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In equilibrium, the physical properties of matter are set by the interactions between the constituents.
In contrast, the energy input of the individual components controls the behavior of synthetic or living active
matter. Great progress has been made in understanding the emergent phenomena in active fluids, though
their inability to resist shear forces hinders their practical use. This motivates the exploration of active solids
as shape-shifting materials, yet, we lack controlled synthetic systems to devise active solids with
unconventional properties. Here we build active elastic beams from dozens of active colloids and unveil
complex emergent behaviors such as self-oscillations or persistent rotations. Developing tensile tests at the
microscale, we show that the active beams are ultrasoft materials, with large (nonequilibrium) fluctuations.
Combining experiments, theory, and stochastic inference, we show that the dynamics of the active beams
can be mapped on different phase transitions which are tuned by boundary conditions. More quantitatively,
we assess all relevant parameters by independent measurements or first-principles calculations, and find
that our theoretical description agrees with the experimental observations. Our results demonstrate that the
simple addition of activity to an elastic beam unveils novel physics and can inspire design strategies for
active solids and functional microscopic machines.
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I. INTRODUCTION

Active particles inject energy at the individual scale,
leading to complex behaviors absent in equilibrium, such as
climbing walls [1,2], following topography [3], or respond-
ing to shear flows [4–6]. At higher densities, they constitute
active fluids that reveal a rich phenomenology of collective
effects: active turbulence [7–12], spontaneous flows [13],
flocks [14,15], active nematics [16–18] or motility-induced
phase separation [19–21]. Critically, active fluids flow
easily and cannot sustain shear forces, limiting their
practical use and engineering applications. This challenge
can be overcome by harnessing the flows of active fluids to
sculpt the internal architectures of soft materials [22,23] or
by engineering active elastic solids, i.e., solids made of
active particles [24,25]. Such active solids are predicted to
exhibit distinct properties from active gels or liquids,
encompassing systems from biology to robotics. Chiral
crystals made of starfish embryos exhibit odd elasticity
[26,27] while active elastic solids of macroscopic robots or

bacterial biofilms present spatiotemporal order [28,29].
Remarkably, the coupling between individual orientational
degrees of freedoms and translational ones, i.e., self-
aligning active matter [30], as constituents of active solids
can lead to emerging dynamics, such as spontaneous
oscillations even in overdamped situations [31–33].
Recently, active solids based on centimeter-scale building
blocks showed adaptive locomotion, through emergent
feedback loop from nonreciprocal interactions [34].
However, the engineering and study of active solids at
the microscale remain widely open, notably due to the lack
of well-controlled synthetic systems required to engineer
novel materials.
In this work, we introduce and study a minimal reali-

zation of an active solid: an active elastic beam formed
from dozens of active catalytic colloids. We first investigate
the mechanical properties of the active beams, estimating
persistence lengths from shape fluctuations and directly
measuring elastic response via microtensile tests. We show
that activity results in effectively ultra-soft materials,
whose mechanical properties can be tuned by activity.
Furthermore, active beams display different classes of
complex emergent dynamics that can be tuned by boundary
conditions: clamped beams display emergent oscillations,
while free beams show a length-dependent transition
towards persistent rotation. We develop an analytic model
of active elastic beams, based on first principles, which
reproduce all of the experimental findings. A salient

*Contact author: jeremie.palacci@ist.ac.at
†These authors contributed equally to this work.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW X 15, 041017 (2025)
Featured in Physics

2160-3308=25=15(4)=041017(12) 041017-1 Published by the American Physical Society

https://orcid.org/0000-0002-2916-6632
https://orcid.org/0000-0003-0239-1589
https://orcid.org/0000-0002-4079-8104
https://orcid.org/0000-0001-6005-1561
https://orcid.org/0000-0002-7253-9465
https://ror.org/03gnh5541
https://ror.org/05qsp5m64
https://ror.org/05qsp5m64
https://crossmark.crossref.org/dialog/?doi=10.1103/rjk2-q2wh&domain=pdf&date_stamp=2025-10-31
https://doi.org/10.1103/rjk2-q2wh
https://doi.org/10.1103/rjk2-q2wh
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


ingredient of the model is a mutual feedback mechanism
between the orientation of active particles and the local
velocity of the beams, which we characterize experimen-
tally. Our theoretical analysis recapitulates that the global
dynamics of the active beams are driven by boundary
conditions and owe their robustness to phase transitions.

