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Active assembly and non-reciprocal 
dynamics of elastic membranes
 

John Berezney1,2,8, Sattvic Ray    2,8, Itamar Kolvin    3,8, Fridtjof Brauns    2,4, 
Sihan Chen5,6, Mark Bowick    2,4, Seth Fraden    1, Vincenzo Vitelli    5,6 & 
Zvonimir Dogic    2,7 

Equilibrium self-assembly and conventional materials processing 
techniques fall far short of mimicking dynamic self-actuating processes 
that are commonplace throughout biology. Here, to bridge the gap between 
living and synthetic matter, we study passive adhesive non-thermal 
actin fibres immersed in an active microtubule-based fluid. We show that 
autonomous chaotic flows power non-equilibrium fibre dynamics, thus 
inducing collisions, generating connections and weaving a membrane-like 
elastic network. The ensuing active assembly generates a hierarchy of 
shapes, structures and dynamical processes spanning nanometres to 
centimetres. Ultimately, it generates an active membrane that exhibits 
global limit cycles induced by a non-reciprocal coupling between 
deformations of the elastic membrane and the alignment axis of the 
nematic active fluid. Our work merges self-assembly with active matter 
to demonstrate self-processing materials wherein hierarchical life-like 
structures and dynamics emerge from an initially structureless suspension.

During biological development, complex forms and functions 
emerge from an embryo that lacks large-scale structure. Morphogen-
esis is underlined by inscribing in-plane strains into elastic epithelial 
sheets, which causes them to form complex tissues, organs and whole 
organisms1,2. Translating such complex yet robust self-organizing pro-
cesses into the realm of materials science presents an opportunity 
to generate dynamical materials that are not accessible using para-
digms of equilibrium self-assembly and conventional materials pro-
cessing through external energy input. In equilibrium self-assembly, 
free-energy-minimizing structures emerge from a structureless 
suspension of microscopic particles with well-defined interactions. 
Although capable of generating intricate structures3–6, self-assembly 
requires well-tuned conditions and microscopic building blocks 
that exhibit thermal motion. When local barriers in the free-energy 
landscape exceed the accessible thermal energy, intermediate states 
become kinetically trapped, and self-assembly fails to reach the target 

structure7,8. Finally, conventional self-assembly yields only static materi-
als that lack the alluring dynamics and unique mechanical properties 
observed in living matter. To overcome these intrinsic limitations of 
equilibrium, living matter assembles dynamical and reconfigurable 
structures through a continuous input of microscopic energy9,10. In 
synthetic systems, a non-equilibrium drive can be generated with 
active fluids built from energy-consuming components11–14. Active 
fluids exhibit autonomous chaotic flows that drive the motion of pas-
sive embedded objects, which allows them to efficiently explore the 
phase space12,15–17. In turn, such non-equilibrium dynamics can bring 
together attractive passive particles to generate and grow structures 
and to actuate their dynamical soft modes18–22.

We study the active assembly of filamentous actin networks 
crosslinked with the protein fascin. Previous efforts explored the 
range of accessible structural and mechanical properties when such 
systems are assembled by thermal fluctuations. In the thermal limit, 
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drove its elastic deformations (Fig. 1a–e and Supplementary Video 1).  
The non-equilibrium membrane fluctuations persisted until the ATP 
was exhausted, which demonstrates that the active fluid both assem-
bled an elastic membrane and actuated its dynamics. The membrane 
assembly was a consequence of the anisotropic confinement geometry; 
isotropic confinements generated isotropic contractions.

