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Chiral flow in a binary mixture of
two-dimensional active disks
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Chemical and Natural Systems, Pablo de Olavide University, Sevilla, Spain, ®Instituto de Computacion
Cientifica Avanzada (ICCAEx), Universidad de Extremadura, Badajoz, Spain

In this article, we, experimentally, studied the dynamics of a binary mixture of
air-fluidized disks. The disks are chiral since they incorporate a set of blades with
constant tilt. Both species are identical except for their blade tilt angle, which is
rotated by 180° in the second species. We analyzed the phase behavior of the
system. Our analysis reveals a wide range of different fluid dynamics, including
chiral flow. This chiral flow features in its base state a large vortex. We reported,
for certain ranges of relative particle density of each species, inversion of the
vorticity of this vortex. We discussed the possible mechanisms behind these
chiral flow transitions.
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1 Introduction

Active particles are defined as macroscopic particles that convert internal or
external sources of energy into directed motion [1-6]. Therefore, they configure soft
matter systems that are intrinsically out-of-equilibrium. As a consequence, their
dynamics gives rise to a wide range of interesting and complex feature-rich collective
phenomena; such as motility-induced phase separation [7-9], global chiral flows and
vortexes [10-12], rotating crystals [13], and flocking and swarming [4, 14-16].
Furthermore, under certain conditions, active matter may deploy antisymmetric
components in the hydrodynamic fluxes. This results in the emergence of a new set of
transport coefficients in the constitutive relations [17, 18] as well as odd/Hall
diffusion [19-21]. However, the conditions for the emergence of chiral flow and
the details of the physical connection between particle chirality and flow chirality are
not yet well understood and only very basic description of this issue had been reported
so far [22].

However, significant progress has been achieved recently, with the description of
the set of steady base chiral flows that an ensemble of identical active particles with
constant chirality can display [23]. The newly found variety of chiral flows has been
explained theoretically through the emergence of a set of continuous transitions, as
recently reported [23]. As it has been shown, these transitions are due to an
underlying mechanism of statistical correlations between the rotational and
translational degrees of freedom of the active particles. As a consequence, a new
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fluid flow phase with a chirality with the opposite sign to that
of the chirality of the constituent particles has been observed,
and we denoted it as the C_ phase [23]. In another new phase,
even more striking, was observed, this consists of a
with
vorticities of either sign. We labeled it as complex chiral

combination of multiple chiral fluid vortexes
phase, C.. Furthermore, the existence of these statistical
correlations has also fundamental effects on transport
properties, including diffusion [24].

With respect to this question of chiral flows, but in the
context of mixtures of chiral particles (i.e., a set of non-identical
chiral particles), there is only a small number of studies, most of
them focused on describing phase segregation. For instance,
spontaneous phase separation in unbounded assemblies has
been reported [13, 16, 25-28]. Moreover, these configurations
are prone to display emergent coherent vortexes, ordering and
segregation [8, 13, 16]. However, description of flow chirality in
active rotors in mixtures is not yet well understood and no chiral
flow transitions (in analogy to the monodisperse case [23]) have
been, so far, reported. Thus, the motivation of the present work
was to detect and characterize analogous transitions that,
analogously to the case of a chiral fluid of identical particles,
can eventually give rise to a whole new set of chiral flows in a
binary mixture of two-dimensional active particles. In particular,
we are interested in how the phenomenology of these transitions
changes as a function of the relative packing fraction of the
species.

For this task, we perform, in this work, a series of
experiments with a binary mixture of 3D-printed disks. In our
system, the active particles consist of two sets of air-fluidized
disks that rotate continuously due to their incorporated tilted
blades. All disks are identical except for the blade tilt angle, which
differs by 180° between both species. This is so because we are
specifically interested in the effects of the predominant particle
spin sign (i.e., the particle chirality sign). In particular, we will
look for chiral flow transitions that can give rise eventually to
chiral flow phases analogous to the aforementioned C,,C, and
C_ flow phases already observed in the fluid of identical chiral
particles.

