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A mixed population of rotors at intermediate Reynolds numbers self-assembles into active poly-
mers. Here, we provide additional details of the experimental setup, including the structure of the
rotors, the 3D printing designs, the tracking procedures, and the electric circuit. We show that
when one rotor is pinned, the gyromer is formed around it. We analyze the mean gyromer length
and standard deviation as a function of time for higher concentrations of rotors. We elaborate on
the theoretical solution of two rotors of varying spin, including a scaling analysis of the inertial
term. We show the Particle Image Velocimetry setup and the resulting flows as a function of height,
which are not symmetric — flows at the height of the propeller decay faster. We show that capillary
forces between rotors exist but are negligible compared to forces resulting from their activity. We
also show that inertial forces deviate from the theoretical predictions at small distances. We provide
additional details about the simulation, including details on the periodic boundary conditions and
analysis of the addition of positional and angular velocity noise to the stability of gyromers.

I. EXPERIMENTAL SETUP AND DATA
ANALYSIS

The rotors consist of a brushless motor (80 rpm in
air) and a battery housed within a 3D-printed cylindrical
shell. The motor model was designed using ”Tinkercad”
with a circular profile of radius a = 1.8 cm and height 7.5
cm, featuring a square base compatible with the motor
attachment. The model was printed using a 3D printer
(Bumba lab-1-Carbon) with PLA+ 1.75 mm filament in
the desired color, with a print density set to 70%. Sim-
ilarly, a stand to securely hold the battery (LIR2477)
in place on the motor was printed. The printed mod-
els can be seen in Fig 1. To build the motor’s electrical
circuit, we attached the wires of the motor using alliga-
tor clips to facilitate easy switching and charging. The
clips were attached to the battery terminals housed in the
3D-printed stand. The motor’s direction of rotation was
determined by the connection of the wire clamps to the
battery terminals. The batteries were charged at a con-
stant current profile, using a TENMA DC power supply
(model 72-13370), connected to the batteries in a circuit
as shown below. Each battery voltage was set to ∼ 4.1V
before the start of each run. It is important to ensure
that all batteries have a uniform voltage to avoid differ-
ences in angular velocity between the motors. The motor
was glued to the 3D-printed shell using hot glue, ensur-
ing the motor was sealed so that the silicone oil does not
penetrate. Thin 3D-printed belts were positioned around
the rotors to minimize friction with each other and the
bounding walls. A 3D-printed propeller was attached to
the bottom pin of the motor to ensure that the motor
and propeller counter-rotated and both were immersed
in oil to ensure similar resistance.

The rotors were placed in a round bath of silicone oil
[diameter 60 cm, height 9.5 cm, with viscosities of either
µ = 1Pa · s, β ∼ 0.3 (high viscosity), or µ = 0.06Pa ·
s, β ∼ 5 (low viscosity), and density ρ = 103 kg/m

3
].

To minimize the boundary effects of the bath, we added

semicircles along the entire edge of the bath as an inverse-
flower-like shape. These were designed to ensure that ro-
tors near the edge returned to the bath instead of being
attracted to the boundary. This unique shape was de-
signed by principles outlined in Refs. [1, 2]. The semicir-
cle models and the supporting legs for the bath boundary
were designed in ”Inkscape” and laser-cut from perspex
(thickness: 0.5 cm) using the Beambox laser cutter.
After placing the rotors in the silicone oil bath, it is

crucial to ensure that they are balanced to avoid preces-
sion. Each rotor was carefully balanced using Plasticine
(see Fig. 1c). We have marked each rotor with a green
off-center dot in order to identify and analyze the spin of
the rotors.
The experiment was continuously monitored from

above using a Sony camera (α7s 3, lens FE 4/24-105 G-
OSS), capturing snapshots at one-second intervals. We
tracked the trajectory of each rotor using Python using
the OpenCV library. After identifying each rotor’s cen-
ter in each frame, the picture was cropped according to
the dimensions of the rotor to identify the off-centered
green dot. Then, using simple vector analysis, we have
calculated the change in the angle between consecutive
frames,