To focus on the initial stages of active assembly, we reduced the 
actin concentration to 1.5 μM (from 4.0 μM in Fig. 1). In this regime, 
the initial state consisted of well-separated actin bundles or locally 
connected clusters of bundles that could be segmented (Fig. 2a). ATP 
release generated flows that advected the filamentous actin, causing 
their enhanced motion, collisions and the formation of irreversible 
fascin-crosslinked junctions. The low actin density revealed the tempo-
ral evolution of the three-dimensional (3D) network connectivity and 
cluster size distribution over time. The driven dynamics increased the 
size of the largest cluster in the first 2 min, culminating in the formation 
of a globally percolated structure (Fig. 2b,c). Usually, percolation arises 
from thermally driven cluster aggregation. By contrast, the percolation 
of active bundles is orchestrated by spatio-temporally correlated active 
flows. After the percolation transition, activity drove further network 
rearrangements for the next 20 min. Ultimately, it generated a hetero-
geneous membrane-like network in which a fraction of the filamentous 
material merged to form brighter and thicker bundles connected 
through well-defined nodes (Fig. 2d and Supplementary Video 2).

The network structure was strongly influenced by the actin con-
centration. At an even lower initial actin bundle density (1.0 μM), active 
flows assembled a percolated structure that had a large mesh size (Sup-
plementary Video 3). Once assembled, the active fluid continued to 
excite large-amplitude network deformations. The resulting dynamics 
indicates that at low actin concentration, the large-mesh network lacks 
rigidity (finite elastic modulus) at low strains.

the network morphology is determined not only by the filament and 
crosslinker concentration but also critically depends on kinetic factors 
that arise from the competition between filament growth, diffusion 
and steric hindrance23–26. We explore distinct non-thermal pathways 
for the assembly of actin networks by merging passive actin network 
components with a microtubule (MT)-based active fluid. Advected 
by the MT-generated chaotic flows, actin filaments collide with one 
another and then link together to form permanent connections to 
generate a network-like structure. In the ensuing active assembly pro-
cess, the emergent actin-based elastic structures exert feedback on the 
MT-based active drive, which initiates a multiscale cascade of interact-
ing structural and dynamical processes. Ultimately, we observe the 
robust emergence of actin-based elastic membranes, which exhibit 
system-sized limit-cycle oscillations generated by a non-reciprocal 
coupling between the in-plane actin displacement and the MT tilt. 
These observations reveal the potential of active assembly, wherein, 
like biological morphogenesis, complex life-like materials emerge 
from an initial structureless mix of active and passive components.

Active assembly of elastic membranes
To investigate how active stresses organize adhesive filaments, we con-
structed a composite system in which MT-based active fluid sterically 
and hydrodynamically interacted with actin and its crosslinker fascin 
in active buffer 1 (Fig. 1f,g and Supplementary Methods). Before the 
initiation of activity, fascin-crosslinked actin and PRC1-bundled MTs 
formed an interpenetrating double network that had negligible thermal 
fluctuations and was static for days27. Upon release of caged ATP, kine-
sin–streptavidin motor clusters drove MT bundle extension, leading to 
persistent chaotic flows12. In turn, these flows robustly assembled the 
actin filaments into a thin elastic membrane at the chamber midplane. 
Active MT bundles segregated above and below the actin membrane and 
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Fig. 1 | Active assembly of elastic membranes. a–d, Active MT bundles 
(magenta) drive fascin-linked actin bundles (green) into an elastic membrane. 
Snapshots at 00:00:00 (a), 00:35:48 (b), 01:12:50 (c) and 1:49:53 (d). e, A larger 
section of the actin membrane surrounded by MT bundles. f, Passive F-actin 

