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We use a flexible circular membrane to probe a gas of macroscopic self-propelled rod-like robots. The
fluctuations of the membrane are completely described by a set of discrete modes with different characteristic
frequencies. We show that the dynamics of each mode can be well described by a Langevin equation with a white
noise and a frequency-independent dissipation. This allows to extract the dissipation and fluctuation intensity for
each mode, and consequently the contribution to the dissipation due to the collisions with the gas. The ratio of the
gas-generated fluctuation and dissipation does not depend on the mode, indicating that the system interacts with
the membrane as an equilibrium environment at a given effective temperature. We also find that this effective
temperature coincides with the average kinetic energy of the rod-like robots. Quite surprisingly, this study thus
shows that in a wide range of densities and frequencies the behavior of self-propelled robots can be regarded as
that of an equilibrium gas. The method is quite general, and can be used to unveil deviations from this simple

behavior in other regimes.

DOLI: 10.1103/PhysRevResearch.4.L.042006

An ensemble of active entities with minimal ingredi-
ents (self-locomotion, simple configurational change,...) can
display complex behavior such as global organization and
abilities that may go beyond those of the individual particles
[1-11]. Such features and others make active matter attrac-
tive for a range of applications going from new materials
to biology and robotics [12—16]. Different types of entities
have been used from motile vibrating bots, colloidal active
particles, to shape changing and/or light sensitive particles
[2-5,7,8,17,18].

Yet, and despite a number of studies on their self-
organization in bulk and under confinement using diverse
objects spanning a wide range of scales [4,19-28], it remains a
fundamental challenge to predict macroscopic properties such
as the pressure, the effect of boundaries, or the identification
of a quantity that could play the role of a temperature of such
assemblies [5,10,29-40]. Strictly speaking, the temperature
can only be defined in equilibrium systems. Whether active
matter can be described as a system at thermal equilibrium is
nontrivial. The concept of effective temperature in active mat-
ter [32,34] or vibrated granular beds [41] can have drawbacks
and may depend on the time scale [42-44] but may also be
subject to spatial inhomogeneity due to phase separation or
long-lived giant fluctuations [4,20,23,32].

Consider the case of a gas of active particles. From the
experimental point of view one could investigate the statistical
properties of the gas itself. A different attitude is to put the
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system in contact with another system, a probe, and study how
that system behaves. In general the gas of particles will ex-
change energy and momentum with the probe. In equilibrium,
the dissipation and the fluctuating disturbance acting on the
probe are related by the fluctuation-dissipation theorem [45]
with their ratio being proportional to the temperature of the
gas. For a system out of equilibrium the dissipation and the
fluctuations can be completely independent, and thus depend
on the physical quantity or conditions considered. Thus the
investigation of the relation between the fluctuation and the
dissipation can bring crucial information on the behavior of
an active particle gas.

Here, we report experimental work showing that the dissi-
pation and fluctuation spectrum generated by a gas of active
particles interacting with a vibrating membrane can be related
by the dissipation-fluctuation relation, allowing the definition
of an effective temperature for the membrane Tj and for
the gas TS. These two temperatures turn out to be different
with the membrane temperature having a dependence on both
mode number and surface fraction of particles. However, we
found that . is independent of density and of the spatial,
and temporal scale of the measurements. To achieve this re-
sult, we have measured simultaneously the dissipation and the
fluctuation intensity. The existence of this relation does not
necessarily imply that the system is actually in equilibrium,
but it clearly gives important information on its behavior.

We use a circular, but flexible membrane surrounded by
active particles. The membrane and particles are in ambient
air with negligible interactions due to the ambient medium
as its density and viscosity are very low. As the active par-
ticles collide randomly with the membrane, they excite its
mechanical modes whose amplitudes fluctuate in time. The
active particles are self-propelled rods with sufficient inertia
that aggregation occurs only at high enough densities near

Published by the American Physical Society


https://orcid.org/0000-0002-2414-6202
https://orcid.org/0000-0003-1542-5944
https://orcid.org/0000-0002-6979-7770
https://orcid.org/0000-0002-3438-3236
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.4.L042006&domain=pdf&date_stamp=2022-10-10
https://doi.org/10.1103/PhysRevResearch.4.L042006
https://creativecommons.org/licenses/by/4.0/

JEAN FRANCOIS BOUDET et al.

