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ADDITIONAL DATA
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Fig. S1. This figure accompanies Fig. 5b from the main text. a) The red line is the time series of the droplet perimeter
normalized by the equivalent circle perimeter as in Fig. 5b. The green circles are the full time series for the angle β between the
travel direction and the maximal caliper diameter. b) The normalized probability distribution for β shows a rise in probability
towards perpendicular travel direction (β = π/2). See also SI Video 3.

EXPERIMENTAL DETERMINATION OF THE PACKING FRACTION

We used the thresholding method to determine the packing fraction of the Quincke rollers with area: Aparticle =
πR2

particle. Because the drops are large we used a low magnification to have the entire drop area (Adrop) visible.
Consequently, Quincke rollers are too small to resolve individually when they are closely packed. We found the most
robust approach was to threshold the area without particles as seen in Fig.S2a-e. We take the particle thresholded area
Athresholded to be the difference between total drop area (Fig.S2c black) and empty space thresholded area (Fig.S2e
red). By variation of the thresholding parameters we estimate the error for the packing fraction.

An artifact of the above approach is that the space in between closely packed particles is not accounted for. This
results in an overestimation of the packing fraction because the thresholded area:

Athresholded = NparticlesAparticle +Aspace, (1)

where Nparticles is the total number of particles and Aspace is the total area between the particles, that is not
distinguished by the thresholding.

Here we derive the amount of this overestimation for the hexagonal close packing (Fig.S2f). First we establish that

Ahcsspace = (
√

3 − π
2 )R2 (for derivation we used the blue triangle in Fig.S2f). We start at a particle (Fig.S2f green,

n = 0) and add circular ring around it for each n. For nlayers the number of particles is Nparticles = 1 + 6
∑nlayers

n=1 n
and the number of spaces is Nspaces = 6

∑nlayers

n=1 (2n− 1). We can write Eq. 1 for this case as:

Athresholded = NparticlesAparticle(1 +
Nspaces
Nparticles

Ahcsspace
Aparticle

) =

= NparticlesAparticle(1 +
Nspaces
Nparticles

(

√
3

π
− 1

2
)).

(2)
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Fig. S2. a) The original experimental image for packing fraction measurement. b) The same image as in a), but with adjusted
contrast and brightness. The black edge is the interface of the drop, bright speckles are the Quincke rollers. c) The mask of
the inside of the drop in black. d) Masked image with adjusted contrast and brighness. e) Empty space thresholded area in
red shows parts without particles. f) For a closely packed configuration of microparticles the method does not detect the space
between the particles. See SI text for details on how to account for the packing fraction overestimation.

When we send n to infinity, limn→+∞
Nspaces

Nparticles
= 2 thus Eq. 2 becomes:

Athresholded ≈ NparticlesAparticle(1 + 0.1026) (3)

The packing fractions reported in the manuscript were corrected for this ≈ 10% overestimation when obtained from
the thresholded images.

Finally the correct packing fraction ϕ is:

ϕ =
NparticlesAparticle

Adrop
≈ 0.9

Athresholded
Adrop

. (4)

QUINCKE ROLLERS

→E

Fig. S 3. (left) Induced free charge distribution for a
sphere with R/S < 1. (right) Above a critical field strength
E > EQ steady rotation in the plane perpendicular to the
electric field (Ω · E = 0) is induced by the misaligned in-
duced dipole of the particle.

A dielectric particle in a uniform DC electric field sponta-
neously rotates above a threshold field strength. The discovery
of this instability is attributed to G. Quincke [1]. The Quincke
effect arises from particle electric polarization, see Figure S3 for
an illustration of the mechanism. Upon application of an electric
field, mobile ions brought by conduction accumulate at the par-
ticle interface due to the difference of electrical conductivity, σ,
and permittivity, ε between the particle, “in”, and suspending,
“ex”, media. In a uniform field, if the resulting induced dipole
is antiparallel to the the applied field, a spontaneous symmetry
breaking occurs in strong fields. A perturbation that displaces
the dipole, leads to an electric torque that drives physical ro-
tation of the sphere around an axis perpendicular to the applied field direction. While the induced surface-charge
distribution rotates with the sphere, the exterior fluid recharges the interface by conduction. This process is described
by

∂P

∂t
= Ω×P− τ−1mw (P− χeE) . (5)
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where P is the induced free-charge dipole, Ω is the rotation rate and χe is the electric susceptibility of the particle.
For a sphere with radius a

χe = 4πεexa
3 3(R− S)

