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Dynamics and thermodynamics of air-driven
active spinners†

Somayeh Farhadi, *a Sergio Machaca,ab Justin Aird,ac

Bryan O. Torres Maldonado,ad Stanley Davis,ae Paulo E. Arratia*a and
Douglas J. Durian *a

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,1 from flocking of birds
(Bkm) to motile ants (Bm) to swimming of microorganisms
(Bmm). These active systems are characterized by self-propelling
units or particles that can either store or acquire energy from their
environment, generate mechanical stresses, and create flows
within the fluid medium. Examples include living organisms1,2

and self-propelled colloids,1,3–12 as well as shaken13–19 and air-
fluidized20–28 granular particles. Active systems display
properties not seen in their passive counterparts such as large-
scale flows,2 anomalous rheological properties,29 and giant density
fluctuations.16,25 These unusual properties are currently being
exploited for potential applications in medicine, robotics, and
energy harvesting,1,30,31 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 always20–23,27,28) fails to exist.

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
majority of previous studies focus on translational activity, in
which the energy input directly results in linear momentum
gain.1 The dynamics of rotationally active particles, on the
other hand, has been far less explored and only a few experi-
mental studies are available. Colloidal micro-rollers are an
example of such particles, where particle rotation is induced
by an external magnetic torque.3,12,32 These colloidal particles
have shown a lot of fascinating collective behavior including
self-assembly, crystal formation, and melting.9 An important
question is to what extent this behavior is due to rotational
activity in contrast to hydrodynamic interaction, which is
known to play an important role in colloidal systems.4,12

An early simulation33 suggested that rotational activity without
hydrodynamic interactions indeed maintains spatial homogeneity
(unlike the typical phase separation observed in active systems1).
That study33 also found that while the particle rotational speed
distribution, P(o), is Maxwellian, the translational P(v) deviates
from the Maxwell–Boltzmann description, in agreement with a
recent experiment.34 Other studies on rotational activity without
hydrodynamic interactions demonstrated conflicting results.
For instance, simulations of concave-shaped spinners35 showed
spontaneous phase separation and the coexistence of self-
organized substructures. The accompanying paper by Workamp
et al. shows that the geometric friction between colliding
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particles plays an important role in their collective dynamics. The
latter two studies suggest that the details of angular momentum
transfer in particle–particle collisions, even in the absence of
hydrodynamic interactions, are 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
detail over the past two decades. Several independent studies
found that the velocity distribution functions, P(v), of granular
gases have a central part which behaves as exp[�|v|3/2] or
exp[�v2] depending on the driving mechanism, and tails which
fall either exponentially exp[�|v|/vc], or as an stretched exponential
exp[�|v/vc|

b].15,19,36–42 Note that any deviation of P(v) from a
Gaussian form indicates out of equilibrium dynamics which
impacts the possibility of a thermodynamic description for the
system. A natural question that arises 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. 1a) that are
externally actuated in a quasi-2d air fluidized bed (Fig. 1b).
Unlike colloidal spinners where the dynamics is governed by a low
Reynolds number, and hydrodynamic interactions are dominant,5,12

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 particles,
while spinning, possess small translational Brownian motion
with a narrow Gaussian distribution; and (ii) when two spinners
collide, some of their rotational energy is transformed to
translational 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 contributes to non-Gaussian and f-dependent
P(v). In particular, we find that the shape of P(v) strongly
depends on the area fraction, f, of the system. We then search
for a thermodynamic description for the collective behavior
manifested in the 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
approximately 2 mm in thickness. A fan-like structure is
embedded at the center of the particles such that a flow of air
through the particles forces them to spin (Fig. 1a). The particles
are 3D-printed using the stereolithography technique (Projet
3500, 3D Systems) with 32 mm resolution, using VisiJet Crystal
resin as the printing material.

The 3D-printed particles are placed on a sieve (mesh size
150 mm) that is mounted on top of a custom-made wind box of
size 0.5 � 0.5 � 1.2 m3 (Fig. 1b). Air is pumped to the bottom of
the wind box, and passes through a 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
ref. 20–27. 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 experiments reported here, we maintain the air speed
between 140 and 150 cm s�1, which is lower than the levitation
speed of the particles (B200 m s�1), 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 hovers 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 result, 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 second (rps) (see Table 1). 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 the recorded images, and are identified and tracked
using trackpy, Python-based open source tracking software.43

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 a diameter of either 20 cm or 15 cm (Fig. 1c).
A rubber gasket is placed at the round edge of the confining
region to avoid aggregation at the edge. The packing fraction
is varied from 0.1 o f o 0.5 by changing the number of

Fig. 1 (a) A spinner particle (1 cm diameter and 2 mm height) (b) a
schematic of the wind box setup (side view). (c) A sample image for area
fraction f = 0.3. The particles spin on a sieve with a mesh size of 150 mm.
The air flow speed is 150 cm s�1.