PHYSICAL REVIEW RESEARCH 4, L042006 (2022)

6 6
@ collision 1 collision 3 .
4t / 1 particle 4
= /
E 2y 2
E oh 0
b -2
<
-4+ collision 2 <4
£ 0 30 T i0 30 40

20 20
t(s) t(s)
FIG. 1. (a) Experimental setup: an inner flexible circle is sus-
pended by four thin wires fixed to the upper cross surrounded by
an empty area delimited by the outer arena. (b) Photograph of the
experiment where N = 45 rod like robots are inserted in the empty
area between inner and outer rings. (c) Schematic of the different
deformation modes of the circular flexible membrane. (d) Amplitude
of the second mode (n = 2) of membrane fluctuations for N = 1 and
N = 85 particles. R =30 cm, rp = 16 cm, e = 200 pm.

boundaries [5]: When confined in rigid circular arenas, dilute
assemblies of such rods act as a gas. Increasing the surface
fraction leads to collective behavior near the boundaries with
the emergence of polar clusters while, in the bulk, gas-like
behavior persists. The phase diagram for the transition from
gas-like behavior to a coexistence region between a gas and
surface clusters was established in [5] and is a direct conse-
quence of inertial effects. The experiments carried out here
concern primarily the gas phase region of this phase diagram.
To examine membrane fluctuations, in a two-dimensional
setup, friction of the membrane with the supporting surface
needs to be minimized. Here, the membrane was suspended
by four wires a few millimeters above the surface so that in
the absence of particles, dissipation is only due to air drag.

The plastic electromechanical rod-like robots are 4.5 cm
in length, 2 cm in height, and 1.5 cm in width with a mass
m of 7 g. Their mobility is induced by the vibration of the
robot itself which is equipped with a vibration module, driven
by an embedded battery, working at frequencies near 100 Hz.
These rods have asymmetric soft legs, which allow directed
movement with velocities that can reach V = 30 cm/s [5,46].
We confine a number N of active rods in a fixed rigid circular
arena of radius R. In the central area, we insert another circular
membrane which consists of a thin stainless steel strip of
width 2 = 2 cm, of different thicknesses ¢ and of radius ry
smaller than R.

There are no robots inside the membrane so that the robots
are confined to the space between the outer arena and the
central membrane with a surface fraction ¢s = Na/s; a and s
are the projected area of the rods and the total area accessible
to them. The radius R was varied from 20 cm to 30 cm, ry was
16 cm while different values of e (100, 200, 250, and 550 pm)
were used. The variation of these parameters allows to vary
the resonance frequencies of the membrane, its inherent dis-
sipation and mass, as well as the surface fraction of particles.
The setup, Fig. 1(a), is visualized from above with a fast cam-
era; a photograph of the experiment is shown in Fig. 1(b). The
collisions of the active rods with the flexible membrane excite
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FIG. 2. (a) pdfs of velocity fluctuations for different modes n and
varying ¢s: 0.03 (blue), 0.12 (cyan), 0.23 (green) 0.34 (yellow). The
black line is a Gaussian fit. (b) Effective energy (K,) from velocity
fluctuations for different n versus ¢s. R =24 cm, ry = 16 cm, e =
550 pm. The dashed line indicates the plateau value.

its vibrations which come in several modes n (see Fig. 1(c)).
These vibrations are measured, via image analysis, with a
temporal resolution of 250 Hz ( see Supplemental Material
[47]). From the time series of the membrane fluctuations, we
isolate the amplitude of the different modes of vibration by
decomposing the distance #(6, t) to the membrane center into
Fourier modes, which turn out to be also the eigenmodes of
the membrane fluctuations:

r(0.1) =ro+ Y _AF(t)cos(nd) + A, (t)sin(nd). (1)

n>1

0 designates the angular position along the membrane. Ex-
amples of signals Al (z) are shown in Fig. 1(d) for n = 2.
For N = 1, the collisions with the membrane are visible as
impulses with a characteristic frequency and a decay time. For
N = 85, the signal resembles a random time series. Fourier
analysis of these vibrations which are then averaged over time
gives access to the spectral properties of the fluctuations for
any mode n.