2 Experimental set-up and particle
tracking

The set-up consists of a circular air table (diameter D =
72.5 cm), delimited by a metallic grid that is perforated with a
triangular grid of 3 mm diameter circular holes. The particles
were fabricated in our laboratory, by 3D printing. For more
details on this 3D printing process, please refer to the
file. of
macroscopic particles can be achieved by means of other

Supplementary =~ Material Consistent  rotation

experimental ~methods such as imposing  external
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[29, 30]
anisotropy in the particles [31].

electromagnetic fields or by means of shape

A constant air current, produced by a fan, comes from below
the grid. A polyurethane foam layer at an intermediate height is
used to improve the homogeneity. Fan power can be adjusted so
that, above a threshold value the upflow speed u,, stable
levitation of the disks is induced. Upflow past the disks
produces turbulent vortexes. This induces Brownian motion
on the particles [32] (for more details on the properties of
turbulent vortexes, for different obstacle shapes, please refer to
[33]). This translational dynamics is contained in this case within
the horizontal; thus, it is essentially two-dimensional. In
addition,
horizontal torque on the particle, the sense of this torque

the upflow past the blades also produces a
being consistent with the tilt of the blades. For this reason, we
have used a tilt angle difference of 180° between both species,
which otherwise are almost identical in their other properties
(partial diameter o= 72.5 + 0.1 mm and average mass 1, =7.76 +
0.01 g, see Supplementary Material for more details on the mass
distribution for each species).

Let us denote the average translational kinetic energy as
T, = (my/2)< (v - u)?), where u is the velocity flow field (here, ¢
) refers to the average overall particles and configurations). It is
also convenient to define the rotational kinetic energy
T, = (I/2){w*). In our set-up, the upflow speed u,,, and
T, T, are coupled since, for each experiment, once the fan
power (u,;,) is fixed, a unique steady state with well-defined
values of T3, T, is achieved. Thus, for energy-input varying series,
we only need to specify the value one these magnitudes. In our
case, we will report T,.

We characterize, here, the 2D particle density with the
packing fraction ¢ = No*/D? where N is the total number of
disks in the system and D is the diameter of the arena.
Henceforth, we will refer to magnitudes for each species with
subscripts 1 and 2, respectively. Therefore, we can define the
packing fraction ¢ = ¢, + ¢,, with ¢; = N,0°/D? N; being the
number of disks of species i present in the experiment. We used
the reduced magnitude y = ¢, — ¢;/¢, as a measure of the relative
particle density of both species 1. For this work, a series of
experiments have been carried out, at constant total packing
fraction (¢ = 0.24), by varying fan power for a set of constant
values of relative particle density y.

We have used a high speed camera to record a total of
160 videos of 100 s, at 900 frames per second and a resolution of
1,280 x 800 pixels. Using standard tracking algorithms [34] for
the translational movement of the particles and a custom
[35] of
technique (applied to an annulus containing the blades of

implementation an iterative cross-correlation
each disk) for the rotational component of the movement, we
have been able to accurately keep track of the system dynamics.
For a precise description of the methods and uncertainty

estimation, please refer to previous works [35].
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FIGURE 1

Experimental set-up diagram. The air then passes through a
fine mesh and impinges the disks from below. This process
simultaneously yields stochastic translation and a systematic
rotation on the particles. We acquire images by means of a
high speed camera mounted above the system

3 Results

Figure 2 shows stream lines in steady flows for three different
experiments at low T;. Similar to the single-component case, we
see the emergence of a phase with the same sign of global flow
vorticity @ as the average sign of particle spin (determined by y as
we defined it), which we denote as the C, chiral flow phase [23],
with one large vortex (left and right figures). Another phase with
several smaller vortexes and @ = 0 is observed, which we call the
complex chiral phase, or C; (center). In addition, a third phase
with different signs of @ and y is observed (not represented in that
figure), as reported below. This phase is denoted in this work as
the C_ phase. This last phase, as we will see, is obtained for larger
energy inputs T'.

We also find vorticity sign inversions as average kinetic
energy increases. Moreover, we will show that this transition
is mediated by an intermediate phase that features complex stable
flow vortexes, reminiscent of a turbulent flow. When the system
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achieves this kind of state, global vorticity approaches zero and
partial species vorticities are also neutralized. We find that
vortexes are stable and persist along the typical duration of
our experiments.