II. ASSEMBLY AND MECHANICAL
PROPERTIES OF ACTIVE BEAMS

We assemble linear beams made of 10 to 52 active
colloids, i.e., photocatalytic microswimmers that propel at
speeds up to 15 μm=s [20,35]. The beams range in length
between 6 to 33 μm and are characterized hereby by the
number N ¼ 3–17, where N þ 1 is the number of colloids
in the centerline of the beam [Figs. 1(b)–1(c)].
We leverage to this end an optical assembly method

developed to assemble metamachines from active colloids
[42]. In brief, we use the interplay between optical forces

and self-propulsion to position active colloids in optical
traps, set by a spatial light modulator (SLM) [Fig. 1(a)]; the
effective diffusivity of the active colloids, enhanced by their
self-propulsion (∼75 μm2=s), enables rapid occupation of
the traps and assembly of the active beams. Active beams of
increasing sizes and lengths are obtained by extending the
template of traps on both ends while continuously trapping
the backbone of the structure (Supplemental Material,
movie S1 [36]). It is notable that the particles of the
midline of the structure stand vertically, while the axis of
polar propulsion of the lateral lines sits in the plane of the
substrate, as visible from the black photocatalytic (hema-
tite) component on the bright-field image [Fig. 1(b)]. This
results in the active beams remaining stable owing to the
(nonequilibrium) interactions of the active particles com-
posing the material [42], while passive particles would
diffuse upon release of the pattern of optical traps.
Remarkably, active beams show rich dynamics (movie

FIG. 1. Assembly and mechanical properties of the active beams. (a) Scheme of the optical setup used for the templated assembly of
active beams from active colloids. Optical traps (red laser) are controlled by a spatial light modulator, while active colloids are activated
by uniform blue light. (b) Bright-field images of active beams of increasing lengths, from 6 to 33 μm. The number (N þ 1) corresponds
to the number of colloids in the central line of the beam. Scale bars are 5 μm. (c) Time lapse of the shape fluctuations of an active beam
with length 33 μm. The orange line corresponds to the position tracked in the bright field image in the inset. (d) Measurements of the
persistence length Lp for active beams of increasing lengths obtained from the shape fluctuations (Supplemental Material [36]).
(e) Stress-strain measurements obtained by pulling on both extremities of an active beam with optical tweezers (Supplemental Material
[36]). Stress is determined with the optical forces for each trap measuring the trap stiffness and the offset positions of the
microswimmers with the optical trap position. Strain is estimated with the relative difference in length of the active beam. Measurements
averaged over 8 different beams at maximal activity (dark blue) and 60% activity (light blue). The stress-strain plot shows a linear, elastic
regime with Young’s modulus E ∼ 40 Pa at maximal activity below 1% strain, before plastic deformation or rupture occurs. Reducing
the activity lowers the Young’s modulus of the active beam.
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S2 [36]). Free beams can exhibit a stochastic or persistent
rotation, that appears controlled by the length of the beam.
When they are clamped at one end, they present slow
oscillations with periods above 10 sec. We aim to ration-
alize those emergent properties by first investigating their
mechanical properties.
Free active beams exhibit shape fluctuations [Fig. 1(c)],

which allow the extraction of the persistence length [43] as
for biological and synthetic fibers [44–46]. We measure
large persistence lengths, Lp ∼ 1.3 mm over the range
accessible in the experiment [Fig. 1(d)] (Supplemental
Material Fig. S3 [36]). Next, we perform a microtensile
test to directly measure the elastic response of the active
beams and use optical forces owing to the softness of the
materials. We trap both ends of an active beam using
calibrated optical traps and gradually modulate the distance
between the traps until the active beam breaks or exits the
optical traps (Supplemental Material [36], Materials and
Methods). We repeat the experiment with 8 beams of
length N ¼ 15 to obtain the stress-strain characterization
[Fig. 1(e)]. It shows a linear, elastic response with an
ultralow Young modulus E ∼ 40 Pa in a range of strain
below 1%, before plastic behavior and rupture of the active
beams. Remarkably, the sensitivity of the microtensile test
allows the quantification of changes in mechanical
response by reducing the photocatalytic activity of the
colloids of the beam [Fig. 1(e)]. The effect remains,
however, small owing to the range of activity accessible
before the cohesion of the active beams vanishes. It is
noteworthy that comparably low Young modulus are
typical in living systems, such as red blood [47] or
lymphoid cells [48], and attained with exotic synthetic
materials [49,50] outside of gels.
In equilibrium, persistence length LP and Young modu-

lus E are linked. Thermal agitation kBT activates fluctua-
tions of shapes that are resisted by elasticity, prescribing
LP ¼ EI=kBT, where I is the second moment of area of the
beam. From the independent measures of E and LP, and
approximating the beam to a continuous slab, I ≈ 2 μm4,
we estimate an effective temperature T� ¼ EI=ðkBLPÞ∼
4.7 × 103 K, 16-fold over room temperature. We now
investigate how this nonequilibrium nature drives the rich
dynamics of the active beams (movie S2 [36]).