We first examine the energy content of the fluctuations of
the membrane. The probability density functions (pdf) of the
velocity fluctuations A, (the pdfs for A+ and A are similar
so we drop the signs in the following) for different modes
n and different ¢ are shown in Fig. 2(a). The widths of the
pdfs increase as ¢y increases while the pdfs become gradu-
ally Gaussian at higher ¢g (see Fig. S1 in the Supplemental
Material [47]). We show in [47] that the kinetic energy of the
membrane can be written as £y = ), Mn[(A',J{)2 + (A; )?1/2,
where M, = ";T“ZIM is a modal mass. This suggests to define
(K,) =M, (Aﬁ) as a measure of the effective kinetic energy
for mode n, which can be obtained from the squared width
of the pdfs of A,. The brackets denote an average over time,
equivalent to ensemble averaging for long enough signals.
This energy is plotted in Fig. 2(b) for different n versus ¢s.
For low ¢, (K,) increases fast before saturation. This is par-
ticularly true for n = 2 and n = 3. When mode 2 saturates at
some ¢g, mode 3 saturates at a higher value, and mode 4, does
not at the accessible ¢s. If the membrane were at equilibrium
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at temperature 7, all (K,) would be equal to kg7 which is
clearly not the case.

To shed light on this behavior, the interplay between mem-
brane fluctuations and the collisions with the gas particles
needs to be examined. We model the dynamics of membrane
fluctuations by considering the membrane as an inextensible
two-dimensional elastic strip [48] subjected to dissipation,
proportional to the local velocity of the membrane, and to
external random forces due to collisions with active robots.
If the membrane deformation is small enough to consider the
linearized dynamics around a perfect circle, the equation for
the dynamics of each mode takes the form

Ap +2yu(ps) Ay + 0? A, = F, 2)

where F; is a combination of the perpendicular and parallel
components of the forces exerted by the colliding robots,
rescaled by the mass of the membrane (see Supplemental
Material [47]). The equations for A} and A, are similar,
upon replacing F, by F,t or F,~. Here, we assume that the
membrane elasticity governs the membrane dynamics and that
the dissipation is a simple function of the local velocity but
with a rate y,,(¢s) which depends on ¢s.

The resonance frequencies of the different modes are given

by 2 = % Here, k = % is the bending modulus
of the membrane strip with E the Young modulus and v the
Poisson ratio. Note that Eq. (2) is not a standard Langevin
equation since the random forcing F,(¢) on the right-hand side
may take the form of a discrete series of impulses, giving rise
to non-Gaussian pdfs for A, as in the examples of Fig. 2(a).
Nevertheless, the equation for A,, when Fourier transformed
relates the power spectrum of the velocity fluctuations of the
membrane to that of the noise due to random collisions with
the robots [49]:

2
Si (w) = . (3)

The power spectral density Sx (w) for any stationary random
signal X (r) is defined such that (X ()X (0')) = 4728(w +
o)Sx(w), where X(w)= [0 dtX(t)e”™" is the Fourier
transform of X (7).

