence of chaotic active flow and shear-driven motion emerges. Right: High shear stress (4 = 1.8); chaotic active flow is
suppressed, and the flow adopts a cavity flow-like pattern. The colormap represents flow speed normalized by its maximum value in each panel. (B) Same
as the rightmost case in panel A but for passive water (o = 0), showing a conventional cavity flow pattern. Since water lacks internal active stress, the stress
ratio 4 is infinite, representing the shear-dominated limit. (C) Normalized equal-time velocity—velocity autocorrelation function ¥ plotted against the
normalized displacement (Ax/L) for various shear stress ratios A. The correlation function exhibits an initial exponential-like decay, from which the
correlation length [, is extracted. (D) Correlation length normalized by cavity size (/L) as a function of stress ratio A. Error bars represent fitting
uncertainties from the exponential decay fit in panel (C). The dashed blue line shows water-control mean, and the shaded band reflects its combined
uncertainty from simulations over the explored range of lid speeds. The correlation length for active fluid (red dots) increased monotonically as the stress

ratio A increased, eventually saturating and converging with the values observed for passive water (blue dashed line) at 4 ~ 1.

500 pm long, and the other edge tangent to the toroidal outer
boundary. Apart from the shape change to a toroid, the rest of
the design was identical to the one for the thin cuboid.

To further examine how external shear stress propagated
through loopy confinements, we also designed a connected-
toroid geometry consisting of two laterally overlapping toroids
(Fig. 6A). Each toroid had the same inner/outer radii, channel
width, and height as the single toroidal system (Fig. 4A), and
the two toroids overlapped by 10% of their channel widths. The
upper toroid included a small opening along its outer boundary
to couple to the translating thread and did not contain ratchet
teeth, whereas the lower toroid contained three ratchet teeth to
bias circulation clockwise.

Analysis of mean tangential velocity

To reveal the net flow of the active fluid in the toroid, we
analyzed the mean tangential velocity of the flow (v,) as a

This journal is © The Royal Society of Chemistry 2026

function of distance from the inner boundary d; (Fig. 4B). The
(v)) vs. d; relationship was determined by first binning the
tangential component of the tracer velocities based on their
distances from the inner boundary, followed by averaging these
components over the period within each phase: before driving,
during driving, and after driving. This analysis provided
insights into how the net flow of the active fluid in the toroid
was influenced by the external driving stresses.

Results and discussion
Flow response to an external stimulus in a narrow-gap cavity

To investigate the response of active fluid to external stimuli,
we designed a thin cuboidal cavity with an open side covered by
a moving thread (Fig. 1A). The thread served as both a dynamic
boundary and an external source of shear force. To visualize
and quantify how the active fluid responded to external driving,
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Fig. 4 Dynamic responses of microtubule—kinesin active fluid in a ratcheted toroidal confinement. (A) Time-averaged flow velocity fields and vorticity
maps of the active fluid confined in a toroid (outer radius: 1 mm, inner radius: 0.5 mm, thickness 0.4 mm) with two ratchets on the outer boundary and a
segment of the outer boundary replaced by a moving thread. Black arrows represent the time-averaged flow velocity field. The colormap represents the
time-averaged vorticity of the flow, normalized by 3 times the standard deviation of vorticity, with red tone indicating clockwise vorticity and blue tone
indicating counterclockwise vorticity. The curved arrows in the center indicate the direction of flow. (B) The corresponding mean tangential velocity
profiles before, during, and after driving. During the driving phase, the fluid demonstrated unidirectional flow with the mean tangential velocity
predominantly negative (red curves). However, profiles before and after driving (gray and blue curves) displayed a reversal of the flow (from positive to
negative mean tangential velocity) near the ratcheted teeth (d; = 0.6 mm), signifying the formation of stationary vortices in the tooth areas. Inset:
Schematic illustrating a tracer particle moving with velocity v with a tangential component v; at a distance d; from the inner boundary of the ratcheted
toroidal confinement. (C) Evolution of the circulation order parameter (COP). Initially, the COP hovered around 0.5, indicating a predominantly
counterclockwise coherent flow. Upon driving (pink-shaded area), the COP sharply transitioned to approximately —0.5, signifying a switch to clockwise
circulation. After the driving ceased, the COP gradually returned to 0.5, suggesting the active fluid's ability to re-establish the counterclockwise flow.
Inset: For the one-tooth toroid driven at a higher thread speed (130 pm s™%) for 20 minutes (pink-shaded area), the active fluid did not return to its original

