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Dynamics and Thermodynamics of Air-Driven Active
Spinners’

Somayeh Farhadi,** Sergio Machaca,®” Justin Aird, Bryan O. Torres Maldonado,*¢
Stanley Davis,*¢ Paulo E. Arratia,** and Douglas J. Durian, *¢

We report on the collective behavior of active particles in which energy is continuously supplied to
rotational degrees of freedom. The active spinners are 3D-printed disks, 1 cm in diameter, that have
an embedded fan-like structure, such that a sub-levitating up-flow of air forces them to spin. Single
spinners exhibit Brownian motion with a narrow Gaussian velocity distribution function, P(v), for
translational motion. We study the evolution of P(v) as the packing fraction and the average
single particle spin speeds are varied. The interparticle hydrodynamic interaction is negligible,
and the dynamics is dominated by hyperelastic collisions and dissipative forces. As expected for
nonequilibrium systems, P(v) for a collection of many spinners deviates from Gaussian behavior.
However, unlike translationally active systems, phase separation is not observed, and the system
remains spatially homogeneous. We then search for a near-equilibrium counterpart for our active
spinners by measuring the equation of state. Interestingly, it agrees well with a hard-sphere model,
despite the dissipative nature of the single particle dynamics.

Introduction

Systems that contain self-propelling particles are ubiquitous and
span a wide range of length scales from flocking of birds (~km)
to motile ants (~m) to swimming of microorganisms (~ pm).
These active systems are characterized by self-propelling units or
particles that can either store or acquired energy from their envi-
ronment, generate mechanical stresses, and create flows within
the fluid medium. Examples include living organisms™? and
self-propelled colloidsT35HI2] 55 well as shakenT3¥ and air-
fluidized2%28 granular particles. Active systems displays prop-
erties not seen in their passive counterparts such as large-scale
flows?, anomalous rheological properties??, and giant density
fluctuations1625, These unusual properties are currently being
exploited for potential applications in medicine, robotics, and en-
ergy harvesting, and as a result active systems have gained
substantial attention over the past decade or so. Despite different
motility mechanisms, a unifying feature of active systems is their
out of equilibrium collective dynamics, where a thermodynamic-
based description usually (but not always20-2327128)) f5i]s to exist.
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As a result, finding a framework to describe the bulk properties
of active matter remains as a challenge.

While active particles can both translate and rotate, the ma-
jority of previous studies focus on translational activity, in which
the energy input directly results in linear momentum gainm. The
dynamics of rotationally active particles, on the other hand, has
been far less explored and only a few experimental studies are
available. Colloidal micro-rollers are an example of such par-
ticles, where particle rotation is induced by external magnetic
torque®1232 These colloidal particles have shown many fasci-
nating collective behavior including self-assembly, crystal forma-
tion, and melting®. An important question is to what extent these
behavior is due to rotational activity in contrast to hydrodynamic
interaction, which is known to play an important role in colloidal
systems#12,

An early simulation3 suggested that rotational activity with-
out hydrodynamic interactions indeed maintains spatial homo-
geneity (unlike the typical phase separation observed in active
systems). That study®? also found that while the particle rota-
tional speed distribution, P(®), is Maxwellian, the translational
P(v) deviates from Maxwell-Boltzmann description, in agreement
with a recent experiment3#, Other studies on rotational activity
without hydrodynamic interactions demonstrated conflicting re-
sults. For instance, simulations of concave-shaped spinners b
showed spontaneous phase separation and the coexistence of self-

organized substructures. The accompanying paper by Workamp|
shows that the geometric friction between colliding particles
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plays an important role in their collective dynamics. The latter
two studies suggest that the details of angular momentum trans-
fer in particle-particle collisions, even in the absence of hydrody-
namic interactions, is an important determinant for the collective
behavior in rotationally active particles.

Granular gases are a classic example of active matter, where
the hydrodynamic interactions are absent in particle dynamics.
The dynamics of vibrated granular gases have been studied in
details over the past two decades. Several independent studies
found that velocity distribution functions, P(v), of granular gases
have a central part which behaves as exp[—|v[*/2] or exp[—?]
depending on the driving mechanism, and tails which fall ei-
ther exponentially exp[—|v|/v.], or as an stretched exponential
exp[—|v/v.|P]ISI236H2 Note that any deviation of P(v) from
Gaussian form indicates out of equilibrium dynamics which im-
pacts the possibility of a thermodynamic description for the sys-
tem. A natural question that rises is whether and how rotational
activity impacts the form of P(v).