Power spectra of the velocity fluctuations for up to n =5
are shown in Fig. 3(a). Each mode shows a well defined peak
at a well-defined resonance frequency with a well-defined
width. The spectra of Fig. 3(a) are well described by [Eq. (3)],
using a noise spectrum Sg, (@) independent of w, suggesting
that this noise is temporally uncorrelated as assumed in our
theoretical analysis detailed in SI. From such fits, the values
of w, and y,,(¢s) can be obtained. The w, follow the expected
behavior (see Fig. S2 in the Supplemental Material [47]) while
the dissipation depends on n and increases with ¢g as shown
in Fig. 3(b). This increase is roughly the same for different
modes (from 2 to 5), with a non zero intercept as ¢s goes
to zero. This intercept, which is mode dependent, is the dis-
sipation in the absence of rods y,f‘" which increases with n,
similarly to the dissipation due to air of a linear strip with
similar dimensions (see Fig. S3 in the Supplemental Material
[47]), pointing to the origin of this dissipation as being due to
air drag [50]. An interesting finding is the additive nature of
the dissipation from air drag and that from the presence of the
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FIG. 3. (a) Power spectrum of velocity fluctuations for the dif-
ferent modes n of the membrane. The dashed lines are fits to the
theoretical spectrum from the Langevin equation. ¢s = 0.1, R =
24 cm, rp =16 cm, e =250 pum. (b) Dissipation parameter for
different modes versus ¢g, R = 30 cm, ryp = 16 cm, ¢ = 200 pum.
The dashed lines are guides to the eye.

active gas which allows to disentangle them properly:

Valgs) = v (¢s) + v )

The dissipation from the gas of active particles y(¢s) in-
creases with ¢g and is independent of n. In addition, the fits
suggest strongly that y(¢s) is independent of w. One can
now introduce an effective temperature for the membrane 7.
using S, (w) = ULM)/”(Q)S)kB]Z& as in the fluctuation dissipa-
tion theorem with kg the Boltzmann constant. This effective
temperature is directly related to the kinetic energy of the nth
mode of the membrane (K,) = kgT; (see [47]).

These measurements show that the characteristic energy
(K,) and thus the effective temperature of the membrane
depend on the surface fraction. In order to understand this
dependence, we have examined how the different effective
energies from different modes and for different values of ¢g
can be rescaled. The problem at hand has two characteristic
time scales. The first one is simply the dissipation time scale.
The second is the inverse of the frequency of collisions of
the robots with the membrane f.. This frequency naturally
depends on the surface fraction and, from our estimates, varies
roughly linearly with ¢g, at least at low surface fractions (see
Fig. S4 in the Supplemental Material [47]). We plot in Fig. 4
(K,,) for different modes n and densities ¢g versus the ratio:
fe/vu(@s). This rescaling versus a nondimensional quantity
collapses, fairly well, (K;,) on a single curve, for data from dif-
ferent runs with different densities and membrane properties.

The characteristic energy or effective temperature of the
membrane becomes constant, independent of ¢g and n, only
when f. becomes higher than the total dissipation rate y,(¢s).
The plateau value of this characteristic energy turns out to be
independent of the membrane properties (see Fig. S5 in the
Supplemental Material [47]) and is characteristic of the gas of
particles as it varies roughly linearly with the kinetic energy of
the particles (see Fig. S5 in the Supplemental Material [47]).

Now, consider the dissipation due to the gas of par-
ticles. If we consider the membrane as a large particle
surrounded by a gas of smaller ones, dissipation can
be traced to the inelastic nature of the collisions of the
membrane with the active particles. The dissipated power is
proportional to the number of collisions per unit time, or f.
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FIG. 4. (K,,) for different modes and different membranes versus
the ratio of frequency of collisions to dissipation rate. rp = 16 cm,
(e, R) = (100 pm, 30 cm), (200 pum, 30 cm), (250 pum, 20 cm),
and (550 pum, 24 cm). The dashed lines indicate the plateau value.
The colors indicate different mode numbers: black n = 2, red n = 3,
violet n = 5, blue n = 6.

Thus y(¢s) should be proportional to f, as borne out by
experiments, Fig. 5(a).