III. SELF-OSCILLATIONS OF CLAMPED
ACTIVE BEAMS

We consider an active beam (length N ¼ 11) clamped
through a hexagonal array of optical traps at one end, the
opposite end free to move, and quantify its dynamics with
high temporal resolution (30 fps) by measuring its deflec-
tion angle θ [Fig. 2(a)], and the polarity pðtÞ of the active
colloids at the free end, which is expected to drive
motion [42]. Note that the polarity is defined as the
projection of the swimming direction in the direction
orthogonal to the beam, the reasons for which will be

explained later. As expected from the high effective
temperature, the angle θ shows large temporal fluctua-
tions over the course of several minutes, yet with long
temporal correlations [Fig. 2(b)]. To gain insight into this
anomalous dynamics, we inspect the temporal auto- and
cross-correlations of the beam angle θ and active colloid
polarity p, where RXYðτÞ ¼ hXðtÞ; Yðtþ τÞti is the cross-
correlation between X and Y and h; i constitutes a time and
ensemble average.
Remarkably, the autocorrelation function of θðtÞ, Rθθ

displays periodic peaks for individual beams fromN ¼ 7 to
17 [Fig. 2(c)], despite extensive noise. Those oscillations
have periods typically above 10 sec and do not vary
significantly for beams of different lengths [Fig. 2(d)] or
activity (Supplemental Material [36], Fig. S6). Importantly,
the oscillations are much slower than any other mesoscopic
timescales of the system, for instance, the rotational time of
active colloids τr ∼ 1 s [which we estimate from the
autocorrelation of pðtÞ, Rpp [Fig. 2(e)], and consistent
with previous measurements for individual active colloids].
We intuit that this discrepancy of timescales indicates that
the self-oscillatory behavior is an emergent feature of the
system. This is confirmed by writing down a minimal
model for elastic beams subject to active noise and finding
that it cannot reproduce even qualitatively our experimental
observations ([36] Sec. S8).
To summarize, (i) active beams are ultrasoft active solids

(E ∼ 40 Pa), subject to high (active) noise, and (ii) displays
complex long-time self-oscillatory behavior that cannot
simply be captured by the correlated nature of the active
noise of the colloids. This implies thatwe overlooked a salient
physical ingredient to the emergent behavior. Examining the
cross-correlation between θ and p reveals a complex pattern
with both positive and negative cross-correlations at different
timescales [Fig. 2(f)], and hints at a feedback mechanism we
aim to unveil. To this end, we investigate the dynamics of free
(untethered) beams, which do not show significant elastic
deformations (movie S2 [36]).We intuit that it will enable the
direct relationship between the dynamics of the beam and its
drive, which we discuss below.

IV. SPONTANEOUS ROTATION OF
UNTETHERED BEAMS FROM POSITIVE

HYDRODYNAMICAL FEEDBACK

In equilibrium, passive beams are agitated by thermal
noise: the center of mass and orientation exhibit Brownian
motion. This contrasts with the dynamics exhibited by the
free active beams of all lengths (movie S2 [36]). Short
beams (N ¼ 2–5) rotate fast and persistently [Fig. 3(a)],
while long beams rotate slower, with stochastic changes of
direction [Fig. 3(b)].
We hypothesize that this dynamics is driven by the

orientation of the active colloids at the tip, which we test by
quantifying the rotational speed of the end of a beam R∂tθ
and the polarity p1, p2 of the active colloids at the two ends,
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denoted as 1 and 2. The measurements reveal a strong
linear correlation for active beams of all lengths
(N ¼ 3–11) [Fig. 3(c), inset], confirming that the rotation
is primarily driven by the active colloids at the tip
[Supplemental Material [36], Fig. S8]. This is further
confirmed by the absence of correlation between the
orientation of the swimmers of the side and the
dynamics [36]. Because the two ends of the free microbe-
ams are equivalent, we simply denote as p, the polarity p1;2.
We then quantify the probability distribution function
(PDF) of p for beams of different lengths. For short beams
that rotate fast, the polarity p is well defined around,

respectively, −π=4 and π=4 for clockwise and counter-
clockwise rotation. With increasing length of the active
beams, the rotation rate reduces: the average of p vanishes
while its PDF broadens [Fig. 3(d)], as previously observed
with colloidal metamachines [42]. This interplay between
the rotation rate of the microbeam and the polarity p of the
driving hints at a self-aligning mechanism, reminiscent of
self-aligning polar active matter [30,31,51], which we show
of hydrodynamic origin. We further investigate the impli-
cations of this coupling for the dynamics of clamped active
beams. We start with a microscopic model of individual
microswimmers and employ a combination of fluid

FIG. 2. Oscillatory dynamics of clamped beams. (a) Snapshot of an active beam, with length N ¼ 11, clamped at one end with a
hexagonal array of optical traps (red dots). The deformation of the beam is measured with the angle θ. The scale bar is 5 μm.
(b) Evolution of the angle θ in time for two different beams (N ¼ 11), clamped on one end. The time series are represented in separate
panels and different (blue and magenta) colors for clarity. (c) Corresponding autocorrelation Rθθ of the angle θ, showing periodic peaks
and slow oscillations (above 10 sec) and represented in separate panels and colors for clarity. (d) Periods of oscillations extracted from
the Fourier transform of the autocorrelation Rθθ of the angle θ for increasing lengths of active beams. Periods are typically ∼15 s and do
not depend strongly on the length of the beams in the considered range. (e) Autocorrelation of the polarization Rpp of the active beams.
It shows a rapid decay ∼1s in agreement with thermal rotational diffusion. (f) Cross-correlations of the bending angle θ with the
polarization Rθp of the active beams. It shows a usually complex structure with an autocorrelation that is negative before 0 and positive
after, hinting at an activator or inhibitor dynamics.
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dynamics and statistical physics to arrive at predictions for
the dynamics of elastic active beams, which we compare to
the experiments.