First, we have studied the shape of marginal distribution
functions, both for the translational velocity f,,,(v) and for
the spin f, ,(w). More specifically, in Figure 3, each color
curve represents an experiment at a different average kinetic
energy T;. We have separated the value of the translational
velocity distribution into three columns for studies of
spinners of species 1, 2, and combined; as well as in
different rows for the each y used. We observed a general
increase in both the average and variance of the v with
increasing T, for all the cases studied, as expected. But a
radically different behavior at low T, is observed when we
discriminate between disks with different natural spins. A
bimodal distribution is observed in the distributions for
species 2 at low T; and values close to y = 0. In contrast, a
unimodal distribution is recovered when the system is
monodisperse with an increase in velocities close to zero
compared to the monodisperse case of species-' disks.

The effects of particle shape anisotropy and, therefore,
natural spin direction, are markedly evident in Figure 4,
presenting a bimodal distribution of particle spin velocities. Of
particular relevance is the fact that a non-negligible fraction of
the angular distribution fraction in some experiments attains
values of a sign different to that of the natural spin of the species;
by looking at the experimental movies, we have concluded that
this “reversal” of the particle spin is caused by particle—particle
collisions, especially those collisions in which several particles are
involved and some of them remain trapped. The amount of
energy dissipation and the non-trivial momentum transfer
between rotational and translational degrees of freedom make
these collisions very important for explaining the onset of
collective chiral flow. As we have stated, the behavior of disks
that remain trapped is also reflected in the distribution of
rotational speed, with a bimodal distribution in the second
species and for a wide range of values, a fact that prevails
of T,
distribution only in the monodisperse case and for high values
of T;.

Regarding chirality, active spinners are known to have a

even for high values recovering a one-modal

strong tendency to display vortex-like collective motion [22, 36].
In our case, we have already studied, in previous works [23] the
single-component case and found that, unexpectedly, the
chirality of the system experiences a transition from a rotation
in the sign of the particle natural spin (C, phase) to a counter-
spin-wise motion (C_) without the need for a change in the

1 In this work, species 1 stands for particles rotating clockwise,
conversely for species 2. Since the rotation sense is actually not
physically relevant, we simply use the numeric subscript notation.
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FIGURE 2
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Stream lines of the flow field obtained for three experiments with a low energy input, at y = -1, T = 0.84 m, (0/s)? (left), x=0,
T; =0.66 m, (a/s)), (center), y =1, T:=0.25 mp (n/s)7 Left and right panels correspond to the C, phase and the central experiment to the complex

chiral phase C, (right).
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FIGURE 3

Marginal distribution functions for the translational f, ., (v) (the
subindices r, v, w indicate an average over those quantities). Each
row contains the distribution functions for all experiments with a
given relative species density. Line colors represent each
experiment’s average kinetic energy T;

particle self-rotation sense. This surprising characteristic
(surprising in the sense that typically, chiral flows tend to
mimic the intrinsic spin of particles), in our current mixture
experiments, is present for both species, as it is shown in
Figure 5A. Therefore, we wanted to investigate what kind of
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perturbation would particles of the opposite species produce in
the chiral dynamics of our system.

In order to understand the chirality behavior in our system,
we make use of the fluid vorticity, defined here as a field: w = (1/
2)e;0iuj, where ¢;; is the 2D Levi-Civita symbol and u;; are the
components of the average fluid velocity field. For each
experiment, we have calculated this field and also its average
values (both for each species separately and for all particles
combined).

We have noticed that there is a clear dependence on the sense
and strength of the chiral motion with the average translational
kinetic energy. As we mentioned before, in Figure 5A, we show
that for monodisperse configurations (y = -1 or y = +1); the
average vorticity experiences a transition from chirality in the
same direction as the particle’s natural spin (which we call
natural chirality, C,), for low energy inputs, to displaying a
vortex in the opposite direction when the injected energy is high.
Also, the trend of fluid vorticity vs translational kinetic energy is
opposite for each species, confirming that fluid chirality is closely
related to particle dynamical asymmetries (particle chirality).

We must comment, for the sake of transparency, that
although we have used the same construction material for
both species and checked for mass, width, and length
consistency, the dynamical response to the airflow is slightly
different for each component with species-2 spinners (naturally
CCW rotating) showing a higher mean speed (both translational
and rotational) than type-1 spinners for the same value of the
input airflow. This is shown in Figure 5B.