Ωj(t=i) = cos−1

(
r̃j(t=i) · r̃j(t=i+1)

r̃j(t=i)r̃j(t=i+1)

)
+ πk (1)

where Ωj(t) is the spin of the jth rotor, r̃j(t) is the off-
centered green dot vector of the jth rotor in its center of
mass frame, and k represents the number of half spins
made between each consecutive frame (we made sure
that between each consecutive frame k=0). The rotors’
spin was calculated to be approximately 7 rpm (Ω ≈ 0.7
rad/s) at the start of each experiment. Once the batter-
ies started to fail after ∼ 2 hours, the rotor’s spin slowly
decayed to zero. The spin of the rotors over time was
smoothed using Statsmodel LOWESS function using a
fraction of 0.2.
We have conducted and analyzed tens of experiments
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Supplementary Figure 1. (a) The silicone bath with the inverse flower shape boundaries, above it positioned a camera (this
setup is the same for both the high and the low viscosity baths). (b) The components of the rotors - the propeller, belt, battery
and battery house, a motor with positive(red) and negative(black) connections. (c) The Plasticine arrangement to stabilize the
rotor before inserting the electrical circuit, viewing from above the rotor. (d) The rotor from above after inserting the electrical
circuit, and placing the off-centered green dot to analyze the spin, and additional Plasticine to stabilize and prevent precession.
(e) Sketch of the rotors and the electrical circuit inside them. (f) The final rotor before placing in the silicone bath (scale bar
of 1.8cm).

of up to 20 rotors. Most experiments began with ro-
tors clustered at the center of the bath, allowing us to
observe the resulting structure formations. The major-
ity of these experiments involved an even number of ro-
tors, half rotating clockwise (in pink) and the other half
counter-clockwise (in cyan). Some trials included an odd
number of rotors, resulting in one poplulation having an
additional rotor. We also investigated pre-designed ini-
tial conditions such as initializing the experiments with
rotors arranged in a straight gyromer, a circular ring or
as two facing pairs.

In order to analyze the gyromers’ length and frequency
of appearance during the experiment and the simulation,
we used Depth-First Search algorithm. We have defined
neighboring rotors once their distance from one center
to another is less than 2.5a. In order to avoid counting
formations which are not chains a threshold was imposed
such that a legitimate gyromer is one that agrees with
the following: It has at least one rotor that has only 1
neighbor, there are more rotors with 2 neighbors than
with 3 neighbors, there is no rotor with 4 neighbors, and
the formation lasted for at-least 10 frames. This rules
will not allow formations like closed rings, lattices, and
mix formations of large lattices connected to a chain to
be counted, moreover the time threshold of 10 frames
binds the counted formations to have some stability.

In the high viscosity bath (µ = 1Pa·s, β ∼ 0.3), the gy-
romers, once formed, consistently increase their gyration
length to a maximum, eventually stabilizing in straight
lines. Deviations from this behavior occur when the pre-
cession of the rotors increases (mainly due to unbalanced
rotors) or due to significant noise in the spin of the rotors.
In the low viscosity bath (µ = 0.06Pa · s, β ∼ 5), due to
higher inertial forces and surface deformation, the formed
gyromers are more curved, and branched gyromers may
appear in addition to ring formations as transients (see
Fig. 4 in main text). In this regime we calculated the
radius of gyration Rg as discussed in the main text.
For the 7 rotors Rg ∈ [3, 4.2] where we observe that

the gyromer first starts with small Rg ∼ 3 and increases
its length until stabilizing on Rg ∼ 4. For the 14 rotors
run Rg ∈ [4.4, 5.5] where most of the time it maintained
Rg ∼ 5.2. These values can be compared with the radius
of gyration of straight-line gyromers which yields for 5
rotors Rg ∼ 3, for 7 rotors Rg ∼ 4.3 and for 14 rotors
Rg ∼ 8.3. The above discussion shows the fluctuating
nature of the gyromers in the low viscosity bath.