flow direction after driving stopped (see also Movie S9). However, at a lower driving speed (40 um s

1), the flow reverted to its original direction

(Movie S8). Together, these results demonstrate that reversion behavior depends on both thread speed and boundary tooth count.

the fluid was doped with fluorescent tracer particles and
imaged at the chamber’s mid-plane to obtain a projected two-
dimensional velocity field (Movie S1; Fig. 1C). Note that
although the system is inherently three-dimensional, the fluid
motion is predominantly horizontal with small out-of-plane
fluctuations;* accordingly, we treat the fluid dynamics in this
study as quasi-two-dimensional (see Materials and methods).
Our data shows that at the lowest thread speeds, the active fluid
exhibited turbulence-like, chaotic flows, forming 100-pm vortex
patches of either sign (Fig. 1C, left panel; Movie S1), consistent
with previous studies.®?*> As the thread moved, these vortex
patches merged into fewer and larger patches, with the counter-
clockwise bias induced by the thread’s motion (the dark blue
region in the upper left of the middle panel of Fig. 1C). Above
120 pm s ' the activity-driven vorticity became less apparent
(Fig. 1C, right panel), with the overall flow resembling conven-
tional cavity flow in water (Fig. 1E; Movie S2). To quantify this
transition, we analyzed the Okubo-Weiss field to count vortex
cores (Fig. S1).””° At low thread speeds (vq, < 60 pm s %),

1940 | Soft Matter, 2026, 22,1933-1947

vortex core density remained at ~2 mm~> but decreased
monotonically as thread speed increased, saturating at
~0.4 mm > (Fig. 1D, red dots), matching the baseline vortex
core density observed in (passive) water (blue horizontal line).

The mean flow speed also increased with thread speed.
For the active fluid (Fig. 24, red dots), the flow speed was
~10 um s~ when the thread was stationary. As thread speed
increased, external shear stress combined with active stress,
causing the active fluid to flow faster. Moreover, beyond a
thread speed of 120 pum s ', the mean flow speed became
indistinguishable from that of water (blue dots), suggesting
that external driving dominated the fluid motion. This flow
behavior is only possible in the presence of ATP, which allows
the kinesin motors to transiently bind and detach, enabling the
microtubule network to flow (Fig. 1B).*>*° Without ATP,
the motors acted as static crosslinkers, forming an elastic gel
that remained immobile at low thread speeds and failed to
fully fluidize even at the highest thread speeds (Section S1;
Movie S3).

This journal is © The Royal Society of Chemistry 2026
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To characterize the pattern transformation from chaotic
active fluid flow to ordered cavity flow," we analyzed the
equal-time velocity autocorrelation function ¥(AR) as a func-
tion of separation AR (see Methods for analysis details), which
revealed that the correlation function decayed exponentially,
with correlation length [ increasing as thread speed increased
(Fig. 2B). To extract I, we fit the correlation function to an
exponential function: ¥ ~ e /! with [ as the fitting parameter.
When the thread was stationary, / measured ~200 pm (Fig. 2C,
red dots), reflecting the intrinsic vortex size in confined active
fluids.®***> As the thread speed increased, [ grew almost
linearly, reflecting the formation of a cavity-wide vortex
(Fig. 1C; Movie S1). Beyond 120 pum s ', [ saturated at
~600 pm, marking a critical transition where external stresses
dominated, making the flow indistinguishable from passive fluids
(Fig. 2C, blue dots; Movie S2).