(R + 2)(S + 2)
, tmw =

εex
σex

(S + 2)

(R + 2)
, where R =

σin
σex

, S =
εin
εex

. (6)

The set of equations describing the polarization relaxation, Eq. [5], and the angular momentum conservation have a
pitch-fork bifurcation at a critical field EQ [2, 3]. Below EQ the steady state is no rotation (Ω = 0) and the induced
dipole is antiparallel to the applied field direction P|| = χeE. Above EQ, the dipole component orthogonal to the
field direction, P⊥ becomes nonzero driving steady rotation with rate Ω

E2
Q =

2σexµex (R + 2)
2

3ε2ex(S− R)
, Ω = ± 1

tmw

√
E2

E2
Q

− 1 , P⊥ =
8πµexa

3Ω

E
, (7)

where ± reflects the two possible directions of rotation.
Even though the Quincke electrorotation has been known for over a century, the phenomenon was studied spo-

radically [2–7]. However, in recent years it is enjoying resurgence in interest due to its application to “activate”
colloids. Quincke rotors initially resting on a surface roll with steady velocity. Typical rotation rates are Ω ∼ 103s−1

resulting in rolling speed for a 1 µm sphere in the order of V ∼ 1mm/s [8], and effective diffusivity estimated from
the ABP model as Deff ∼ 10 mm2/s. Large populations of these so called Quincke rollers can self-organize and
undergo directed motion [9, 10]. In the racetrack microfluidic channel, a long (about thousand particle diameters)
polar band (flock) spontaneously forms. The flock has a sharp front and endlessly cruises at a constant speed along
the channel -axis. In rectangular geometries with large enough aspect ratios, the bands bounce against the confining
box and in confinement with an aspect ratio of order one, the band state is replaced by a single macroscopic vortex.
Disordered medium, emulated by randomly distributed circular obstacles placed in the channel, may suppress the
collective motion and destroy the Quincke roller flocks [11].

BROKEN DETAILED BALANCE

We implement and extend a non-invasive technique, principle of detailed balance, to identify non-equilibrium or
active fluctuations in active droplets [12]. The method states that in equilibrium, every observable conformational
degrees of freedom, in our case, Fourier amplitudes of interface fluctuations, must be pairwise balanced as shown
in Fig.S4a. It is equally likely for the forward and backward transition to occur between different Fourier modes
indicated by the equal length of the arrow in a thermally driven system. For a non-equilibrium system, the arrows
are of unequal length indicating a flux cycle and violation of detailed balance.

Method: We first describe the procedure to determine experimental time traces to evaluate probability flux cycles
in Coarse Grained Phase Space (CGPS). The deformation of the contour of the 2D droplet is represented by Fourier
series:

r(φ, t) =

qmax∑
q=2

(
aq(t) sin(qφ) + bq(t) cos(qφ)

)
, (8)

where q is the Fourier mode number and qmax is determined by optical resolution of the system. q = 0 and q = 1 are
excluded from the sum because these correspond to droplet volume change and rigid body translation. The contour
is fully described by the set of Fourier modes or state coordinate {a2, b2, a3, b3, ...}. To generalize, we refer to state
coordinates as N1 and N2, for a given state α. We can divide the phase space into a two- dimensional grid rectangles
of sizes dN1 by dN2. The time series data of N1 and N2 can be binned into rectangular grid of (x, y) coordinates. The
probability, pα, that is plotted in the flux maps can be estimated from finite length of the experimental time using:

pα = tα/ttotal. (9)

The time evolution of the probability px,y is given by the equation:

dpx,y
dt

= wx−1,yx,y − wx+1,y
x,y + wx,y−1x,y − wx,y+1

x,y , (10)

where wr,sm,n is the rate of transition from bin (m,n) to (r, s). The rates of transition can be approximated using the
experimental data:

wr,sm,n =
Nr,s
m,n −Nm,n

r,s

ttotal
, (11)
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where Nr,s
m,n is based on counting statistics with total number of transitions from (m,n) to (r, s) vice versa during the

total time ttotal. The transitions can take place upstream/downstream or left/right to the state α in the rectangular
grid. The transition rate can be defined across each of the four boundaries of any bin using the probability current j
such that:

jx,y =
1

2

(
wx+1,y
x,y − wx−1,yx,y

)
x̂1 +

1

2

(
wx,y+1
x,y − wx,y−1x,y

)
x̂2. (12)