In Fig. 2, an example is shown for a typical small num-
bered gyromer in the low viscosity bath. In this specific
run, we localized one of the rotors using perspex rods
that were used to redirect it to the center of the bath
while still allowing it to rotate. The center was marked
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𝑡  = 0𝑠 (a) 𝑡  = 900𝑠 𝑡  = 1600𝑠 (b)  (c)

 (d) 𝑡  = 0𝑠 𝑡  = 200𝑠 𝑡  = 700𝑠 (f) (e)

Rg = 2.7Rg = 2.8

Rg = 2.7 Rg = 2.2

Supplementary Figure 2. Five-rotor experiment with one manually spatially pinned rotor in the low viscosity bath. (a)-(c)
Starting from a spacious configuration, while the middle rotor is pinned to the center, a gyromer is subsequently formed where
the pinned rotor is positioned at one of its ends. The plastic rods used to pin the rotor can be seen in (a) and (b). (d)-(f)
Starting from a centered random aggregate, a gyromer is formed with the pinned rotor at its center.

Supplementary Figure 3. Mean gyromer length in units of
rotor diameter as a function of time. Results from four ex-
periments [N ∈ (13, 14, 15, 20)] in µ = 1Pa · s , β = 0.3. Each
dot is an average over 40s with an overlap of 5s. The stan-
dard deviation is shaded on top. Source data are provided as
a Source Data file.

with purple plasticine as can be seen in Fig. 2a. The
resulting formed gyromer can be seen in Fig. 2b, and
2c. One of the edges is of the pinned rotor. A second
run is presented in Fig. 2e and 2f, where the resulting

gyromer has the pinned rotor at its center. The calcu-
lated dimensionless radius of gyration Rg is shown for
each formation.

For the calculation of the two rotors experiments, we
have analyzed the orbit, θ̇, using Eq. 1 with the relative
distance between the rotors, r(t=i), instead of r̃j(t=i). Be-
cause the dynamic of the orbit is very slow, less than a
single pixel in the consecutive frame, we averaged over
ten frames taking θ̇(t=i)/10 and r(t=i+10) instead of sim-
ply one as before and again making sure k = 0.

For calculating the angular velocity of the odd-rotor
gyromers, we used the relative distance between the mid-
dle rotor and its two furthest rotors in the chain r1/2(t=i).

The average angular velocity in each frame
¯̇
θ(t=i) was cal-

culated using the average of the two θ̇1/2(t=i)/10, using
Eq. 1 with r1/2(t=i+10), same as for the two-rotor case.

We characterize the dynamics of the rotors by measur-
ing the average gyromer length and the standard devia-
tions as a function of time (see Fig.3). After identifying
the stabilization of the mean gyromer length, we con-
cluded that a steady state has been reached. From that
point, we calculated the temporal mean gyromer length
taken over the total number of frames. The results are
shown in Fig.4b in the main text.
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Supplementary Figure 4. (a) PIV experimental setup. A laser emits toward a cylindrical lens of 3.9mm focal length, resulting a
thin laser plane. Small silicon oil bath with µ = 1Pa · s, positioned ∼ 40cm away from the lens, and placed over a jack to enable
heights change. A camera positioned above the bath, continuously montior the small particles in order to identify the flow
created in the bath. (b) PIV analysis image showing the flow created at the surface from the dynamics of three rotors — minus,
plus, minus. (c)-(d) Analysis of one clockwise rotor flow. (c) The velocity magnitude, at a distance of, r = 1.1a (∼ 2cm) from
the rotor’s center, as a function of height. Positive (negative) velocity magnitude value regards clockwise (counter-clockwise)
flow. (d) The velocity magnitude as a function of the distance, r, showing the differences between the surface flow and the flow
at the propeller height. The values have been normalized such that the maximum value of v and r is one and for the distance,
zero value is when r = a (1.8cm). It can be seen that the rotors do not act as a perfect rotor-dipoles in the Z-axis. Source data
are provided as a Source Data file.