V. MINIMAL MODELS OF BOUNDARY-
CONTROLLED PHASE TRANSITIONS

IN ACTIVE BEAMS

We describe the persistent dynamics of the individual
swimmers as an active Ornstein-Uhlenbeck process
(AOUP) [52], whose advantage lies in its analytical
tractability. It has been shown that the average dynamics
of AOUPs are similar to active Brownian particles [53] and
undergo motility-induced phase separation [54,55]. While
AOUPs are usually written in terms of self-propulsion
velocity, this cannot be conveniently measured in our
experiments, where active colloids are tethered to each
other. Instead, we express it in terms of polarity p:

∂tp ¼ −γpþ ffiffiffi
γ

p
Λ; ð1Þ

where Λ is a spatiotemporal white noise with correlation
hΛiðtÞΛjðt0Þi ¼ δijδðt − t0Þ. For single particles without
external forces, the polarity p undergoes persistent dynam-
ics with a timescale: 1=γ: hpið0ÞpjðtÞi ¼ 1

2
δije−γjtj [52].

Note that on average, p has unit magnitude in two
dimensions: hjpð0Þj2i ¼ 1, though Eq. (1) does not pre-
serve the total magnitude of p at all times.
Following the linear correlation between rotation rate

and polarity of the active colloid at each end [Fig. 3(c)
inset], we model the active beam as a passive rigid beam of
length 2R driven at each end i ¼ 1, 2 [Fig. 3(e)]. Force
balance in the tangential direction requires

χsR3
∂tθ ¼ μRðp1 þ p2Þ þ RσeffΛθ; ð2Þ

FIG. 3. Dynamics of free beams. (a) Time evolution of the angle θ for an active beam of length N ¼ 3. This short active beam presents
a persistent rotation with an angular speed of 2.2 rad=s. (b) Time evolution of the angle θ of an active beam with length N ¼ 11. This
long beam exhibits stochastic reversal of the direction of rotation. [(c) inset] Measurements of the angular velocities R∂tθ of active
beams of various lengths as a function of their polarization p. Each color corresponds to a different length of the beams (see color bar).
The correlation highlights that the beams are driven by the active colloids on the tip. (c) Collapse of the experimental data of the inset for
the different lengths of beams by plotting R2

∂tθ as a function of the polarization p, as predicted by our model (dashed line)
(Supplemental Material [36]). (d) Histogram of the average absolute orientation jpj of the active colloids at the tips for 5 different lengths
N of active beams (see color bar). Distribution broadens and shifts to zero with the length of the beam resulting in a nonpersistent
rotation. (e) Schematics of the beam driven by active colloids at two tips. Individual active colloids align their propulsion direction and
polarity as a result of the shear flow (blue arrows). (f) Pitchfork bifurcation of the p dynamics as N decreases [with maximum likelihood
(ML) estimates], marked by the dashed black lines, indicative of the transition from persistent rotation of free beams to stochastic
rotation above a critical value N ¼ 26. The color-coded violin plots represent the PDF from experimental data from active beams
represented on panel (d). (g) The effective potential from experimental data (solid circles) overlayed with numerical predictions of the
model from ML estimates using only two parameters (only 4 different lengths N are represented for clarity). The mean of the ML
estimates is marked with dashed lines and the errors from bootstrapping statistics are marked with shaded regions of the same color.
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where p1, p2 are components of the polarities of the two tip
swimmers in the direction perpendicular to the beam, χsR3

represents the frictional moment of inertia, μ is the force
exerted by one swimmer on the beam, Λθ is a spatiotem-
poral white noise with unit variance and σeff parametrizes
the magnitude of the noise. Here we take p1;2 to be the
projection of swimmer orientation perpendicular to the long
axis of the beam, which each follows Eq. (1). We remark
that this leads to a direct proportionality between ∂tθ
and the mean orientation: N2

∂tθ ¼ sðp1 þp2Þ=2þ noise,
where s ¼ ½8μ=ðχsl20Þ� and l0 ∼ 2a is the diameter of the
active colloid (R ¼ Nl0=2). This prediction is tested against
experimental data, revealing a collapse of measurements
for spinning beams of all lengths, where we consider, by
symmetry, the average polarity p of the swimmers at the
tips [Fig. 3(c)]. It confirms that the beams are driven by the
active colloids at their tips and provides an experimental
determination for the parameter s. We directly relate the
noise magnitude σeff to the effective temperature T�

measured: σeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT�χs

p
, as further discussed in

Supplemental Material Sec. S7 [36].
This simple picture, however, falls short of capturing the

long-term dynamics of the system, namely the transition
between persistent and stochastic spinning observed for
untethered beams as well as the oscillatory dynamics
observed for the clamped ones. Indeed, due to the absence
of any feedback on the polarity at the tips, pi (i ¼ 1, 2), it
predicts that the beams simply fluctuate with persistence
times of order 1=γ ∼ 1s, or rotational diffusion of the
particle at the tip. We proceed next to investigate the
source of feedback that gives rise to the observed long-time
behaviors in both free and clamped beams.
In the experiment, active colloids are sedimented near