Both the dissipation due to the gas and the effective energy
of the membrane depend on ¢g via the collision frequency
f.- But so far, whether the gas of active particles has a well
defined effective temperature and how it is related to the ef-
fective temperature of the membrane has not been considered.
The membrane is subject to both noise and dissipation from
the active bath but also from the surrounding air. The driving
noise is solely due to the active gas as the effect of the ambient
air is negligible, but both environments contribute to the dissi-
pation. The effective temperature Te?f of the gas is then linked
in a straightforward manner to the effective temperature of the
membrane. The relation between the two, as for a classical
oscillator subjected to two different sources of noise and dis-
sipation [51,52], is given by v, (¢s)T = yarT + y(¢S)T£f.

A way to see the variation of T with ¢y is to regard it as
if it is coupled to two reservoirs, one at practically vanishing
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FIG. 5. (a) Dissipation due to the gas of particles only versus
frequency of collisions. The dashed line shows a linear dependence.
(blue symbols: e = 250 um, red symbols: e = 200 um). (b) Effec-
tive energy of the gas of active particles versus ¢g for the same data as
in Fig. 4. Inset: Effective energy of the gas versus ¢g for ro = 16 cm,
(e, R)= (550 pum, 24 cm). The colors indicate mode number as in
Fig. 4. The dashed lines indicate the plateau value of the effective
energy.

temperature (the air) and the other at 7,% (the gas). The
resulting temperature 7.j; of the membrane is then given by
the weighted average of the two, with the weights given by the
ratio of the couplings that is the ratio of the dissipation to the
total dissipation. Since the ambient temperature T is orders
of magnitude smaller than that of the membrane, we obtain
Te(f]f = %Te’f’} Figure 5(b) shows that Teg is independent
of n (inset of Fig. 5(b) and ¢s; its value corresponds to the
plateau value of (K,). The effective temperature of the gas is
thus similar for different membrane thicknesses and radii and
is solely determined by the kinetic energy of the active robots.
Thus, the gas of active robots has a well-defined effective
temperature.

The system we use is one of a few where statistical me-
chanics techniques can be used to extract quantities that are
difficult to access in most experiments. The fact that the dis-
sipation as well as the effective temperature can be retrieved
in a reliable way in an active system is itself remarkable. It
is only by carrying out a detailed analysis that an effective
temperature of the gas could be extracted. Note that if we had
analyzed only the membrane fluctuations (such as the pdfs of
Fig. 2(a)) without a detailed theoretical analysis, a detailed
analysis of the spectral structure as well as the measurement
of the dissipation, we could have reached the wrong conclu-
sion: that the temperature of the system is ill defined (see our
Fig. 2(b). It is only by disentangling the different contributions
(ambient medium, and active gas) to the dissipation that we
were able to extract correct information. Few if any active
systems have been shown to exhibit a well defined effective
temperature. That the techniques used and the system chosen
allow this is in itself a remarkable finding. That this property
may break down under different conditions does not reduce
the scope of our results. On the contrary, one can use the tools
developed here to analyze the reasons for break down in more
complex systems in detail.

To conclude, two salient features characterize the gas of
active rod like robots. First, the dissipation rate of the probe
membrane, due to this gas, depends on the surface fraction of
the particles in a way close to how a large granular particle sur-
rounded by smaller ones dissipates energy through collisions.
Second, the effective temperature of this gas turns out to be in-
dependent of mode number, membrane properties, and surface
fraction. It is thus well defined and is determined solely by
the properties of the robots themselves: it coincides with the
average kinetic energy of the particles. The results are of im-
portance for active matter, a nonequilibrium system, showing
experimentally that an active gas such as ours is ideal and its
action on a probe (the membrane) can be described by equilib-
rium like properties and thus a simple Langevin equation with
a white noise and frequency independent dissipation. We an-
ticipate that deviations from this behavior will arise when
clusters, aggregates, or other collective effects emerge. The
tools developed here can bring valuable insight in such a case.

This work was partially funded by Institut Universitaire
de France. We thank J. Lintuvuori for discussions and R.
Houques for help with the experimental setup.
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