bundles crosslinked with fascin. g, The active fluid consists of MTs, MT-specific 
bundler PRC1 and kinesin–streptavidin clusters. The sample is in low-salt active 
buffer 1 (Supplementary Information). Actin concentration 4.0 μM.
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Active assembly yields membranes over a wide range of initial 
conditions. We also studied samples in the high-salt active buffer 2. In 
this buffer, actin (1.5 μM) and fascin formed a homogeneous network 
of crosslinked unbundled filaments instead of the above-described 
heterogeneous network of bundles assembled in the low-salt active 
buffer 1. Before sample activation, the actin fluorescence intensity was 
uniform, as the individual filaments were not spatially resolvable on 
optical length scales (Fig. 3a, left). For 2 h post-initiation, the unbundled 
actin filaments were fluidized by chaotic MT flows without forming sta-
ble contacts and actin fluorescence remained uniform. Afterwards, we 
observed the gradual appearance of actin bundles that became thicker 
over time (Fig. 3a, centre and right, and Supplementary Video 4).  
Such dynamics was reflected in the variance of actin fluorescence 
intensity, which continued increasing until 5 h after sample activa-
tion (Fig. 3d, black curve). Concomitantly, actin began contracting 
towards the sample midplane, as evidenced from a side view (Fig. 3b). 
We quantified membrane formation by segmenting the actin layer at 
each time point and computing its mean thickness over the field of 
view (Supplementary Methods). The membrane thickness decreased 
steadily between hours 2 and 10 (Fig. 3d, blue curve). The delayed 
development of the membranous network indicates that actin bundle 
formation involves a kinetic barrier that cannot be traversed by thermal 
fluctuations alone24–26, for these experimental conditions. Active flows 
enhance the filament collisions and alignments, enabling the transition 
into the lower-energy bundled state.

The assembling actin network generated passive stresses that 
influenced the MT-based flow fields. We computed the spatially aver-
aged mean actin and MT speed as a function of time (Fig. 3e). Initially, 
both MTs and actin moved at ~0.5 μm s−1. After 2 h, concomitant with 
bundle formation and network contraction, both components slowed 
down to ~0.15 μm s−1. On its own, the MT–kinesin active fluid exhibit 
constant steady-state speed over its lifetime28. Thus, the rapid slow-
down of the composite dynamics after 2 h indicates feedback of the 
emerging elastic actin–fascin network to the active fluid.

To further evaluate the coupling between passive and active 
components, we measured the spatial autocorrelation of the MT and 
actin velocity fields and extracted their characteristic length scales 
(Fig. 3c, centre and right, and Supplementary Methods). Throughout 
the sample lifetime, MTs exhibited chaotic short-range flows, reflected 

in a constant ~100 μm correlation length (Fig. 3f, pink curve). Before 
network formation, the actin and MT velocity fields had comparable 
length scales. After 2 h, however, the actin flows became correlated over 
increasingly larger length scales, with the correlation length reaching 
~800 μm (Fig. 3f, green curve). The divergence between active and 
passive length scales demonstrates that short-range active stresses 
drove increasingly long-range deformations of the emergent elastic 
membrane. Both the slowdown in the average speed and the diver-
gence between MT and active flow fields indicate the emergence of 
network elasticity. The overall dynamics is determined by the balance of 
MT-generated active stresses and passive stresses, the latter probably 
dominated by the deforming actin network. The assembling passive 
network generates increasingly larger passive stresses that resist active 
stresses. Being composed of inextensible actin bundles, the elastic 
network cannot follow the chaotic MT flows, thus forcing correlated 
displacements across the membrane. These results demonstrate that 
the active assembly of membranes is a robust process that can occur 
from both bundled and unbundled initial states.

Active buckling
Once fully formed, active fluid actuated the out-of-plane bending fluc-
tuations of the solid membrane (Fig. 4a,b and Supplementary Video 5).  
To characterize these active fluctuations, we reconstructed the 
membrane midsurface h(x, y, t) from the actin fluorescence inten-
sity (Fig. 4a,b) and quantified its spatially averaged thickness and 
root-mean-squared height fluctuation (Fig. 4d). The membrane thick-
ness stabilized within an hour. In comparison, the height fluctuations 
steadily increased in amplitude whereas their temporal relaxation 
slowed down (Fig. 4c).