We have also observed that the chiral flow is suppressed as
the relative fraction of the species approach y = 0, as shown in
Figure 6A, where we represent mean vorticity as a function of the
relative density of each species and the average kinetic energy
(which is a proxy for spinner activity). Furthermore, we show
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FIGURE 4

Marginal distribution function rotational f,,(w) (right) velocities (the subindices r, v, w indicate an average over those quantities). Each row
contains the distribution functions for all experiments with a given relative species density. We show self-spinning distribution functions for the first
species spinners (brighter shades of purple represent higher system translational energies) and species-2 spinners (shades of green).
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(A) General trend of the chirality for the two single-component cases. (B) Mean kinetic energy for both species; type-2 disks tend to show a
higher activity level for the same energy input despite our efforts to consistently fabricate both species.
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FIGURE 7

Average flow vorticity 2D diagram. The sense of chiral flow

(sign of @) is indicated by a color gradient, orange means positive
vorticity (@>0), white, ® = 0, being the complex phase (C.), and
purple means negative vorticity. The y-axis represents mean
kinetic energy (controlled by the airflow velocity) and x-axis, y, is
the relative density fraction of the species, with y = -1 being a
system composed only of species-1 particles and y = +1 only kind-
2 spinners. We have signaled approximately (solid black lines plus
labels) the chiral phase each region represents (phase depends on
a combination of the signs w and y).

that the partial vorticities of each species also approach zero
when the relative fraction is near zero as Figure 6B shows; this
result indicates that the particles of different species do not form
separate vortexes as the transition to equal density goes on, they
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rather experience a gradual decay to a phase with no clear global
chirality, probably consisting on a series of several smaller
vortexes of different signs (C.), see Fig in the Supplementary
Material. Thus, the presence of intruder particles breaks the same
species particle interactions and correlations that caused chirality
in the first place.

All this phenomenology is condensed in the phase behavior
of the system Figure 7 and the difference between species is the
root of the slight asymmetry of phases. However, we observe that
the results and overall trends we have described here are not
affected by this difference between species, showing that the
dynamic behaviors studied in [23] are very stable.

Regarding structural ordering, we have represented the well-
known radial distribution function in Figure 8A, we can see that the
presence of peaks in g(r) is highly correlated with the average
translational kinetic energy, which also indicates that states with
higher ordering levels correspond to the states where the global
chirality mimics the natural spin of particles (C, phase). In those
cases, the particles tend to be concentrated near the center of the
arena and do not explore as much the regions next to the walls,
possibly due to a central potential caused by the interaction of the
airflow with the boundaries, reminiscent of the force reported in
previous works with a similar set-up [32, 37]; this facilitates the
creation of more structured ensembles (as shown by the presence of
peaks in the g(r) figure). On the other hand, as we increase the
energy input, measured by the mean kinetic energy of the particles,
the systems evolve to a near gas-like radial distribution function.
These trends appear to be independent of the relative density
fraction of each species. The behavior of this distribution
function g(r) combined with the results presented in Figure 6B
indicates that the two observed chiral phases (spin-wise, C, and
counter-spin-wise, C_) are fundamentally different in the sense that,
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(A) Ensemble radial distribution function g(r) for all experiments. Color gradient indicates the energy input to the system. (B) Ensemble velocity
autocorrelation function, as defined in Eqg. 1. The color gradient indicates the mean absolute value of the vorticity for that experiment, indicating a
stronger chiral flow. We have plotted several cases with both spin-wise, counter-spin-wise, and no chirality/complex.

when chiral global movement goes in the same direction as particle’s
natural spin, the system is relatively ordered whereas in the opposite
case, particles behave much more like a fluid; further insight is
needed in order to determine the role that ordering, and therefore of
the collisional frequency, intensity, and correlations, plays on the
formation of chirality.

A similar interesting behavior is observed in the velocity
autocorrelation function. We define this property as

_ W@ - VE+ 1)

A= TR wey

(1)

where { ) correspond to the averaging overall disks i and initial
times f, with a time step 7. In Figure 8B, we show corresponding
correlation curves obtained for different absolute values of the
mean value of the vorticity. We have found the relaxation time of
this function depends mainly on the absolute value of the average
vorticity @ and not so much on the energy input T;; that is, when
strong chirality is present, velocities remain correlated for longer
periods.