the bottom substrate of a glass capillary and present a shape
asymmetry owing to the hematite cube protruding out of
the main spherical body. As the microbeam moves, the tip
experiences a shear flow. Because the particle is asym-
metric, the large (spherical) part moves slower than the
hematite part in the shear flow, which leads to the
reorientation of the particles at the tip by the shear [56].
Such orientation in shear flow, dubbed “rheotactic” behav-
ior, has been previously reported for a wide range of self-
propelled agents, including E. coli [57], B. subtilis [58,59],
and active colloids [5] (we note that this is distinct from the
chemically driven flow-polarity coupling in [60]). We
hereby demonstrate that including this generic feedback
of hydrodynamic origin allows us to describe the exper-
imental observations quantitatively. Using Stokes’s equa-
tion, active colloids kinetically reorient with rotation rate
ω [56] [Fig. 3(e)],

ω ¼ −νγ̇ sinðϕÞ; ð3Þ

where ν is a dimensionless phenomenological parameter
that characterizes the asymmetry of the shape, γ̇ is the shear

rate due to the no-slip at the wall and ϕ denotes the angle
between the swim direction and the flow. In practice, the
exact value for ν is set both by the asymmetry of the shape
and detailed flow field near the tip. This constitutes a
complex hydrodynamic situation arising from the flows
generated by dozens of active colloids [61], near a
boundary, and beyond the scope of the present work.
A quantitative analysis of the alignment of active particles
from hydrodynamic shear is presented in Supplemental
Material Fig. S7 [36], with additional experiments at
controlled shear. For simplicity, we approximate the local
shear rate γ̇ ∼ R∂tθ=ξ where ξ is the distance between the
swimmer and the bottom substrate and sinðϕÞ ≈Oð1Þ,
neglecting the dynamics of the component parallel to the
beam. Adding this to our model, we obtain

χsR3
∂tθ ¼ μRðp1 þ p2Þ þ RσeffΛθ

∂tpi ¼ fðR∂tθ; piÞ − γpi þ ffiffiffi
γ

p
Λi; ð4Þ

where α ¼ ν=ξ for conciseness and fðR∂tθ; piÞ is the
feedback mechanism between velocity and polarity. The
hydrodynamic origin of the self-alignment [Eq. (3)] gives
fðR∂tθ; pÞ ¼ αR∂tθ to lowest order. Polarity p is a unit
vector, thus requiring the saturation of p. We therefore
write fðR∂tθ; pÞ ¼ αR∂tθ − βp3, where the β term phe-
nomenologically ensures the saturation, while obeying the
ðp → −pÞ symmetry of the experiment. We unveil the
profound consequences of this hydrodynamic coupling of
upstream reorientation on the dynamics of the active
beams.

VI. SUPERCRITICAL ROTATION OF
UNTETHERED (OR FREE) ACTIVE BEAMS

Taking a mean-field approach, we consider p ¼
ðp1 þ p2Þ=2 and obtain

∂tp ¼
�
ᾱ

N
− γ

�
p − βp3 þ

ffiffiffiffiffiffiffiffiffiffiffi
ðγ=2Þ

p
Λ; ð5Þ

where ᾱ ¼ αsl0=2 and the noise variance is γ=2 for
independent Gaussian noises. As N increases, the linear
term goes from positive to negative, marking a supercritical
pitchfork bifurcation from two fixed points to one, resulting
in the arrest of the persistent rotation for large beams, for
which the positive feedback is hindered. The bifurcation is
predicted to occur at a critical length N ¼ ᾱ=γ, where the
linear term changes sign. For longer beams (N > ᾱ=γ), we
expect to observe stochastic runs whereas fast and persis-
tent rotations are predicted for shorter beams [Fig. 3(f)].
We now proceed to compare quantitatively our theory

with the experiments via stochastic inference. Since Eq. (5)
is a single-variable stochastic differential equation, we
solve for the steady state probability directly [62]:
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− logPðpÞ ¼ 4

γ

�
1

2

�
ᾱ

N
− γ

�
p2 þ β

4
p4

�
þ const: ð6Þ

The expected steady-state probability is directly compared
with the empirical distribution of the orientation p from
free beams of 5 different lengths to find the best-fit
parameters via stochastic inference [Fig. 3(g)]. The theory
shows excellent agreement with the experiment, with the
optimal best-fit parameters recapitulated in (Table I), agree-
ing with values estimated independently with the experi-
ment (Supplemental Material [36] Sec. S7). The bifurcation
is predicted to occur at a critical length N ¼ 104.3=4 ∼ 26
in line with the experiments [Fig. 3(f)]. To sum up, our
model agrees quantitatively with the experiments.