Characterizing the critical shear stress at the transition

We analyzed the kinematics of the active fluid in the thin
cuboidal cavity flow system using three quantitative analyses:
vortex core density, mean speed, and correlation length
(Fig. 1D, 2A and C). These analyses all revealed 120 um s "
as the critical thread speed where the active fluid dyna-
mics shifted from being dominated by active stress to being
dominated by the thread-driven viscous shear stress. At the
critical thread speed we estimated the thread-driven viscous
stress as oy, & 1.5 mPa (Section S2). Since we expect the thread-
driven viscous stress to be comparable to the active stress at
the critical thread speed, we estimate the active stress under
our experimental conditions to be ~1.5 mPa. Since the active
stress is given by —aQ, where « is the activity coefficient
and Q is the liquid crystal order parameter tensor, of order
unity, our estimate also implies that the activity in our
experimental conditions is « =~ 1.5 mPa. This estimate
aligns with an independent measurement of ~3 mPa by
Adkins et al.™?

To compare this result with prior findings, we note that
Gagnon et al. reported a rheological phase transition from
solid-like to fluid-like behavior at an applied shear stress of
~2.2 mPa."” While this threshold differs from our estimated
value of 1.5 mPa, our estimate is intended as an order-of-
magnitude approximation and is likely an underestimate due
to the simplified velocity gradient calculation (Section S2).
Nevertheless, the similarity between our estimate and Gagnon
et al.’s threshold suggests that our observed kinematic transi-
tion in the thin cuboidal cavity flow system may result not
simply from the external shear overwhelming internally gener-
ated active fluid flow, but also from disruption of the micro-
tubule network. However, upon analyzing the orientational
distribution of microtubule bundles under confocal micro-
scopy, we found that the external shear enhanced microtubule
alignment, rather than fragmenting the network as originally
expected (Section S5; Movie S4), which leads us to hypothesize
that the kinematic transition observed in our active fluid’s flow
behavior (Fig. 2C) arises primarily from the competition
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between internal active stress and external shear stress, rather
than from network rupture.

Numerical simulation of active fluid confined in a cavity flow
system

To test our hypothesis and further study the competition
between the activity-driven flow and the externally driven flow,
we adopted the minimal continuum model developed by
Varghese et al.*>**° and computed the flow in the classic two-
dimensional lid-driven flow geometry (Fig. 1; see the Materials
and methods for details of the simulation). Our computation is
only meant to be illustrative, since the experiment is a three-
dimensional Hele-Shaw geometry while the computation is
purely two dimensional.*® This model excludes network frag-
mentation but includes active stress and external shear stress,
so reproducing the kinematic transition similar to what we
observed in experiments would support the hypothesis that the
transition is governed by stress competition alone without
requiring network rupture.

In the simulation, the flow field evolved from an initial
quiescent state, after which internal active stress generated
spontaneous flow while the motion of boundary imposed
external shear stress, driving additional flow. To quantify the
stress competition, we defined a dimensionless stress ratio 4 =
o/ where o represents active stress and oy, is the character-
istic shear stress imposed by the moving boundary. When all
boundaries were stationary (v, = 0; A = 0), the system exhibited
chaotic, turbulence-like flow driven by active stress (Fig. 3A, left
panel; Movie S5). At low values of imposed shear stress (A =
0.38), chaotic flow coexisted with shear-driven flow (middle
panel). At higher shear stress (4 = 1.8), the active turbulence
was suppressed, and the flow became predominantly shear-
driven (right panel), resembling cavity flow in passive fluids
(Fig. 3B).