The out-of-plane membrane motion was driven by the surrounding 
extensile MT bundles. MTs impinging on the membrane at a steep angle 
could directly drive out-of-plane motion (Fig. 4e, top). Alternatively, 
they could exert in-plane forces, locally compressing the membranes 
and causing them to bend and buckle (Fig. 4e, top). To distinguish 
these two scenarios, we quantified the relation between the membrane 
bending, calculated from the reconstructed midsurfaces (Fig. 4h), and 
its in-plane deformation, calculated from tracked nodes in the actin 
network (Supplementary Video 6 and Supplementary Methods). The 
in-plane strain was dominated by compression, which ranged between 
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Fig. 2 | Active assembly from preformed bundles. a, An initial state consists of 
well-separated disconnected actin bundles. b, Activity drives bundle dynamics 
to rapidly form connected domains. The largest and second largest connected 
domains are in blue and red, whereas the others are in grey. c, Time evolution of 

the largest and second largest connected domains. d, The z-projection of the actin 
network. After geometrical percolation, which occurs within 2 min, the network 
continued coarsening, as evidenced by qualitative changes in its appearance. 
1.5 μM actin, 0.5 μM fascin in active buffer 1.
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−20% and +10% but transiently reached −40% (Supplementary Fig. 1). 
The deformations were reversible, with the average strain remain-
ing an order of magnitude smaller compared with the transient local 
strains (Fig. 4g), indicating elastic behaviour. Importantly, the in-plane 
strain was negatively correlated with local bending; curved membrane 
sections were more compressed (Fig. 4f–h), indicating that bend-
ing was due to buckling of the actin membrane under compression. 
Moreover, the magnitudes of the mean curvature H and the Gaussian 
curvature K nearly matched one another (Fig. 4h), providing further 
evidence that the buckling was the result of geometrically incompatible 
(non-Euclidean) in-plane strains.

Non-reciprocity drives limit-cycle oscillations and 
nonlinear waves
As previously noted, the actin membrane deformations became 
increased correlated over time (Fig. 3f). Low-magnification videos 
revealed the eventual development of coherent global motion, typi-
cally consisting of two counterrotating vortices along the long axis of a 
sample that periodically reversed direction (Fig. 5a and Supplementary 
Video 7). Such dynamics emerged from temporally uncorrelated fluc-
tuations, as indicated by the velocity kymograph measured at the centre 
of the sample along the y axis (Supplementary Fig. 2). To quantify the 
rotational, compressional and dilational components of the membrane 
motion, we calculated the vorticity and divergence of the velocity field. 
The vorticity became correlated across the entire system (Fig. 5b). 
Relatedly, the power spectrum revealed the dominance of vortical 
modes at small wavenumbers or long length scales (Fig. 5c). By contrast, 
correlations in the velocity divergence, indicative of stretching and 
compression, remained short-range. The associated power spectrum 
demonstrates that at large length scales, the membrane is effectively 

incompressible with shear-dominated deformations (Fig. 5c). Notably, 
the power spectrum of the vorticity modes (enstrophy spectrum) fol-
lows a q−3/2 power law across almost two orders of magnitude (Fig. 5c), 
reminiscent of the inverse energy cascade in two-dimensional (2D) 
turbulence29. However, in contrast to inertial turbulence, the dynamics 
of self-organized membranes is overdamped.

To elucidate the mechanism that powers global oscillations, 
we measured the actin membrane velocity in the x direction and the 
average tilt of MT bundles relative to the membrane in the x–z plane 
(Fig. 5d). The latter yielded a polarization field px that encodes the MT 
tilt direction. The spatially averaged tilt of MT 〈px〉 and the actin mem-
brane velocity 〈vx〉 underwent in-phase oscillations (Fig. 5e), indicating 
that the interplay between these variables drove the oscillations. The 
tilted extensile MTs drove the lateral membrane motion, which, in 
turn, further increased the tilt of the MT, resulting in positive feedback 
(Fig. 5f). With increasing displacement, elastic stresses built up, eventu-
ally becoming stronger than the active driving force. The membrane 
then reversed its motion and subsequently entrained the MT polarity 
anew until elastic stresses again overcame the driving force, leading to 
another reversal, thus completing the oscillation cycle.