In this manuscript, we experimentally study the collective
translational dynamics of a system of spinners (Fig. [Th) that
are externally actuated in a quasi-2d air fluidized bed (Fig. [Ip).
Unlike colloidal spinners where the dynamics is governed by
low Reynolds number, and hydrodynamic interactions are dom-
inant®12 the collective translational dynamics in our system
emerges from interparticle collisions and friction. Our spinners
become translationally active through two distinct mechanisms:
(i) As a result of perturbations caused by air flow, individual par-
ticles, while spinning, possess small translational Brownian mo-
tion with a narrow Gaussian distribution; (ii) When two spinners
collide, some of their rotational energy is transformed to transla-
tional energy (and partially dissipated), and they jump apart at
a greater relative speed, resulting in an avalanche of collisions
which elevates translational activity. The latter mechanism con-
tributes to non-Gaussian and ¢-dependent P(v)s. In particular, we
find that the shape of P(v) strongly depends on the area fraction,
¢, of the system. We then search for a thermodynamic description
for the collective behavior manifested in translational degrees of
freedom. We find a well defined effective equation of state with a
surprisingly simple form that follows the hard sphere model.

Experiment

The spinner particles are disks of 1 cm in diameter and approx-
imately 2 mm in thickness. A fan-like structure is embedded at
the center of particles such that flow of air through the particles
forces them to spin (Fig. [[p). The particles are 3D-printed us-
ing stereolithography technique (Projet 3500, 3D Systems) with
32 pum resolution, using VisiJet Crystal resin as the printing ma-
terial.

The 3D-printed particles are placed on a sieve (mesh size of
150 pum) that is mounted on top of a custom-made wind box of
size 0.5x0.5x1.2m> (Fig.). Air is pumped to the bottom of the
wind box, and passes through 1-inch-thick foam filter between
two perforated metal sheets placed horizontally at the middle of
the tower. More details on the setup are provided in?%2Z, An
uniform upward air flow hits the particles placed on the sieve on
top of the wind box and forces them to spin. For all of the experi-
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Fig. 1 (a) A spinner particle (1 cm diameter and 2 mm height) (b)
Schematics of wind box setup (side view). (c) A sample image for area
fraction ¢ = 0.3. The particles spin on a sieve with mesh size of 150 um.
The air flow speed is 150 cm/s.

ments reported here, we maintain the air speed between 140 and
150 cm/s, which is lower than the levitation speed of the particles
(~200 m/s), and high enough to overcome the rotational friction
between the particles and the base. A round feature is printed on
both sides at the center of the disks, to allow contact of spinning
particles with the sieve. The rim of the particles on the other hand
hover for most of the time. The particle rim occasionally hits the
sieve and results in a transient reduction of spin rate (this effect
may be pronounced during particle-particle collisions). As a re-
sult, our system of spinner particles resembles a granular gas in
that an external source of energy maintains the dynamics, while
the energy is dissipated by inelastic particle collisions and friction.
By printing different particle geometries (in mass and fan pitch),
as well as by slightly changing the air flow, we have obtained a
range of angular speeds, from 26 to 41 revolutions per seconds
(rps) (see Table. In this manuscript, we focus primarily but not
exclusively on the collective dynamics of particles with the same
spinning direction

Spinners are illuminated from the top, and imaged using a
high-speed digital camera (Phantom v7). The particles span
58 pixels in recorded images, and are identified and tracked using
trackpy, a Python-based open source tracking software3. Images
are taken at 67 frames per second for approximately 23 seconds
of video for each experiment. Before recording each experiment,
air is allowed to flow for 30 seconds so that the system reaches
a steady state. The particles are confined to a circular area with
diameter of either 20 cm or 15 cm (Fig. ). A rubber gasket is
placed at the round edge of the confining region to avoid aggrega-
tion at the edge. The packing fraction is varied from 0.1 < ¢ < 0.5
by changing the number of particles (between 10 and 110 parti-
cles) and/or the size of the circular area.