To characterize the flow structure, we analyzed the equal-
time velocity autocorrelation function ¥ and plotted it as a
function of normalized displacement Ax/L (with Ay = 0),
where +x is the direction of thread motion (Fig. 3C). We found
that ¥ decayed nearly exponentially, with the decay length scale
l.. As A increased, I, grew monotonically and saturated, con-
verging with the passive fluid case at 4 = 1 (Fig. 3D), consistent
with experiments (Fig. 2C). This consistency supports our
hypothesis that the kinematic transition observed in experi-
ments arises primarily from the competition of internal active
stress and external shear stress and does not require the
involvement of network rupture.

The simulations demonstrate that the flow dynamics of the
active fluid confined in a lid-driven cavity are governed by the
competition between internally generated active stress and
externally imposed shear stress. However, it remains unclear
how these two stresses interact and collectively give rise to the
net flow observed in the simulation (Fig. 3A). Intuitively, one
might expect that the total flow could be represented as a linear
superposition of the intrinsic active fluid flow (without external
driving) and the passive cavity flow (with driving). In contrast,
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our simulations show that this expectation fails: the flow of the
active fluid under external shear cannot be decomposed into
independent active and passive components (Section S4). This
finding highlights that active and external shear stresses are
coupled, with the imposed shear reorganizing the nematic
order and active stress to produce emergent flow structures—
either chaotic mixing flows, a cavity-wide single vortex, or
coexistence of both (see Section S4 for details).">™*”

Response of active fluid to external driving in a toroidal
confinement

Our study in a cuboidal space revealed an active fluid transi-
tioning from active stress-dominated to shear stress-domi-
nated flow under external driving. However, confinement
influences active fluid self-organization,*'®'**%%” raising the
question of whether modifying the confinement would alter
this transition. In the cuboidal system, externally imposed
shear propagated throughout the bulk, enabling system-wide
stress competition. To test whether modifying the confinement
affects this competition, we examined a toroidal system, where
the absence of side walls and the presence of a central hole
could alter shear propagation.

The toroidal confinement consisted of a circular channel
with a segment of the outer boundary replaced by a moving
thread to impose shear (Fig. 4A). Unlike in the cuboidal system,
where shear propagated throughout the domain, the toroidal
geometry was expected to constrain shear to the vicinity of the
moving boundary, enabling direct comparison of how confine-
ment affects shear propagation and flow response. In our
previous study,® active fluid confined in this toroidal geometry
spontaneously developed a coherent flow. To ensure that this
pre-existing flow opposed external driving, we decorated the
toroid’s outer boundary with ratcheted teeth,® guiding sponta-
neous flow counterclockwise before driving (Fig. 4A, left panel).

To observe how the coherent flow responds to external
driving in this ring-like confinement, we drove the thread at
52 um s~ for 20 minutes, which temporarily reversed the flow
direction to clockwise (Fig. 4A, middle panel). This driving also
induced a localized vortex patch spanning the toroidal channel.
This “mini cavity flow” contrasts with the system-spanning
flows observed in slab-like geometry (Fig. 1C), and the induced
flow was sufficient to override the pre-existing counterclockwise
coherent flow, reorganizing the active network into the oppo-
site direction. After driving ceased, the fluid continued to flow
clockwise for 10 minutes before reverting back to its pre-driving
counterclockwise state (Fig. 4A, right panel). This reversion
demonstrates that the ratcheted teeth established a counter-
clockwise flow preference in the active fluid system, with
external driving inducing only a temporary reversal of the active
fluid flow (Movie S6).

To explore how tooth count influences the post-driving
reversion, we varied the number of ratcheted teeth. With 2 or
3 teeth, the flow always reverted after the driving stopped
(Movie S7). However, with only one tooth, reversion depended
on thread speed: at low speeds (40 um s '), the flow reverted
(Movie S8), but at higher speeds (130 pm s~ '), the reversal

1942 | Soft Matter, 2026, 22,1933-1947

View Article Online

Soft Matter

persisted (Fig. 4C inset; Movie S9). These results indicate that
the reversion process is sensitive to both the confinement
geometry (number of teeth) and the driving speeds.