VII. HOPF BIFURCATION IN THE DYNAMICS
OF CLAMPED BEAMS

Having successfully described the dynamics of unteth-
ered beams, we now turn to the predictions of the model for
clamped beams, incorporating the effect of elasticity into
the analysis. Using the Euler-Bernoulli equation of beams,
and the previous assumptions of a beam driven by the
active colloids at the tip [Fig. 4(a)], we obtain

χb∂tθðx; tÞ ¼−EI∂4xθþ
μ

L
δðx−LÞpþL−1σeffΛθ

∂tp¼ fðL∂tθjx¼L;pÞ− γpþ ffiffiffi
γ

p
Λp

with θjx¼0 ¼ 0; ∂xθjx¼0 ¼ 0; ∂
2
xθjx¼L ¼ 0; ∂

3
xθjx¼L ¼ 0;

ð7Þ

where Λθ;p are unit white noises, where E is Young’s
modulus, I is the second moment of area about the bending
axis, and σeff is the effective noise amplitude. As explained
in Supplemental Material Sec. S7 [36], we approximate
σeff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT�χb

p
, where T� ¼ 4.7 × 103 K is the effective

temperature estimated earlier from the independent mea-
surements of the persistence length and Young’s modulus
of the beams. Additionally, χb ∼ ½ð4πηÞ= ffiffiffiffiffiffiffiffiffiffiffi

2ξ=l0
p � repre-

sents the Stokes friction per unit length, where η is viscosity
and l0 ∼ 2a is the diameter of a bead [63]. For convenience,
we decompose θðx; tÞ onto the set of eigenfunctions gnðxÞ

of the bending operator ∂
4
x with clamped boundary

conditions [64] (Supplemental Material [36] Sec. S8).
We remark that the beams are sufficiently stiff and
effectively only exhibit the zeroth mode in the experiment,
as further confirmed by comparison of the estimation of
eigenvalues from the model: λ1=λ0 ≈ 81. This leads us to
only consider the zeroth mode and substituting in the same
form of f as before, we have

∂tθ ¼ −ϵθ þ μ̄pþ Λ̄θ;

∂tp ¼ −ðγ − cμ̄Þp − βp3 − cϵθ þ Λ̄p; ð8Þ

where ε¼½EI=ðχbL4Þ�ð0.6πÞ4. and μ̄¼f½μg0ð1Þ�=½χbL2�g,
and c ¼ αLg0ð1Þ. We refer to Supplemental Material [36]
Sec. S9 for further details on the noise correlations.
Equation (8) are known as the FitzHugh-Nagumo model,
commonly used to model neuron activities [65,66] and
describing a system that can undergo a Hopf bifurcation
and admit limit-cycle oscillatory solutions, as shown in
Fig. 4(b). An equation equivalent to Eq. (8) had been
previously derived for active solids of elastically coupled
particles that all self-align, and shown to present a Hopf
bifurcation as well [33]. The present situation differs in that
the self-aligning torque is limited to the particles at the tip
of the microbeam only.
Following this preliminary analysis, we turn to a

quantitative comparison between the prediction of the
clamped beams model, using the best-fit parameters deter-
mined previously with free beams as well as independent
direct experimental measurements. The previous estima-
tions of the free beam from stochastic inference (Table I)
provided numerical values for three parameters, roughly
corresponding to μ̄; c=γ; β=γ (Table II), leaving the three
parameters ϵ, γ, and σθ to be estimated from independent
measurements. Using the estimates ϵ ¼ 0.35, γ ¼ 1 s−1

from mechanical and kinematic experiments, and σθ ¼
0.03 s−1=2 ([36] Sec. S10), we realize that those parameters
place the system in the limit-cycle regime [Fig. 4(b)],
explaining the self-oscillations observed experimentally.
In order to compare the aforementioned model with

experimental data, we measured the observable ðp; θÞ for
14 independent active beams of length N ¼ 11 [Fig. 4(c)].
The experimental distributions for ðp; θÞ are near Gaussian
and remarkably well captured by simulations with the
preliminary estimates in (Table II), (Supplemental
Material [36] Figs. S12, S13). Though the preliminary
estimates for the parameters set the system in a region of
deterministic limit cycles in the phase diagram [Fig. 4(b)], a
limit cycle is difficult to identify experimentally in ðp; θÞ
space [Fig. 4(c)]. In fact, the deterministic limit cycle is
obscured by the noise in both θ and p, leading to blurred
distribution as confirmed by additional simulations of the
model with noise, where the limit cycle is similarly difficult
to identify [Fig. 4(c)]. In addition to the observed

TABLE I. Summary of parameters for the free beams. The units
are stated in row 1 except for dimensionless parameters. The first
row includes parameters estimated from first principles and
independent experimental measurements ([36] Sec. S7). The
second row summarizes the best-fit values of the model for free
beams using stochastic inference. The values from the two rows
match well with each other.