Single-Particle Dynamics

We begin our analysis by describing the dynamics of a single spin-
ning particle. The dynamics of four (4) randomly chosen parti-
cles from sample P4 (see Table[I)) are shown in Fig.[2] The mean
square displacement of single particles indicates ballistic motion
(i.e. (Ar3(r))/d? ~ 1) for times 7 < r* ~ 0.1 s (Fig. [2h). We use
displacements associated with time lapse of r* to extract transla-
tional velocities v. For all the data provided here, we have taken
the single components of the velocity vector, v, and v,, where x

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Single-particle Dynamics: (a) Mean square displacement and
(b) velocity distribution function for four randomly selected single par-
ticles from particle type P4. Each color represent one of the se-
lected particles. The P(v) data are shifted vertically axis for better vi-
sualization, and are well-fit to a normalized Gaussian function P(v) =

1/4/2mv2 exp[—1/2(v/v¢)?]. The best fits are plotted by black curves for

each distribution, and the associated fitting parameter, v, is provided in
the inset (d is particle diameter). Although v, has considerable variation
over the randomly selected sample, the P(v) for all of the tested particles
demonstrate a Gaussian behavior.

and y are two arbitrary perpendicular directions. For an equi-
librium system, velocity distributions P(v) follows the Maxwell-
Boltzmann distribution, and has Gaussian form. The variance of
the Gaussian distribution is proportional to the thermodynamic
temperature. As a system moves far from equilibrium, P(v) be-
comes non-Gaussian. Fig.|[2b shows that the translational veloc-
ity distributions for selected single particles (from particle type
P4) have Gaussian distributions, and the translational dynamics
of single spinners are effectively thermal. We also measure the
angular speed of single particles for all particle types using a stro-
boscope. Measurements are performed for eight (8) randomly
chosen particles from each particle type, and results are provided
in Table [I| Having the single particle translational and angular
speeds, we can calculate the ratio between translational and rota-
tional energies as: Kiot/Ky = I{@?)/m{v?), where I is the moment
of inertia with respect to rotating axis for the particles. The value
of I should be very close to (but smaller than) the moment of in-
ertia for a ring, which is I = m(d/2)?. For instance, for particle
type P4, \/(12) = v, ~ 0.4 d/s, and \/(0?) ~ @ = 26 s~'. Hence,
Kot/ Kir =~ 1000, which clearly indicates that the input of energy
to the single particles is dominated by rotation.

Table 1 Specifications for printed spinners. The container diameter is
15 cm for particles P1, P3, and P4; and 20 cm for P2. All particles are
1 cm in diameter.

Type Mass Fan pitch o(rps) Air Speed Thickness
P1 0.114g 25° 39+2 150 cm/s 2.5 mm
P2 0.092g 30° 41+2 150 cm/s 2.1 mm
P3 0.092g 30° 33+1 140 cm/s 2.1 mm
P4 0.111g 45° 26+ 1 150 cm/s 2.2 mm

This journal is © The Royal Society of Chemistry [year]

Soft Matter

Multi-Particle Systems

In the next step, we characterize the translational velocity distri-
bution P(v) for a collection of spinners as a function of packing
fraction ¢. Velocity distributions of spinners for a few represen-
tative packing fractions are plotted for particle type P2 (Table
in Fig.|3p (Sample movies of multi-particle spinners are provided
in the supplementary videos as Videol). The data shows that
the shape of P(v) strongly depends on ¢. For a relatively low
packing fraction, ¢ = 0.1, we observe a central Gaussian-like dis-
tribution with width comparable to single particle behavior, and
two heavy exponential tails. For a relatively high packing frac-
tion case ¢ = 0.4, on the other hand, the distribution is approx-
imately (but not exactly) Gaussian. We believe that the anoma-
lous ¢-dependent shape of the velocity distributions is the result
of interplay between the air-driven single-particle Brownian mo-
tion (Fig.[2b) and hyper-elastic particle collisions. At very low ¢,
the effects of these two mechanisms are decoupled both in time
and energy scale. Single-particle dynamics contributes to the low
energy central Gaussian shape of the distribution P(v), while for
higher velocities (the tails), which are associated with hyperelas-
tic collisions, the distribution is exponential. As ¢ is increased, the
interparticle collisions become more frequent, and the dynamics
is dominated by hyperelastic jumps which is manifested by expo-
nential distribution. Note that if two particles undergo a hyper-
elastic collision, their total translational kinetic energy increases
after collision. In other words, the particles jump off each other
after a collision with higher relative velocities. A relevant quan-
tity to show the hyperelastic nature of collisions is the coefficient of
restitution, e = |Av'|/|AV|. Here, Av' (Av) is the relative velocity of
the two colliding particles after (before) a collisional incident. An
example of a typical collision (for system with ¢ =0.1) is shown in
the supplementary videos as Video2. As seen, the particles jump
off with a higher relative speed after the collision (e ~ 2 in this
example), which signifies hyperelastcity.