II. PIV MEASUREMENTS

Particle Image Velocimetry (PIV) of the flow field was
performed using Thorlabs-HNL050L laser and PIVlab
software (Fig. 4). The laser emitted towards a cylindri-
cal lens with focal length of 3.9mm (Thorlabs-LJ1598L1)
achieving a wide thin laser plane (∼ 6.4mm height).
The flow field was obtained from the scattered impu-
rities placed in the fluid. The experiment was continu-
ously monitored from above using a Sony camera (α7s3,
lens FE 2.8/90 MACRO G-OSS), filming the small bath
with µ = 1Pa · s at 25 frames per second. Several ex-
periments were conducted using a single rotor placed in
the middle of the bath while changing the laser plane
compared to the rotor such that different heights of the
flow could be analyzed. For each height, we analyzed
the velocity magnitude along a line in the r̂ direction.

The resulting flow field is tangential to the θ̂ direction,
while positive (negative) values regard counter-clockwise
(clockwise) direction flow. A plot of the velocity magni-

tude at r = 1.1a (∼ 2cm), from the rotor’s center, as a
function of height (ẑ direction) is shown in Fig. 4c. We
have also analyzed the decay of the speed with respect
to the distance from the rotor’s center, r. We compared
the decay of flow at the surface to the decay of flow at
the height of the propeller (∼ 6cm below the surface), as
can be seen in Fig. 4d. We can see that the lower part of
the flow decays faster compared to the surface flow due
to the proximity to the bottom surface. The results show
the anti-symmetry along the Z-axis, which is the reason
why the flow does not resemble a torque dipole, and the
upper surface dominates the behavior. It explains why
when observing the behavior of two same-sign rotors, we
got a typical angular velocity of, θ̇ ∝ 1/r3, which is a re-
sult of a velocity of a single rotor decaying as us ∝ 1/r2.
This is the flow of a rotating disk in an infinite viscous
fluid. The velocity of a single torque dipole rotor decays
faster as us,dipole ∝ 1/r3, which is not the case here.
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III. THEORETICAL MODEL

As we outline in the main text, a single rotor far from
boundaries stays static. When placed in a bath of other
rotors, it is advected by the flow created by all other ro-
tors. By accounting for a single neighboring rotor, the re-
sulting angular velocity of the first in the viscous regime,
θ̇, is given by

θ̇ ∝ Ω2/r
3, (2)

where Ω2 is the spin of the neighboring rotor and r is
the distance between the two rotors. When inertial ef-
fects are included, a second rotor adds a correction to
the viscous flow (us), giving a lift force resembling the
Magnus effect. In order to account for such effects, one
needs to solve the Naiver-Stokes equations under a small
but finite Reynolds number for a spinning disk. For sim-
plicity, we can solve the equations for a sphere that gives
the same scaling. The full perturbated solutions of the
velocity, force, and pressure for a spinning and propagat-
ing sphere, in the case of small, not negligible, Reynolds
number, as a result of inertial effects, is explicitly shown
in the thesis work [3]. The leading order correction of
the force, created by a spinning sphere, propagating in a
constant velocity, u∞, is given by

Fm = πρa3u∞ ×Ω, (3)

where ρ is the density of the fluid, a is the sphere’s ra-
dius, Ω is the spin of the sphere, and Fm, is the leading
correction force which can be thought of as a Magnus-like
force. In our system, the propagating velocity of the first
sphere is not due to a constant background velocity but
due to the second rotor. For a counter-clockwise rotating
neighboring sphere, we take (Ω2 = Ω2ẑ), using Eq. 2, we
can show that the shear rate created by one sphere on
the second is [4],

u∞ ∝ (aΩ2)
a3

r3
θ̂ (4)

where a minus sign will be given for a clockwise spin-
ning neighboring sphere. By substituting Eq. 4 in Eq. 3,
the inertial correction of the flow, ui, (using that in the
over-dumped limit F ∝ µua) for the first disk, spinning
counter-clockwise, Ω1 = Ω1ẑ, is

ui ∝
ρΩ1Ω2a

6

µr3
r̂. (5)

For two spinning disks in the same (opposite) direction,
the resulted Magnus force is repulsive (attractive).