In contrast, for a low vorticity field, a rapid decay of the curves
(the envelope) is observed, over a high-frequency oscillation. This
fact is in good correspondence with the gas and spinners phases of
Ref. [31] (Zhang et. al.), an article in which a study of the phases and
dynamics of a system of rollers is carried out, with small enough
particles to consider study zones without the influence of the edges
in the experiment. Although they are different types of particles, the
global dynamics shows similarities that allow us to compare and
show the differences. In the considered study, they relate the
frequency of the oscillations with the individual activity of the
rollers, which is controlled by an electric field, and which in turn
controls the different phases observed and the dynamics of the
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bearing itself. Similarly, our high-frequency oscillations are
characterized by the activity of disks [35]. Compared to the roller
system, the slow relaxation curves display lower values for the
autocorrelation, mainly due to the action of the boundary
conditions together with the implications of considering mixtures
of disks of different intrinsic chiralities. Finally, we do not observe a
jamming phenomenology. The disks escape from the cages created
by their neighbors, with accentuated negative values of auto-

correlations.

4 Conclusion

As we explained, in a fluid of identical chiral particles, non-
trivial transition from a global chiral state that mimics the natural
particle spin (C, phase) to one rotating counter-spin-wise (C_) can
be observed. We already know that the main driver of this transition
is the transfer of moment upon collisions (which transfers
information from the particle-level to the system-level) between
particles. This is controlled by a change in the statistical correlations
between particle spin and translational velocity and, ultimately, we
find that the energy input to the set-up influences the sign of these
correlations and therefore determines the global chiral state [23].

In the present work, that is for a binary mixture of active disks,
each species with opposite particle chirality (here, spin), we show
experimentally here that, in general, steady fluid flows display
chirality very clearly as well. Due to this, the space-averaged
vorticity (which we call global vorticity, @) is noticeably not null
for most of the observed chiral flow states. However, and contrary to
what previous bibliography has, in general, considered (see
references within the bibliography of a recent review [38]), the
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sign of @ is not determined by the sign of particle spin. On the
contrary, at constant average particle spin (which in our experiments
is obtained approximately at constant relative species particle
density, x), we detect a series of transitions in the chiral flow
states. They feature inversion of the sign of @ through a
continuous transition passing by the intermediate value @ = 0,
this point being consistently located at y = 0 (ie., equal particle
density for both species). This means that the fluid composed of a
binary mixture of active chiral particles can display all three chiral
flow phases already observed for the monodisperse chiral fluid have
been observed here again. Interestingly, however, the complex chiral
phase occupies, in the binary mixture, significantly larger regions of
the parameter space, extending over an area centered in the
equimolar mixture case (see C. regions in Figure 7).

In addition, we have analyzed the structural order and
dynamical correlations of the system, by computing the radial
distribution function and velocity auto-correlations, respectively.
First, it does not appear that species segregation occurs in our
system. Also, the radial distribution function reveals that the
geometric correlations are completely analogous for binary
mixtures with opposite relative particle density y. Moreover, for
the C, phase (at low T7), the structure of g(r) is more reminiscent to
that of a liquid (with secondary maxima). For the C_ phase,
however, g(r) resembles more to the radial distribution function
of a gas. On the other hand, the velocity autocorrelation sharply
decays in the complex phase C; while remaining relatively high
when strong vortex-like motion is present (high absolute value of the
vorticity), independent of the chiral phase.

All of the results combined seem to indicate that the
mechanism for chiral flow transition, rather than being
determined by boundary conditions, at varying density [22],
would be determined by changes in the structure of statistical
correlations [23], these changes appear even at constant density.
Furthermore, introducing an opposite-spinning species in the
system fundamentally is changing the mechanisms that create
the correlations giving rise to chiral flow transitions and therefore
the phase behavior is even more complex now, as compared to
the monodisperse case.

In addition, further work is needed to analyze how these
correlations and their rather complex properties are related to the
details of momentum and energy transfer upon particle
collisions. Thus, it would be interesting to analyze, in future
work, the statistical correlations, the vortexes statistics [39] over
time, and the flow enstrophy and perform a comparative study of
mixtures of active and passive particles.
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