The MT–membrane interactions are captured by a minimal model 
that non-reciprocally couples the in-plane displacement u of a mem-
brane patch to the local polarization p describing the MT direction. The 
balance of forces acting on the overdamped membrane patch reads 
γ∂tu = −keffu + f0p/(1 + ∣p∣/p0), which captures friction due to drag with 
the surrounding fluid (γ), a spring-like restoring force −keffu account-
ing for the stresses that build up in the membrane and a driving force 
exerted by the extensile MT bundles. The parameters f0 and p0 control 
the magnitude and saturation of the driving force, respectively. The 
nonlinearity in the denominator of the driving term saturates the force 
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1.5 μM actin, 1.0 μM fascin in active buffer 2. For d–f, vertical dashed lines indicate 
time points of the snapshots in a–c.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-026-03215-5

at large ∣p∣. The MT tilt direction p aligns with the membrane motion 
and decays due to chaotic dynamics: ∂tp = −p/τp + α∂tu with the align-
ment coefficient α and decay timescale τp. Rewriting these equations in 
matrix form yields

γ∂t (
u

p
) =

⎛
⎜⎜
⎝

−keff
f0

1+|p|/p0

−αkeff
αf0

1+|p|/p0
− γ/τp

⎞
⎟⎟
⎠
(
u

p
) . (1)

In the linear regime (∣p∣ ≪ p0), the off-diagonal components with oppo-
site signs indicate antisymmetric coupling between u and p, corre-
sponding to ‘run-and-chase’ interactions after rescaling of the variables. 
When αf0 > keff + γ/τp, the system is linearly unstable and perturbations 
grow. The nonlinear saturation of the active force eventually results in 
the limit-cycle oscillations of the local displacement and MT polariza-
tion observed in experiments (Supplementary Fig. 3). This mechanism 
is analogous to what occurs in self-aligning active matter systems, 
where a polar driving field aligning with the local velocity causes col-
lective motion30–32 and, more broadly, the emergence of dynamical 
phases in non-reciprocal many-body systems33–39.

The minimal model explains the local oscillatory motion but does 
not describe spatial properties. We extended the model to 2D (Sup-
plementary Information). In short, the restoring force −keffu is replaced 
by an elastic stress σelij = 2μuij + (B − μ)ukkδij , where uij = (∂iuj + ∂jui)/2 
is the strain tensor and μ and B are, respectively, the shear and bulk 
moduli. The motion of the membrane relative to the chamber floor and 
ceiling induces shear in the surrounding fluid, leading to an effective 
drag force and viscous stress σviscij = 2η∂tuij + (ηB − η)∂tukkδij , where 
the shear and bulk viscosities η and ηB are derived using a lubrication 

approximation40 (Supplementary Information). This derivation shows 
that the incompressibility of the bulk fluid causes an effective mem-
brane drag coefficient that is four times higher for compressional 
modes than for vortical modes. This effective friction arises because 
compressive deformation of the membrane drags along the surround-
ing fluid, which then recirculates from the point where the compressive 
membrane motion converges (Supplementary Fig. 4). The recirculating 
flow generates a high shear rate along the z direction. The higher fric-
tion suppresses the instability of compressional modes relative to the 
vortical modes, which explains the strong amplification of the 
large-scale vortical modes observed in experiments (Fig. 5a–c).

The spatially extended model reproduces the wave-like character 
of the experimentally observed oscillations propagating along the 
channel (Fig. 5g and Supplementary Video 8). A dispersion relation 
obtained from the linear stability analysis indicates the growth of 
wave-like modes (Supplementary Fig. 5). Importantly, these waves 
are distinct from sound waves originating from inertia and elasticity; 
they are driven by activity in an overdamped system, with nonlineari-
ties determining the wave amplitude. Furthermore, the linear stabil-
ity analysis reveals that elastic stresses suppress shorter wavelength 
modes; therefore, the longest wavelength mode grows the fastest 
(Supplementary Fig. 5). This explains the transfer of energy from the 
small-scale driving by MT bundles to the system-sized oscillations that 
dominate the membrane motion.