The externally driven flow may appear similar to the spon-
taneous coherent flow because both exhibited circulatory
motion, but their velocity profiles differ (Fig. 4B). The sponta-
neous flow showed a Poiseuille-like profile (gray and blue
curves) with localized counter-vortices near the teeth (d; 2
0.6 mm).® In contrast, the externally driven flow (red curve)
lacked these counter-vortices, highlighting how shear not only
reverses flow direction but also alters flow structure.

To further quantify the effect of external driving, we ana-
lyzed the circulation order parameter (COP), defined as
COP = <ﬁ>, where v, is the tangential velocity of each tracer
particle and |v| is its speed (Fig. 4B inset). Before driving, the
COP remained stable at ~0.5 for 30 minutes, demonstrating a
persistent spontaneous counterclockwise flow (Fig. 4C). Once
external driving began, the COP dropped and plateaued at
—0.5, indicating an external force-triggered reversal to clockwise
circulation (shaded pink area). The reversal took ~5 minutes, in
contrast to the water/heavy water control where it occurred within
30 seconds (Fig. S7). This slower response in active fluid reflects
the resistance from internal active stress as well as the time
required for the microtubule network to reorganize during the
reversal. After the driving stopped, the reversed flow persisted for
~10 minutes before gradually reverting to counterclockwise, with
COP rising to ~0.6. This post-driving recovery time is comparable
to the timescale over which microtubule-kinesin active fluids
develop spontaneous coherent flow after sample preparation® or
recover flow coherence after external perturbation," suggesting
that these processes are governed by the self-reorganization of the
microtubule network from one state into another. While the post-
driving reversion behavior raises intriguing questions about net-
work memory and flow state recovery, it is beyond the scope of
this study. Here, we focus on the response of the active fluid to
external driving.

To quantify the effect of thread speed on COP reversal, we
analyzed the initial COP drop after the onset of driving and fit
the data to a line function: COP ~ —/t, with the reversal rate /
as the fitting parameter (Fig. 5A, middle panel). To explore how
the reversal rate depends on thread speed, we measured A
across thread speeds from 20 to 220 pm s~ " while varying the
number of teeth on the outer boundary (1, 2, and 3 teeth;
Fig. 5A). Our data showed that below 30 pm s, no reversal
occurred; 4 remained zero (Fig. 5B). Above this threshold, A
increased nearly linearly with thread speed (red dashed line).
This critical speed corresponded to an externally imposed shear
stress on the order of 1 mPa (Section S2), comparable to the
intrinsic active stress (~1.5 mPa) identified in the cuboidal
geometry where the flow became externally dominated (Section S2),
suggesting that for flow reversal to occur, the externally imposed
shear stress must locally overcome the active stress before reversal
of the global flow can be triggered.

Despite sharing a common stress threshold with the cuboi-
dal system, the toroidal system exhibited no sharp kinematic
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Fig. 5 Thread-induced reversal in active fluid dynamics confined in ratcheted toroid. (A) Evolution of the selected circulation order parameter (COP)
across toroidal geometries decorated with 1-3 teeth (from left to right panels) at varying thread speeds (from low [black] to high [red]). The COP
transitioned rapidly from positive (counterclockwise circulation) to negative (clockwise circulation) with the changing rate quantified by the slope (—/) of
a linear fit (COP ~ —it), where / represents the reversal rate. Increasing thread speeds consistently resulted in steeper slopes (larger 1) across all toroidal
geometries explored. (B) Reversal rate (1) as a function of thread speed (vy,) across toroids decorated with 1, 2, or 3 teeth. Horizontal error bars represent
standard deviation of thread speeds; vertical error bars reflect fitting errors of the reversal rate 1 from the linear fits in panel (A). Notably, no flow reversal
was observed below a threshold thread speed of ~30 um s, where 4 = 0. Above this threshold, the reversal rate increased almost linearly with thread
speed, as captured by the linear fit (red dashed line), / = avy, + b wherea = (2.1 £ 0.1) x 10> min~* (um s™)*and b = (—1.5 & 2.1) x 1072 min~* with an
R? = 0.97. The fit excludes data points below the threshold where . = 0, focusing only on thread speeds above 30 pum s~ where flow reversal was
observed. Inset: A zoomed-out view including a high-end thread speed (530 pm s™%), showing that it remains consistent with the linear trend.