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
(g)

Fan pitch
(1)

o
(rps)

Air speed
(cm s�1)

Thickness
(mm)

P1 0.114 25 39 � 2 150 2.5
P2 0.092 30 41 � 2 150 2.1
P3 0.092 30 33 � 1 140 2.1
P4 0.111 45 26 � 1 150 2.2

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f P
en

ns
yl

va
ni

a 
Li

br
ar

ie
s o

n 
12

/5
/2

01
8 

3:
20

:1
2 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8sm00403j


5590 | Soft Matter, 2018, 14, 5588--5594 This journal is©The Royal Society of Chemistry 2018

particles (between 10 and 110 particles) and/or the size of the
circular area.

Single-particle dynamics

We begin our analysis by describing the dynamics of a single
spinning particle. The dynamics of four (4) randomly chosen
particles from sample P4 (see Table 1) are shown in Fig. 2. The
mean square displacement of single particles indicates ballistic
motion (i.e. hDr2(t)i/d2 B t2) for times t o t* C 0.1 s (Fig. 2a).
We use displacements associated with a time lapse of t* to
extract translational velocities v. For all the data provided here,
we have taken the single components of the velocity vector,
vx and vy, where x and y are two arbitrary perpendicular
directions. For an equilibrium system, the velocity distribution
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) becomes non-Gaussian. Fig. 2b
shows that the translational velocity 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 stroboscope. Measurements are per-
formed for eight (8) randomly chosen particles from each particle
type, and the results are provided in Table 1. Having the single
particle translational and angular speeds, we can calculate the
ratio between translational and rotational energies as: Krot/Ktr =
Iho2i/mhv2i, where I is the moment of inertia with respect to the
rotating axis of the particles. The value of I should be very close to
(but smaller than) the moment of inertia for a ring, which is

I =m(d/2)2. For instance, for particle type P4,
ffiffiffiffiffiffiffiffi
hv2i

p
¼ vg ’ 0:4d=s,

and
ffiffiffiffiffiffiffiffiffiffi
ho2i

p
’ �o ¼ 26 s�1. Hence, Krot/Ktr C 1000, which clearly

indicates that the input of energy to the single particles is
dominated by rotation.

Multi-particle systems

In the next step, we characterize the translational velocity
distribution P(v) for a collection of spinners as a function of
packing fraction f. Velocity distributions of spinners for a few
representative packing fractions are plotted for particle type P2
(Table 1) in Fig. 3a (sample movies of multi-particle spinners
are provided in the ESI† as Video 1). The data show that the
shape of P(v) strongly depends on f. For a relatively low
packing fraction, f = 0.1, we observe a central Gaussian-like
distribution with a width comparable to single particle behavior,
and two heavy exponential tails. For a relatively high packing
fraction case f = 0.4, on the other hand, the distribution is
approximately (but not exactly) Gaussian. We believe that the
anomalous f-dependent shape of the velocity distributions is the
result of interplay between the air-driven single-particle Brownian
motion (Fig. 2b) and hyper-elastic particle collisions. At very low
f, the effects of these two mechanisms are decoupled both in
time and energy. The 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
hyperelastic collisions, the distribution is exponential. As f is
increased, the interparticle collisions become more frequent,
and the dynamics is dominated by hyperelastic jumps which is
manifested by an exponential distribution. Note that if two
particles undergo a hyperelastic 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 quantity to show the hyperelastic nature of
collisions is the coefficient of restitution, e = |D-

v0|/|D-
v|. Here, Dv0

(Dv) is the relative velocity of the two colliding particles after
(before) a collisional incident. An example of a typical collision
(for a system with f = 0.1) is shown in the ESI† as Video 2. As
seen, the particles jump off with a higher relative speed after the
collision (e C 2 in this example), which signifies hyperelastcity.

We note that the values of Krot/Ktr significantly decrease as f
increases, indicating that the rotational kinetic energy of
the particles is partitioned into translational kinetic energy.

Fig. 2 Single-particle dynamics: (a) the mean square displacement and (b) the
velocity distribution function for four randomly selected single particles from
particle type P4. Each color represents one of the selected particles. The P(v)
data are shifted on the vertical axis for better visualization, and are well-fit by a
normalized Gaussian function PðvÞ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffi
2pvg2

p
exp½�1=2ðv=vgÞ2�. The best fits

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

Fig. 3 Multi-particle systems: (a) velocity distribution P(v) for the x
component of particle velocities for packing fractions f, 0.1, 0.2, 0.3,
and 0.4. The data are provided for particle type P2. Similar behavior is
observed for other particle types. (b) Number fluctuation (for particle type
P2) as f (inset) is varied. DN is the standard deviation of N. The solid line is

DN ¼
ffiffiffiffiffiffiffiffi
hNi

p
.
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For example, for particle type P4 at f = 0.5, we measureffiffiffiffiffiffiffiffiffiffi
ho2i

p
’ 4 rounds per s and hv2i = 1.4d2/s2, which gives

Krot/Ktr C 2.8. This ratio is approximately 3 orders of magnitude
smaller than the corresponding ratio for a single particle
(Krot/Ktr C 1000). Since the particles store less rotational kinetic
energy as f is increased, the hyperelastic collisions transfer less
energy to translational modes. Hence, the collision-induced
exponential shape of P(v) spans smaller velocities, and the
central Gaussian shape is gradually diminished (Fig. 3a).