Method sðs−1Þ ð4=γÞᾱ ð4=γÞβ
Direct estimates 17� 2 699ν ≈ 70 � � �
Stochastic inference 55� 3 81� 16 56� 10
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oscillatory behavior of Rθθ, subtle differences support the
existence of the limit cycles: the peak of the p distribution
is slightly flattened compared with the classic bell shape of
Gaussian distributions of the same width, a feature shared
by both data and simulations [Fig. 4(d)]. Finally, we also
performed stochastic inference on experimental trajectories
of clamped beams, keeping all model parameters a priori
unknown. Importantly, this gives parameters that were
globally consistent with our estimations from first princi-
ples as well as stochastic inference from free beams
(Table II), and localizes the system in the same parameter
region of limit cycles.
Another signature of Fitzhugh-Nagumo oscillators is the

presence of an activator-inhibitor coupling between two
variables. In our model, the polarity p behaves as an
activator, both promoting rotation (changes in θ) by activity
and on itself by upstream reorientation, while θ, plays the

role of inhibitor, restored towards zero by elasticity. We test
this in experiments with clamped beams by computing
the temporal cross-correlation function between the two
variables, defined as hθðsÞpðsþ tÞis=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hθðsÞ2ishpðsÞ2is

p
.

Importantly, the cross-correlation function revealed both a
positive peak at t ∼ 0.5 s (the “activation”) and a nega-
tive peak at t ∼ −0.5 s (the “inhibition”) [Fig. 4(e)]. This
cross-correlation is dramatically altered in our model when
we switch off cross-coupling by either setting μ̄ or c to zero
(Supplemental Material [36] Fig. S15), implying that both
upstream reorientation (c) and self-propulsion of active
colloids (μ̄) are critical in the observed behavior of
bending beams (Supplemental Material [36], Sec. S9.A).
Furthermore, the model predicts autocorrelation functions
that agree quantitatively with the experiment [Figs. 4(f) and
4(g)]. Finally, we comment on the period of oscillations,
which did not change significantly with the lengths

FIG. 4. Theoretical modeling of clamped beams and comparison with the experiment. This model is obtained by adding the effect of
elasticity to the previous model of free beams. (a) Schematics of a clamped beam and definition of the notations. (b) Phase diagram
predicted by the model of clamped beams in ϵ − μ̄ space: the dashed green line marks the onset of oscillations, as predicted by the real
part of the largest eigenvalue turning positive, and the shaded region corresponds to where the same eigenvalue has nonzero imaginary
part (Supplemental Material [36] Sec. S9). The black cross represents the parameters in the experiment from combined estimates.
(c)–(d) Density distribution in (p, θ) space from experiments (blue) and simulations (orange). (e) Cross-correlations Rθp between θ and
p in experiments (blue) and simulations (orange). They exhibit excellent agreement between experiments and our model. (f)–(g) θ
Autocorrelations Rθθ; Rpp of numerical simulations of parameters predicted by the maximum likelihood estimates of the free beam.
(h) Period of oscillations as a function of length N of active beams and comparison with analytical predictions from the imaginary parts
of the largest eigenvalue. In both experiments (blue bars) and theory (black line), only the oscillatory systems are included in the period
calculations. For all simulations (red dots) performed, unless stated otherwise, parameters are drawn from Gaussian distributions with
mean and standard deviations from row 2 of Table II.
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explored in the experiment. Numerical simulations of the
model show a comparable effect with the period of the
deterministic oscillations in the experimental range
[Fig. 4(h)]. This provides yet another validation of our
model and physical insight into its origin: the length
dependence of the parameters is inherently built into the
definition of our parameters [see text following (8)]. In
effect, parameters do not depend on absolute lengths as for
conventional elasticity, providing robust oscillations for
beams of various lengths.

VIII. DISCUSSION

To conclude, we assembled dozens of active colloids into
active beams and investigated their physical properties. The
active beams are ultrasoft elastic solids and present emer-
gent dynamics that are controlled by boundary conditions:
free beams present a supercritical transition in rotation
while tethered beams self-oscillate at a macroscopic time
scale of tens of seconds, highlighting in a different context
the salient role of boundaries in systems away from
equilibrium [13,67,68]. We compared our experimental
measurements with a model of an elastic beam driven by
the microswimmers at the tip and presented a quantitative
agreement with the experiments, with parameters estimated
via a combination of stochastic inference and first principle
calculations from direct independent measurements.
Activity here plays a fundamentally different role compared
to previous work on active filaments or biological
flagella [69–74]. First, as activity rather than equilibrium
interactions are responsible for the cohesion of the beams
themselves, we can achieve ultrasoft elasticity. Second, the
oscillations are an emerging property, rather than a cyclic
drive as in most models of flagella. The system is notice-
ably different from systems of polar particles linked to each
other elastically, where the drive is distributed over the all
structure, as beautifully exemplified in [31,32,75]. It there-
fore remains to be investigated, whether our synthetic
system can lead to collective synchronization as observed,
for example, with metachronal waves [76–78]. Our results
will inspire activity-driven machines that transit between

qualitatively different dynamics, controlled by boundary
conditions. They demonstrate rich dynamics from simple
building blocks and can be leveraged with recent develop-
ments in robotic swarms [79] and colloidal robots [80]. Our
results show that the interplay of activity and elasticity in
solids can emulate bio-inspired functions.