Only waves larger than a critical wavelength ℓc = 2πℓv−el/√A − 1 
are unstable. Here A = αf0τp is the dimensionless driving strength and 

ℓv−el = √(μτp + η)/γ is the screening length of viscoelastic stresses in 

the membrane. Consequently, large-scale unstable modes emerge only 
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negative correlation of curvature with strain, indicating that out-of-plane motion 
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if the channel width w is larger than half the critical wavelength ℓc/2. As 
longitudinal modes are suppressed by incompressibility, the channel 
length is irrelevant for the onset of instability. Thus, the emergence 
of large-scale waves requires sufficiently wide channels (Fig. 5h). To 
test this prediction, we studied membranes of various widths (Sup-
plementary Video 9). The presence of wave-like membrane motion 
was captured by space–time kymographs of vy(x, t), as evidenced by 
the sloping bands, which indicate how the velocity maxima (minima) 
move in space and time (Fig. 5i). Robust travelling-wave dynamics 
requires membranes wider than 4 mm, thus corroborating the qualita-
tive prediction of the spatially extended model.

Discussion
Our results demonstrate the potential of active assembly, in which 
life-like materials with complex structure, mechanics and dynamics 
emerge from a structureless suspension of active and passive compo-
nents. Previous studies have investigated how molecular motors con-
tract filamentous networks, but these lacked steady-state dynamics41–46. 
Separating the active drive from the passive elastic stresses greatly 
expands the range of accessible structures while also generating 
long-term non-equilibrium dynamics.

When combined with the results from other studies31,47–49, our find-
ings indicate that self-excited waves and oscillations are ubiquitous fea-
tures of active solids. The active fluid generates elastic membranes and 
actuates their out-of-plane fluctuations, which we expect to be distinct 
from the activity-induced fluctuations of fluid-like membranes50–52. As 
exemplified by graphene, such fluctuations greatly increase the effec-
tive bending rigidity of the membrane while decreasing its in-plane 
stretching modulus53,54. Analogously, non-thermal fluctuations should 
also control the mechanics of driven membranes, raising an intrigu-
ing scenario in which the increasing out-of-plane fluctuations soften 
the effective in-plane stiffness, thereby making the membrane more 
susceptible to global oscillations. Testing this scenario would require 
models that couple out-of-plane and in-plane deformations.

In a complementary direction, our work raises intriguing analogies 
with fluid dynamics and turbulence. Chaotic active flows excite floppy 
modes of a soft network (Supplementary Video 3), which is reminiscent 
of complex interactions arising between deformable objects and exter-
nal flows55. Like active assembly, turbulent flows enhance the coagula-
tion dynamics in diverse settings, including droplet coalescence in 
clouds and the accumulation of plankton density in the oceans, with 
the latter being amplified by the anisotropic plankton shape56,57. More 
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work is needed to quantitatively understand the power-law vorticity 
spectrum of elastic membranes and possible similarities with classical 
2D turbulence29.

From a materials perspective, active assembly generates fibre 
networks, an intriguing class of structures that exhibit non-thermal 
transitions associated with the onset of mechanical rigidity58–60. Active 
stresses continuously actuate and anneal soft modes of the emerging 
network, thus, perhaps, driving it towards a rigidity transition. The 
next challenge is to use optically responsive active fluids61 to design 
in-plane strains that fold membranes into more complex 3D life-like 
forms, thus extending work on thin elastic membranes with spatially 
programmable swelling62,63.

Active-assembly-like processes might also be relevant in biology. 
For example, in an activated process, ciliary flows effectively transform 
large-molecular-weight globular glycoproteins into a Reissner fibre, a 
tensioned one-dimensional structure that runs down the central canal 
of the spinal cord and is crucial for developing the straight body axis 
of many vertebrates64. Once assembled, the ciliary flows actuate the 
non-thermal dynamics of the entire fibre65. Similar processes might 
be relevant in the assembly of viscoelastic mucous and its feedback to 
the large-scale alignment of the ciliary beating patterns required for 
the efficient clearance of airway pathways66.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41567-026-03215-5.
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