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
separation,4,6–8,35,44 spinners remain spatially homogeneous. We
verify the spatial homogeneity by measuring (particle) number
fluctuation. 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 hNi, and the standard deviation of N, DN
for numerous regions and by varying r. For a homogeneous
system, one expects that the number fluctuations are Poissonian
and scale as DN B hNi1/2, while DN B hNi in phase separating
systems.44 Fig. 3b shows that the number fluctuation measured
for our spinners is consistent with a homogeneous system,
and is actually somewhat sub-Poissonian. This observation is
intriguing, since studies on active matter where the energy goes
to the translational degrees of freedom report spatial inhomo-
geneity,8,44–46 even in the absence of hydrodynamic interactions.47

In addition, note that DN grows slightly slower than hNi1/2. This
observed sub-Poissonian statistics for number fluctuation is
associated with an underlying structural order. For our non-
crystalline and disordered system, a possibility of a hyperuniform
structure exists. However, a systematic examination of hyper-
uniformity requires larger systems compared to our experimental
data.

It is also important to note that, unlike the results presented
in ref. 28, we do not observe correlated particle motion for the
packing fractions we have explored. A possible explanation could
be our distinctively higher rotational energy scales for single
particles (Krot/Ktr B 1000), which result in hyperelastic collisions
and subsequently destroy any possible correlated motion.

An empirical model for P(v)

In our system, an external source of energy (air flow) maintains
the particle dynamics, while energy is dissipated by inelastic
particle collisions and friction. As shown in Fig. 3a, we find a
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 granular
gases, where P(v) usually has a central form exp[�|v|a] and tail
forms exp[�|v/vc|

b] (the values of a and b depend on the excitation
mechanism).15,19,38–42 It is interesting to note that in some cooling
states (where the energy input is turned off), a fully exponential
distribution is observed.15,37 These complex distributions were the
subject of comprehensive studies and were shown to agree with the
prediction of modified Langevin equations.36,37 In particular,
Menzel and Goldenfeld36 proposed a modified Langevin model

with an added dry friction term (Coulomb friction), which is
able to describe the anomalous vibrated granular gas P(v). The
solution form for P(v) is a Gaussian term multiplied by an
exponential 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:

PðvÞ ¼ ð1� FÞ 1ffiffiffiffiffiffiffiffiffiffiffi
2pvg2

p e
�1
2

v
vg

� �2

þ F
b

2ev
�b
e G

1

b

� �e� v
ve

��� ���b
(1)

Here vg and ve are respectively the characteristic velocities
associated with the Gaussian and stretched exponential dis-
tributions, 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 with eqn (1), we fix the value of vg and
vary the three remaining parameters, ve, b, and F. The value of the
characteristic velocity associated with the Gaussian distribution vg is
fixed at 0.50 d s�1 for all particle types, which corresponds to the
best fit value for P(v) for the lowest tested packing fraction (f = 0.1).
The rationale for fixing vg is the conjecture that the central Gaussian
distribution is set by single-particle dynamics and the broadening is
due to the hyperelastic collisions. Increasing the packing fraction,
which decreases the average inter-collision time, should only
decrease the significance of the Gaussian distribution but not its
characteristic velocity, vg. Hence, we expect the characteristic vg
associated with single particle Brownian motion not to significantly
change with f. The fitted curves are shown by solid lines in Fig. 3a
and show that eqn (1) can capture our P(v) data quite well for all of
the packing fractions. This agreement also verifies our initial
conjecture on vg being almost constant as a function of f.