The velocity of the jth disk, uj , is given by the total
flow created by all other disks (accounting for the viscous
flow with its inertial correction while assuming linearity
in this regime). In complex notation zj = xj + iyj , it is
given by

żj =
∑
k

iCsΩk
zj − zk
|zj − zk|s

+ CiΩjΩk
zj − zk

|zj − zk|m
, (6)

Supplementary Figure 5. Relative error in the distance be-
tween two rotors in identical conditions, for simulations with
periodic boundary conditions, compared across several layers
of repeated windows with a window size L = 8, and rotors
at an initial distance r = 4. Source data are provided as a
Source Data file.

where Ωj is the jth rotor own spin, and Cs and Ci are
constants. For completeness we kept the power laws s
and m general. Using the scaling in Eq. 5 and Eq. 1 in
the main text gives s = 3 and m = 4.
We now solve analytically Eq. 6 for two rotors. Taking

Ω1 = Ω and Ω2 = γΩ gives

ż1 =
(
iCsγΩ|z1 − z2|m + CiγΩ

2|z1 − z2|s
) z1 − z2
|z1 − z2|s+m

ż2 =
(
iCsΩ|z1 − z2|m + CiγΩ

2|z1 − z2|s
) z2 − z1
|z1 − z2|s+m

.(7)

We now define η = z1 − z2 = reiθ, where r is the dis-
tance between the rotors and θ the angle between them.
Substituting η in the equations above,

η̇ =
[
iCs(1 + γ)Ωrm + 2CiγΩ

2rs
] η

rs+m
. (8)

Notice that dr2/dt = η̇η + ηη̇ where η is the complex
conjugate. Then by using Eq. 8 we find the radial velocity
between the two rotors,

dr2

dt
= 2r

dr

dt
= r2−m4CiγΩ

2 (9)

giving a distance between the two rotors to the mth
power

rm = 2mCiγΩ
2t+ rmt=0. (10)

Substituting Eq. 10 in Eq. 8 gives

dη

dt
= η

(
2CiγΩ

2

2mCiγΩ2t+A
+ i

(1 + γCsΩ)

(2mCiγΩ2t+A)s/m

)
,

(11)
where we have marked A = rmt=0. Solving Eq. 11 results
in,

η = B r exp

[
i
Cs

Ci

1 + γ

2γΩ(m− s)
rm−s

]
, (12)
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Supplementary Figure 6. Images from a noisy numerical simulation showing the destabilizing effect of noise on lattice formation.
Three different snapshots are taken from a simulation with β = 2. For β = 2, a ring of four alternating rotors is stable. Here a
lattice is observed at t = 25, the introduction of noise destabilizes it, allowing the ring to open up to a Gyromer at subsequent
frames. NΩ = 0.5 is the angular-velocity noise level used here, meaning rotational velocities vary in the interval [0.5, 1.5].
Np = 0.002 is the positional noise level. The transparency of each rotor is determined by the magnitude of its rotation velocity
— the more transparent it is, the slower it rotates.

Supplementary Figure 7. Total count of non-trivial (length
greater than 3 rotors) Gyromers in a simulation with β = 2.
All simulations had identical initial conditions, and only vary
in noise power. Adding some noise increases the prevalence of
Gyromers, but adding too much can destabilize Gyromers as
well, as seen in the (0.5, 0.003) case. We hypothesize that the
required noise level to destabilize aggregates is dependent on
β, but leave further investigation of this connection for future
work. Source data are provided as a Source Data file.

where B = ηt=0. Now writing η = reiθ in Eq. 12 gives
the solution for the angle between the rotors

θ =
Cs

Ci

1 + γ

2γΩ(m− s)
rm−s − i ln(B). (13)

Taking the derivative of Eq. 13 and using Eq. 9 we finally
obtain

θ̇ =
(γ + 1)CsΩ

rs
. (14)

We can summarize the two equations given in the main
text

rm = 2mCiγΩ
2t+A

θ̇ =
(γ + 1)CsΩ

rs
.