IX. MATERIALS AND METHODS

A. Synthesis of active colloids

The synthesis of the active colloids is two steps, first
synthesizing hematite cubes, then the active colloids. More
details are given in [42]. The synthesis procedure of
hematite cubes follows the sol-gel method described by
Sugimoto [81]. Briefly, we mix 100 mL of 2 M
FeCl3 · 6H2O, 90 ml 6 NaOH and 10 ml water, in a
250 mL pyrex bottle and shake thoroughly. Immediately
after, the bottle is placed in an oven at 100 °C, and aged for
3 to 4 days, until the hematite particles reach the desired
size (growth is monitored by optical microscopy). The
resulting hematite cubes in the gel network are isolated by
successive sedimentation and resuspension cycles in DI
water [Fig. S2]. The synthesis of the active particles as
heterodimers is performed by heterogeneous nucleation of
trialkoxysilanes (oil precursors) on solid hematite particles
as seeds, and the control of their wetting properties with the
pH of the solution. The synthesis procedure is adapted from
Ref. [82], with chemical modification to reinforce the
stability of the active particles under optical trapping.
In particular, we make use of a hydrophobic copolymer
hexadecyltrimethoxysilane (HTS) to chemically protect the
bond between the hematite and polymer core against highly
reactive hydroxil radicals generated during H2O2 consump-
tion. A beaker with 100 mL of DI water is prepared, and
mixed with 120 μL of a 50% NH3 solution, giving a
pH ∼ 10.5. The solution is kept under mild magnetic
stirring. We add ∼1 mL of an aqueous solution of hematite
particles, to get a slightly red-colored solution. Following,
we add 100 μL of HTS, immediately followed by 500 μL
of 3-(trimethoxysilyl)propyl methacrylate (TPM). The
solution is then covered with parafilm, and let under mild

TABLE II. Summary of parameters for the clamped beams. The units are stated in row 1 except for dimensionless parameter c. The
first row includes parameter estimated from first principles and independent experimental measurements ([36] Sec. S7). The second row
summarizes the best-fit values of the model with the experimental data for free beams [Fig. 3(g)] using stochastic inference. Parameters
estimated from first principles or fit of the free beams agree remarkably well. The third row combines the two rows in order to obtain a
full set of parameters to describe the dynamics of the clamped beams. Those values match well the best-fit values obtained from the
dynamics of clamped beams (fourth row), thus showing that our model predicts the dynamics of clamped beams from experiments on
free beams, which have qualitatively different behavior.

Method ϵðs−1Þ μ̄ðs−1Þ γðs−1Þ c βðs−1Þ σθðs−1=2Þ
First principles 0.35� 0.04 0.04� 0.01 1� 0.1 ≈40 � � � 0.03� 0.01
From free beams � � � 0.09� 0.005 � � � ð15.5� 2Þγ ð15� 2Þγ � � �
Combined estimates 0.35� 0.04 0.09� 0.005 1� 0.1 15.5� 2 15� 2 0.03� 0.01
From clamped beams 0.1� 0.02 0.19� 0.02 0.43� 0.07 5.8� 0.3 12.5� 1 0.023
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stirring for ∼2h00. During this time, the HTS and TPM
hydrolysis, and condense on the hematite particles, with
strong wetting leading to their engulfment in the oil phase.
After ∼2h00, the solution is turbid. We then add 2 mL of
Pluronic F-108 solution (5%wt), and wait 2 mn. The
dewetting and extrusion of TPM from the hematite is
performed by changing the pH of the solution to pH ∼ 2.1,
by adding 1.5 mL of 1M chloridric acid HCl. The solution
is let under stirring for 3 min, and diluted 4 times. We then
carry out the polymerization by adding 50 mg of radical
initiator azobisisobutyronitrile (AIBN) to the solution and
leave it under stirring for ∼5 min. The beaker is covered
with an aluminium foil and placed in a preheated oven at
∼80°C for 2 h. We let the solution cool down to room
temperature, remove the excess solution above the sedi-
mented particles, and add 50 mL DI water with 1 mL of
250 mM NaOH solution, giving a pH ∼ 10, and let the
solution overnight to facilitate the hydrolysis and conden-
sation of any remaining HTS monomers. The solution is
then centrifuged and rinsed multiple times to remove the
excess TPM/HTS particles and obtain the desired colloidal
solution of heterodimers.

B. Microtensile tests

We trap both ends of an active beam using calibrated
optical traps and gradually modulate the distance between
the traps until the active beam breaks or exerts forces
sufficient to exit the optical traps [36]. We determine the
stress acting on the active beam by monitoring the relative
displacement Δx of the active colloids to the center of the
traps, while the strain is determined by measuring the total
extension ΔL of the active beam with respect to the rest
length L0 in the absence of optical traps [36]. We repeat
the experiment with 8 different beams of the same length
N ¼ 15 to obtain the stress-strain characterization. The
optical forces of the trap are obtained conventionally by
determining the stiffness of the optical trap using the
diffusion and the equipartition theorem method [36]. The
positions of the microswimmer positioned in the optical
traps are tracked over 4000 frames with a CCD camera.
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