We note that the values of Ky/Ky significantly decrease as ¢
increases, indicating that the rotational kinetic energy of the par-
ticles is partitioned into translational kinetic energy. For example,
for particle type P4 at ¢ = 0.5, we measure /{®@?) ~ 4 rounds/s
and (v?) = 1.4 d?/s?, which gives Ko /Ky ~ 2.8. This ratio is ap-
proximately 3 orders of magnitude smaller than the correspond-
ing ratio for a single particle (Ko /K =~ 1000). Since the particles
store less rotational kinetic energy as ¢ is increased, the hypere-
lastic collisions transfer less energy to translational mode. Hence,
the collision-induced exponential shape of P(v) spans smaller ve-
locities, and the central Gaussian shape is gradually diminished
(Fig. 3p).

Another important observation for our spinners is that, unlike
translationally active systems which spatially self-organize in the
form of giant number fluctuation and spontaneous phase separa-
tion 68135144
the spatial homogeneity with measuring (particle) number fluc-
tuation. To do so, we randomly select a circular subregion with
radius r in a frame, and count the number of particles, N, within
that region. We then find (N), and standard deviation of N, AN
for numerous regions and by varying r. For a homogeneous sys-

, spinners remain spatially homogeneous. We verify
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Fig. 3 Multi-Particle Systems: (a) Velocity distribution P(v) for x compo-
nent of particle velocities for packing fractions ¢, 0.1, 0.2, 0.3, and 0.4.
The data is provided for particles type P2. Similar behavior is observed
for other particle types. (b) Number fluctuation (for particle type P2) as
¢ (inset) is varied. AN is the standard deviation of N. The solid line is
AN = /(N).

tem, one expects that the number fluctuations are Poissonian and
scale as AN ~ (N)!/2, while AN ~ (N) in phase separating sys-
tems*. Fig.|3b shows that the number fluctuation measured for
our spinners is consistent with a homogeneous system, and are
actually somewhat sub-Poissonian. This observation is intriguing,
since studies on active matter where the energy goes to the trans-
lational degrees of freedom report spatial inhomogeneity 4446l
even in the absence of hydrodynamic interactions*Z. In addition,
note that AN grows slightly slower than (N)!/2. This observed
sub-Poissonian statistics for number fluctuation is associated with
an underlying structural order. For our non-crystalline and dis-
ordered system, a possibility of a hyperuniform structure exists.
However, a systematic examination of hyperuniformity requires
larger systems compared to our experimental data.

It is also important to note that, unlike results presented in'%%,
we do not observe correlated particle motion for the packing frac-
tions we have explored. A possible explanation could be our
distinctively higher rotational energy scales for single particles
(Kyot/ Kr ~1000), which results in hyperelastic collisions and sub-
sequently destroys any possible correlated motion.

An Empirical Model for P(v)

In our system, an external source of energy (air flow) main-
tains the particle dynamics, while energy is dissipated by inelas-
tic particle collisions and friction. As shown in Fig. [3p, we find
non-Gaussian velocity distribution P(v) for multi-particle systems
(nearly Gaussian P(v) are found for single-particle systems). Such
non-Gaussian velocity distributions have been observed in granu-
lar gases, where P(v) usually has a central form as exp[—|v|%*] and
tail forms as exp[—|v/v¢|P] (The values of o and B depend on exci-
tation mechanism)121238542| 1t i interesting to note that in some
cooling states (where the energy input is turned off), a fully expo-
nential distribution is observed 2237, These complex distributions
were subject of comprehensive studies and were shown to agree
with the prediction of modified Langevin equations®27, In par-
ticular, Menzel and Goldenfeld=® proposed a modified Langevin
model with an added dry friction term (Coulomb friction), which

4| Journal Name, [year], [vol.],1

is able to describe the anomalous vibrated granular gas P(v). The
solution form for P(v) is a Gaussian term multiplied by an expo-
nential term. However, the Menzel and Goldenfeld model did not
capture our experimental P(v) data very well.