transition. Instead of switching from active stress—-dominated
to shear stress—-dominated flow, the reversal rate increased
nearly linearly with thread speed across explored tooth counts
(1-3 teeth) even when 1 measurements were extended to the
maximum achievable thread speed (530 um s~ *; Fig. 5B inset).
This lack of a kinematic transition supports our hypothesis that
confinement geometry governs an active fluid’s response,
potentially shifting or even eliminating transitions observed
in other geometries. This contrasting result also suggests that
externally imposed shear influences the active fluid in a funda-
mentally different way from the cuboidal system. In the cuboi-
dal system, shear propagates throughout the bulk and enables
system-wide stress competition, whereas in the toroidal system,
the externally imposed shear remains localized near the mov-
ing boundary, producing a small cavity-like vortex patch
(Fig. 4A, middle panel) rather than directly reorganizing the

Active fluid
o Lactive flui

Driving

system-wide flow field. Thus, global reversal in the toroid
appeared to result from a reorganization of the active fluid
driven by the cooperative interplay between internal active
stress and externally imposed shear.

Cooperative flow response in connected toroidal geometries

To test whether global flow reversal in the toroidal system arose
from a cooperative interplay between internal active stress and
externally imposed shear, we designed a connected-toroid
geometry where two toroids partially overlapped their channel
width (Fig. 6A).**®*° The two toroids had identical dimensions
to the single-toroid system, but only the upper toroid was
coupled to the translating thread, while the lower toroid con-
tained three ratchet teeth to bias spontaneous circulation
clockwise. This configuration allowed us to test whether

A

i Driving
period

Lower
toroid

| i

2
t (h)

10 Water

C : Driving period
0.5

a. Lower toroid

o Ry .

S 00 r&
-0.5 Upper toroid
-1.0

4 0.0 0.1 0.2 0.3 0.4 0.5
t (h)

Fig. 6 Cooperative flow response of the microtubule—kinesin active fluid confined in connected toroidal geometries. (A) Schematic of the connected
toroidal system with one upper toroid driven by the translating thread (brown) and partially overlapping with a lower ratcheted toroid. (B) Circulation
order parameters (COP) of the active fluid in the upper (blue) and lower (green) toroids as a function of time. The lower ratcheted toroid initially circulated
clockwise, inducing counterclockwise flow in the upper toroid. During the driving period (pink-shaded region; vy, = 120 4 12 pm %), the upper toroid
reversed almost immediately (~4 minutes) while the lower toroid reversed more slowly (~20 minutes). After driving stops, both toroids eventually
recovered their pre-driving circulation directions (see Movie S10). (C) Same as panel (B) except the system is filled with a water/heavy water mixture under
a comparable driving speed (v, = 136 4 10 um s~%). During the driving period (pink-shaded region), only the driven upper toroid developed clockwise
circulation while the lower toroid remained nearly quiescent (see Movie S11).
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external driving applied to one toroid could reorganize the flow
in a second, indirectly connected toroid.

Before external driving, the lower ratcheted toroid developed
a spontaneous clockwise circulation, which induced counter-
clockwise flow in the upper toroid through the overlapping
region (Fig. 6B; Movie S10). When the thread began to move at
120 + 12 um s~ ', the upper toroid reversed circulation almost
immediately (within ~4 minutes), reflecting its direct coupling
to the moving boundary. In contrast, the lower toroid reversed
much more slowly, requiring ~20 minutes to complete its
transition from clockwise to counterclockwise circulation. This
difference in timescales indicated that the lower toroid did not
experience the external shear directly; instead, its reorganiza-
tion occurred through the influence of the circulation change
in the upper toroid.