We can visualize the probability current j along with probability distribution of the two state coordinates N1 and
N2 on a quiver plot. If the two chosen state coordinates demonstrate randomly distributed flux arrows across the
phase space, it can be concluded that the system is in thermal equilibrium. However, signatures of limit cycle of
probability current/ flux arrows point to non- equilibrium fluctuations. The limit cycle can be quantified using a
normalized contour integral given by the equation:

Ω =

∮
C0

j · dl∮
C0
|j| dl

. (13)

For a chosen closed contour C0 in coordinate space, we expect a non-zero value of Ω for a non-equilibrium system.
The value of Ω would span from -1 to +1: with -1 representing clockwise-oriented cycle and 1 corresponding to a
counterclockwise-oriented cycle aligned perfectly along the chosen contour C0. Values around zero refer to random
distribution of flux arrows indicating a thermally equilibrated system.

In order to determine the statistical significance of Ω, we implement bootstrapping on the available data to determine
standard deviation. Nmax − 1 data is randomly selected to generate one bootstrap sample from Nmax consecutive
frames. The selection of the random data is uniform, such that every frame has an equal probability of selection
with replacement. The selected random frame becomes the starting frame and then the next consecutive frame is
computed. This allows to determine current j and then compute Ω. This process is repeated for a large number M to
determine a probability distribution of Ω.

Results: From the time series of the Fourier amplitudes, we determined the probability current j in the phase
space spanned by the modes q = 2− 12. The cut off mode q=12 was chosen to minimize the noise interference due to
finite time and space resolution of the optical system. Generally, we discarded the first 2 s of the experiment due to
unsteady nature of the experiment when the principle of detailed balance is not applicable. The spherical particles
begin to roll and bombard the interface in random directions. After an initial transient (ranging few seconds), the
Quincke rollers form small vortices or flocks that interact with the interface. When we applied probability flux analysis
(PFA) we found significant probability fluxes in the intermediate range of modes from q = 5−9. One such example is
given in Figure S4b where the flux map shows a significant cycle between Mode 8 and Mode 9 with Ω = −0.59± 0.11

Fig. S4. a) The transitions between microscopic states in thermal equilibrium are pairwise balanced. However, non- equilibrium
steady states demonstrate broken detailed balance and exhibit limit cycles. Figure from Ref. [12] b) Right: Probability
distribution (color) and flux map (white arrows) in phase space between Mode 8 and Mode 9 of Fourier modes in the fluctuating
velocity regime, where the rollers form flocks and small vortices Left: Distributions of flux contour integrals generated from
bootstrapping.
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obtained from bootstrapping the data. This demonstrates the broken detailed balance revealing non- equilibrium or
active fluctuations of the interface due to injection of energy due to physical interaction between growing vortices
and the interface. In the growing phase of the vortex, only intermediate length scales from mode q = 5 − 9 showed
significant flux cycles as indicated in Fig.S5. Eventually, one of the vortices grows to span the entire droplet. The
PFA analysis in this regime demonstrated broken detailed balance across the whole range of modes q = 2− 10 in this
regime as shown in Fig.S6.

Fig. S5. Probability distribution (color) with flux map (white arrows) and contour integral distribution in phase space between
a) Mode 2 and Mode 4 b) Mode 5 and Mode 6 c) Mode 8 and Mode 9 d) Mode 9 and Mode 10 for the growing vortex case.

Fig. S6. Probability distribution (color) with flux map (white arrows) and contour integral distribution in phase space between
a) Mode 2 and Mode 4 b) Mode 5 and Mode 6 c) Mode 8 and Mode 9 d) Mode 9 and Mode 10 for the fully developed single
vortex from Figure 5.
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VIDEOS

• SI Video 1: Droplet in the velocity fluctuation regime with velocity and vorticity maps. Experimental param-
eters: packing fraction of the Quincke rollers ϕ = 0.58 ± 0.11, droplet area is Adrop = 11.05 ± 0.03 mm2, the
driving electric field E = 3.193± 0.007 MV m−1.

• SI Video 2: Droplet transitioning in the vortex regime with velocity and vorticity maps. Experimental param-
eters: ϕ = 0.18± 0.04, Adrop = 13.56± 0.03 mm2 and E = 5.104± 0.008 MV m−1.

• SI Video 3: Droplet undergoing spontaneous propulsion with path trace (red line) and maximal caliper (Feret)
diameter (green line), the video is shown in real time. Experimental parameters: ϕ = 0.28 ± 0.02, Adrop =
10.07± 0.03 mm2, E = 4.464± 0.008 MV m−1.
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