Here, we propose an alternative empirical description, which
captures the main features of our experimental P(v) over a wide
range of packing fractions. The proposed model is the sum of a
Gaussian and a stretched exponential:

POv)=(1—F) e ﬁLe*‘%‘ﬁ o))

1
\/2mv2

Here v, and v, are respectively the characteristic velocities asso-
ciated with the Gaussian and stretched exponential distributions,
and B is the stretching exponent. The relative importance of the
two terms is given by the parameter F. In order to fit our P(v)
data to Eq. |1} we fix the value of v, and fit the three remaining
parameters, v,, B, and F. The value of the characteristic velocity
associated with the Gaussian distribution v, is fixed at 0.50 d/s
for all particle types, which corresponds to the best fit value for
P(v) for the lowest tested packing fraction (¢=0.1). The ratio-
nale for fixing v, is the conjecture that the central Gaussian dis-
tribution is set by single-particle dynamics and the broadening
is due to the hyperelastic collisions. Increasing the packing frac-
tion, which decreases the average inter-collision time, should only
decrease the significance of the Gaussian distribution but not its
characteristic velocity, v,. Hence, we expect that the characteris-
tic v, associated to single particle Brownian motion not to signif-
icantly change with ¢. The fitted curves are shown by solid lines
in Fig. and show that Eq. [1| can capture our P(v) data quite
well for all of packing fractions. This agreement also verifies our
initial conjecture on v, being almost constant as a function of ¢.

Results for the fitting parameters, F, , and v, are shown in
Fig. [4] (left column) for all particle types (P1 - P4) as a function
of ¢. Note that the data for various particle types are quite scat-
tered (except for parameter f3). However, they as well as the
physically measured quantity (v?), collapse by scaling the pack-
ing fraction as ¢ — (¢ —¢*)/¢* (Fig. [ right column). Here, ¢* is
the packing fraction where KE ((+?)) is maximum. For very low
¢, as expected, the Gaussian form is dominant (F ~ 0). As the
packing fraction is increased, the contribution of exponential part
also increases. At ¢*, the value of F/F* is ~0.5 (between its two
extreme limits, 0 and 1), which implies that both single particle
and collisional dynamics play role in maximizing the translational
KE. In other words, KE is maximized when there is sufficient in-
terparticle collisions to maintain the translational activity, but the
average collision frequency is low enough such that the single
particles have enough time to regain their rotational speed and
store energy in their highest capacity, and transfer higher energy
to translational degrees in the subsequent collisions. It is also in-
teresting to note that at ¢*, the value of B is approximately 1,
which is associated with the fully exponential tails at intermedi-
ate ¢s. For very high packing fractions,  reaches 1.5, which is
comparable to the vibrated granular gas counterpart-212438-42/

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Model fitting parameters: Left Column: Fitting parameters for
P(v) data as a function of ¢; data is fitted to Eq. Colors represent
different particle types: blue: P1, red:P2, green:P3, and purple:P4. Right
Column: Parameters v, and F collapse by scaling the packing fraction by
¢* (see main text). The parameter 3 collapses before scaling the packing
fraction. Here, v; and F* are respectively the values of v, and F at ¢*,
and ¢* is = 0.25 for P1, 0.23 for P2, 0.16 for P3, and 0.27 for P4. Similar
collapse is also observed for average velocity squared.

gsin(f) ——

Highest Pressure

~

Tilted Platform

Fig. 5 A square shaped platform is used for thermodynamic measure-
ments. The flat platform is tilted to arbitrary small angles 6 in order to
create pressure gradient through the system. Left: Side view schematics
of tilted platform. Right: A sample image of the particles in tilted platform.
The effective gravity direction is towards the right of the image. A layer
of steal bars are added to the right side to create a rough surface at the
base.

This journal is © The Royal Society of Chemistry [year]
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Equation of State

Describing active systems using classical thermodynamics is a
challenge since such systems are inherently out of equilibrium. In
equilibrium systems, a well-defined equation of state exists which
describes the relationship between macroscopic extensive quanti-
ties (pressure p, temperature 7, and density or packing fraction
#). Recently, it has been argued® that pressure is not a well-
defined quantity for active systems and therefore an equation of
state may not be attainable, with the exception for systems in
which particle interactions are isotropic®. The majority of past
works focus mainly on the consequence of translational activity.
Here, on the other hand, we search for the existence of an equa-
tion of state for our system of spinners, where the translational
dynamics is obtained through rotational activity. To measure tem-
perature, pressure and density, we follow the procedure outlined
in%?Z. In short, the platform (Fig) is tilted to various small
angles 0, which creates a pressure gradient through the system
(Fig. . We use a square shaped container with edge size of
L =16 cm for this procedure. A sample video of the experiment
is provided in the supplementary videos (Video3). We then mea-
sure the mean-square speed at slices equivalent to two particle
diameters and perpendicular to effective gravity direction. The
effective temperature is defined as kT = m(v?). The hydrody-
namic pressure is given for each slice as p = Nmgsin 6 /L, where N
is the number of particles residing above each slice; and the pack-
ing fraction is simply defined as the area spanned by particles at
each slice.