To examine whether this influence on the second toroid
required the cooperation of external shear stress and internal
active stress, we repeated the experiment under a comparable
driving condition (thread speed vy, = 136 + 10 pm s~ ') using a
water/heavy-water mixture (Fig. 6C; Movie S11). Our data
showed that in this passive system, only the upper toroid
developed clockwise circulation during driving, while the lower
toroid remained nearly quiescent. The absence of flow in the
lower toroid indicated that external shear alone did not propa-
gate through the overlapping region and could not reorganize
the flow in the second toroid when active stress was absent.
Thus, the reversal of the lower toroid in the active fluid system
reflected a process that went beyond direct mechanical forcing,
supporting our inference from the single-toroid system that
flow reversal in the toroidal geometry was driven by a coopera-
tive reorganization involving both internal active stress and
the externally imposed shear (Fig. 5B). Such cooperation was
required to complete the reversal process in loopy confine-
ments such as the toroid.

After the driving stopped, the active fluid system remained
in the counter-rotating state for ~1.5 hours, after which the
lower toroid reverted to its ratchet-preferred clockwise circula-
tion and subsequently the upper toroid returned to counter-
clockwise flow (Fig. 6B). This reversion behavior matched that
of the single-toroid system, where toroids containing three
ratchet teeth consistently recovered their pre-driving state after
being transiently reversed (Movie S7), indicating that the
connected-toroid geometry preserved the intrinsic flow prefer-
ence of the ratcheted toroid, albeit on a longer timescale than
in the single-toroid system (~1 hour vs. ~10 minutes). This
longer reversion time scale may reflect the additional hydro-
dynamic complexity introduced by the coupling between the
two toroids which could slow the self-organization of the
ratcheted toroid back to its intrinsically preferred state.

Conclusions

We investigated how a microtubule-kinesin active fluid responds
to external shear stress across three distinct confinement geo-
metries: a thin cuboidal cavity, a ratcheted toroid, and a

1944 | Soft Matter, 2026, 22,1933-1947

View Article Online

Soft Matter

connected-toroid system. Together, these geometries revealed that
confinement topology fundamentally shapes how external forcing
interacts with internally generated active stresses, producing
qualitatively different flow responses.

In the cuboidal cavity, we observed a sharp kinematic
transition at a thread speed of 120 um s~ ', where the system
switched from active stress-dominated dynamics to externally
imposed shear-dominated flow (Fig. 2C). Simulations sug-
gested that this transition arose from competition between
internal active stress and external shear stress rather than
microtubule network rupture (Fig. 3D). At the transition
speed, the externally imposed shear stress reached ~1.5 mPa
(Section S2), comparable to the intrinsic active stress, yielding
an activity coefficient of o &~ 1.5 mPa. This estimate agrees with
previous independent measurements using an interfacial
tension-based method (~3 mPa)"® and provides an experimen-
tally grounded activity scale that can be incorporated into active
fluid models."*>*~>*

In contrast, the toroidal geometry exhibited no such transi-
tion. Instead, the flow reversal rate increased smoothly with
thread speed (Fig. 5B), and the flow map analysis showed that
the shear in the toroidal system remained localized near the
moving boundary (Fig. 4A, middle panel). These observations
indicate that reversal did not occur through bulk shear dom-
ination as in the cuboidal system, but through a reorganization
of the active fluid driven by the cooperation of internal active
stress and externally imposed shear. The connected-toroid
geometry provided direct evidence for this cooperative mecha-
nism: external driving applied to one toroid reorganized flow in
a second, indirectly connected toroid, but only when internal
active stress was present (Fig. 6B; Movie S10). Without active
stress, the second toroid remained nearly quiescent (Fig. 6C;
Movie S11). Together, these results demonstrate that in toroidal
confinement, flow reorganization requires the cooperative
action of external shear and internal active stress.