Results for the fitting parameters, F, b, and ve are shown in
Fig. 4 (left column) for all particle types (P1–P4) as a function of
f. Note that the data for various particle types are quite scattered
(except for parameter b). However, they, as well as the physically
measured quantity hv2i, collapse by scaling the packing fraction
as f- (f � f*)/f* (Fig. 4 right column). Here, f* is the packing
fraction where KE (hv2i) is maximum. For very low f, as expected,
the Gaussian form is dominant (FC 0). As the packing fraction is
increased, the contribution of the exponential part also increases.
At f*, the value of F/F* isC0.5 (between its two extreme limits, 0
and 1), which implies that both single particle and collisional
dynamics play a role in maximizing the translational KE. In other
words, KE is maximized when there are sufficient interparticle
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
interesting to note that at f*, the value of b is approximately 1,
which is associated with the fully exponential tails at intermediate
fs. For very high packing fractions, b reaches 1.5, which is
comparable to the vibrated granular gas counterpart.15,19,38–42
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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
quantities (pressure p, temperature T, and density or packing
fraction f). Recently, it has been argued48 that pressure is not a
well-defined quantity for active systems and therefore an equation
of state may not be attainable, with the exception of systems in
which particle interactions are isotropic.4 The majority of past
work focuses mainly on the consequence of translational activity.
Here, on the other hand, we search for the existence of an equation
of state for our system of spinners, where the translational
dynamics is obtained through rotational activity. To measure
temperature, pressure and density, we follow the procedure
outlined in ref. 27. In short, the platform (Fig. 1b) is tilted to
various small angles y, which creates a pressure gradient
through the system (Fig. 5). We use a square shaped container
with edge size L = 16 cm for this procedure. A sample video of
the experiment is provided in the ESI† (Video 3). We then measure
the mean-square speed at slices equivalent to two particle diameters
and perpendicular to the effective gravity direction. The effective
temperature is defined as kBTeff =mhv2i. The hydrodynamic pressure
is given for each slice as p = Nmgsiny/L, where N is the number of

particles residing above each slice; and the packing fraction is simply
defined as the area spanned by particles at each slice.

Fig. 6 shows the computed dimensionless pressure, Z = pd2/
kBTeff as a function of f. Note that the quantity Z is measured
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 with the prediction for a free volume model
of 2D hard spheres given by Zp f/(1� (f/fc)

1/2);49 the fit is the
solid line in Fig. 6. We note that the value of fc = 0.81 from the
fit is close to the jamming point packing fraction, fJ C 0.84.

Search for exotic behavior

(i) Segregation dynamics for a mixture of CW and CCW spinners:
previous numerical studies35,50 demonstrated that in mixtures of
particles with opposite spin direction (i.e. CW and CCW rotating
particles), local or large scale regions of particles with similar
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

Fig. 4 Model fitting parameters: left column: fitting parameters for P(v)
data as a function of f; the data are fit by eqn (1). Colors represent different
particle types: blue: P1, red: P2, green: P3, and purple: P4. Right column:
Parameters ve and F collapse by scaling the packing fraction by f* (see
main text). The parameter b collapses before scaling the packing fraction.
Here, ve* and F* are respectively the values of ve and F at f*, and f*
is = 0.25 for P1, 0.23 for P2, 0.16 for P3, and 0.27 for P4. A similar collapse is
also observed for average velocity squared.

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

Fig. 6 Dimensionless pressure, Z = pd2/kBTeff, vs. packing fraction, f for
tilt angles between 11 and 3.51. The solid line is the fitted curve of equation
Z = Cf/(1 � (f/fc)

1/2), with C = 150, and fc = 0.81.

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f P
en

ns
yl

va
ni

a 
Li

br
ar

ie
s o

n 
12

/5
/2

01
8 

3:
20

:1
2 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8sm00403j


This journal is©The Royal Society of Chemistry 2018 Soft Matter, 2018, 14, 5588--5594 | 5593

quickly dissolve (see a sample movie in the ESI,† Video 4). Note
that our experimental container area is much smaller than the
studied area in ref. 35. The possibility of spin-segregation for
larger areas remains for future investigations.

(ii) Dynamics of spinners with added geometrical friction: as
we described in detail in previous sections, the dynamics of
active spinners resembles a near-equilibrium system. Note that
the friction between particles is non-zero (yet very small), which
partially contributes to the transformation of rotational energy
to translational energy during inelastic collisions. In search for
the effects of increasing particle–particle friction on the overall
dynamics, we added geometrical friction to the particles by
including small features (bumps) on the rims of the particles
(see ESI,† Video 5). We observe that by adding geometrical
friction, the system 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 the single particle
dynamics demonstrates a nearly Gaussian velocity distribution
P(v) (Fig. 2b), multi-particle systems show P(v) that strongly
depended on f and have heavy tails much stronger than for
typical granular gases (Fig. 3a). Unlike translationally active
systems, our spinners remained spatially homogeneous
(Fig. 3b). An empirical model based on the sum of a Gaussian
and stretch exponential statistics (eqn (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 interactions, the thermo-
dynamics of spinners is effectively similar to thermal hard spheres.
A notable feature of our experiment is its ability to explore relatively
high rotational energy inputs (os as high as 40 rps were achieved). A
possible explanation for observing 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 inelastic collisions) is instantly
regained in the form of rotational energy, and subsequently
partitions to the translational degrees.

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 the particle rim).
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