Fig. [f] shows the computed dimensionless pressure, Z =
pd? /kp Ty as a function of ¢. Note that the quantity Z is mea-
sured for all particle types and several tilt angles. The data for
all measurements collapse onto a single curve, indicating that a
well-defined equation of state exists for our spinners. We fit the
experimental data to the prediction for a free volume model of
2D hard spheres given by Z o< ¢/(1—(¢/¢.)"/?)42; fit is the solid
line in Fig.[6] We note that the value of ¢, = 0.81 from the fit is
close to the jamming point packing fraction, ¢; ~ 0.84.

Searches for Exotic Behavior

(i) Segregation dynamics for mixture of CW and CCW spinners:
Previous numerical studies2>>? demonstrated that in mixtures of
particles with opposite spin direction (i.e. CW and CCW rotat-
ing particles), local or large scale regions of particles with simi-
lar spin direction form. In search for an experimental analogue,
we printed particles which were mirror images of the original
tested particles, and studied the dynamics of the mixture. We
observe that small regions of CW or CCW particles temporarily
form and quickly dissolve (See a sample movie in the supplemen-
tary video, Video4). Note that our experimental container area is
much smaller than the studied area in"®>. The possibility of spin-
segregation for larger areas remains for future investigations.

(ii) Dynamics of spinners with added geometrical friction: As we
described in details in previous sections, the dynamics of active
spinners resemble a near-equilibrium system. Note that the fric-
tion between particles is non-zero (yet very small), which par-
tially contribute to transformation of rotational energy to transla-
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Soft Matter

1000000 Particle type, Tilt angle
e P1,18
P1,3.0
x P3,1.0 N
100001 | ; 5253 -
< P3.35 <
P3, 2.0 A
[ P4,1.8
hay P4, 3.0
~ 100
q
=2
~~
N
]
SH 1+
0.001 0.01 ¢ 0.1 1

Fig. 6 Dimensionless pressure, Z = pd> /kTyy, vs. packing fraction, ¢
for tilt angles between 1° and 3.5°. The solid line is the fitted curve to
equation Z = C¢/(1—(¢/9.)"/?), with C = 150, and ¢, = 0.81.

tional energy during inelastic collisions. In search for the effects
of increasing particle-particle friction on the overall dynamics,
we added geometrical friction to particles by including small fea-
tures (bumps) to the rims of particles (See supplementary video,
Video5). We observe that by adding geometrical friction, the sys-
tem becomes spatially inhomogeneous, and stable solid regions
form which coexist with the highly active gas phase. In future,
we will study the effects of this added friction on the existence of
an equation of state.

(iii) Swarming was never observed: This was searched for with
different container geometries and boundary conditions but not
found.

Conclusions

In conclusion, we experimentally investigated the dynamics and
thermodynamic properties of a system of active spinners driven
by air flow. We found that while single particle dynamics demon-
strate nearly Gaussian velocity distribution P(v) (Fig. [2b), multi-
particle systems show P(v) that strongly depended on ¢ and
have heavy tails much stronger than for typical granular gases
(Fig. [3R). Unlike translationally active systems, our spinners re-
mained spatially homogeneous (Fig. [3p). An empirical model
based on the sum of a Gaussian and stretch exponential statis-
tics (Eq.[1) was able to capture the functional forms of the multi-
particle P(v). We finally measured the equation of state for our
system of spinners and showed that even though the system is
dissipative and particles exhibit complex and non-trivial inter-
actions, the thermodynamics of spinners is effectively similar to
thermal hard spheres. A remarking feature of our experiment is
its ability to explore relatively high rotational energy inputs (ws
as high as 40 rps were achieved). A possible explanation for ob-
serving a near-equilibrium effective thermodynamics is that the
particles act as almost infinite local energy sources. As a result,
any amount of translational energy loss (through friction and in-
elastic collisions) is instantly regained in the form of rotational
energy, and subsequently partitions to the translational degrees.
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In future, we will discuss the spin-segregation of clockwise and
counterclockwise mixtures as well as the dynamics of particles
with added geometrical friction (by adding bumps to particle
rim).
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