Despite these geometric differences, these systems shared a
common stress scale governing the onset of externally influ-
enced flow. In both the cuboidal and toroidal geometries, the
applied shear stress needed to reach ~1 mPa (Section
S2)—comparable to the intrinsic active stress (~1.5 mPa)—to
elicit a measurable response from the active fluid. Beyond this
threshold, confinement determined whether the response pro-
ceeded through bulk stress competition (cuboid; Fig. 1C) or
local-to-global stress cooperation (toroid; Fig. 4A middle panel).
Together, these results indicate that the balance between
external and internal stresses sets the fundamental condition
for active fluids to respond to external forcing, while confine-
ment geometry dictates how the applied stress is transmitted
and whether the response emerges through competition or
cooperation of stresses. These findings reveal that confinement
topology governs not only spontaneous self-organization of
active fluids®**"*>" but also the modes by which active fluids
respond to external stimuli.

Our work has several limitations. First, only three confine-
ment geometries were explored; given the vast range of possible
geometries, further investigation is needed to understand how

This journal is © The Royal Society of Chemistry 2026
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different confinement geometries influence the active fluid
response to external forces. Second, driving conditions were
constrained: in the toroidal system, only a small portion of the
outer boundary was driven, which localized the shear stress
(Fig. 4A middle panel). Further studies can explore how varying
the extent of the driven boundary affects the active fluid’s
response, potentially leading to a transition similar to what
was observed in the cuboidal system.

Third, although this paper focuses on the active fluid’s
response to external driving, the post-driving reversion process
in the toroidal system deserves further study to investigate
under what conditions (tooth configuration, driving speed,
and driving duration) the post-driving reversion process can
happen (Fig. 4A right panel). Our data show that under the
same tooth configuration, the reversion depends on driving
speed (Movies S8 and S9), suggesting that the system retains a
form of memory after the cessation of external forcing, likely
originating from microtubule network alignment driven by the
externally imposed shear. Stronger or longer shear driving may
reinforce this alignment throughout the toroidal system, mak-
ing reversion less probable, whereas weaker driving induces
weaker alignment, making the network more likely to relax
back to its original state. Unraveling the principles behind
this reversion process will enable “set-it-and-forget-it” fluid
systems, where active fluids autonomously restore flow direc-
tion after perturbation, minimizing the need for continuous
mechanical control.

Finally, our numerical model adopts a purely two-
dimensional formulation that neglects wall friction from
top and bottom plates, whereas in experiments, such friction
provides an additional hydrodynamic damping comparable
in magnitude to the active stress (Section S3). While this
effect primarily reduces the overall flow amplitude without
changing the qualitative flow structures, incorporating it into
the model (or performing full three-dimensional simula-
tions) will refine quantitative predictions and offer a more
complete description of active fluid dynamics confined in a
Hele-Shaw-like geometries.

Overall, this work demonstrates the crucial role of confine-
ment geometry in governing active fluid response to external
forces. Confinement can serve as a critical design parameter for
controlling active fluid behavior under external forces, enabling
the development of adaptive biomaterials that self-organize
and recover after mechanical perturbations.>® Additionally,
our work highlights that coherent flow patterns in active fluids
can be programmed through external driving. Systems can
be engineered to support multiple flow states with specific
patterns activated by external forces (Fig. 4A). This force-
activated pattern control can be applied to biomimetic
microfluidic networks, which require dynamically regulated
transport. More broadly, these findings connect to cellular
systems, where confinement and external forces regulate intra-
cellular flows such as cytoplasmic streaming.’® Understanding
how confinement modulates active stress interactions can
provide new insights into biological processes driven by force-
sensitive self-organization.

This journal is © The Royal Society of Chemistry 2026
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