The importance of these two equations lays in the abil-
ity to experimentally find s, and m independently of one
another. As shown and outlined in the main text, for
the high viscosity (low viscosity) bath with µ = 1Pa · s
(µ = 0.06Pa · s), we have conducted five (three) differ-
ent experiments with two rotors of the same sign, to find
explicitly the exponents, s and m. A log-log plot of θ̇
as a function of r, resulted in a linear behaviour with
the slope equal to −s, which gave s = 3.095 ± 0.056
(3.29 ± 0.20 for the low viscosity case). Analyses of rm

as a function of time, taking m in the range of [1, 8] were
made, giving the best R2 test values for m = 4, with
R2 = 0.9817 ± 0.0024 (for the low viscosity experiments
we get R2 = 0.9856± 0.0049). Taking the log-log plot of
r4 as a function of time resulted in a slope of 1.037±0.083
(0.92± 0.14). In the low viscosity case (µ = 0.06Pa · s),
inertia is more significant; there is a strong and fast re-
pulsion between rotors. Therefore, the orbiting is much
less dominant. This immediately led to a much more
noisy data than the one received from the high viscosity
case with µ = 1Pa · s, as can be seen above.

IV. NUMERICAL SIMULATIONS

Molecular Dynamics simulations were written in
Python using a fifth-order (in free-space) and a second-
order (with periodic boundary conditions) Runge-Kutta
scheme. Equation 6 with s = 3 and m = 4 was non-
dimensionalized with position z → z/a, spin Ωi →
Ωi/Ω0, and time t → (CsΩ0/a

3)t, where Ω0 is the typical
spin of the rotors (in the simulations taken to be 1). The
position of the jth rotor is thus given by

żj =
∑
k

iΩk
zj − zk

|zj − zk|3
+ βΩjΩk

zj − zk
|zj − zk|4

, (15)

where β = CiΩ0/(aCs) gives a typical nondimensional
number that signifies the importance of inertial effects
compared to viscous ones and is proportional to the
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Supplementary Figure 8. (a) Two stationary un-active rotors, placed in the high viscosity bath, attracting each other due to the
fluid surface tension (Cheerios effect). (b) After ∼ 25minutes the two bodies attached. (c) Plot of the the distance between the
two rotors as a function of time, showing the differences of the attraction magnitude in case of two stationary rotors compared
to two active plus and minus rotors attraction. The mean velocity magnitude between the active to stationary attraction is
about ∼ 10 times greater. Source data are provided as a Source Data file.

Supplementary Figure 9. (a) Two rotors tracking analysis of
different signs — plus and minus in the high viscosity bath. At
the end of the dynamics the attraction magnitude drastically
reduced. (b) Distance to the fourth as a function of time
for two rotors of different signs. Overlay of three different
experiments, and a linear trend line marked in red showing
the linearly starting behaviour disrupted approximately once
r < 3a. Source data are provided as a Source Data file.

Reynolds number. We have tested values of β ranging
from 0.01 to 1000. Typical behaviors are reported in the

main text. The spin of the rotors is Ωi = ±1. In some
runs we have added a small Gaussian noise at each time
step, typically adding 10% noise. The timestep we used is
dt = 10−5. Soft-core steric interactions between particles
were included in the form of purely repulsive harmonic
springs, such that if the particles are closer than 2a the
force is zero. Thus, the force between particle i and j
is f steric

ij = −ws(1− 2a/rij)rij , where rij is the distance

between the particles, and ws = 5 · 104 is the strength
of the interaction. If rij > 2a, we set f steric

ij = 0. In
addition, if particles draw closer than rij = 1.8a we set
the radial interaction between particles to zero, i.e. we
state that steric interaction must cancel the attractive
force. We found that this later condition helps to sta-
bilize the simulation and increase timestep dramatically
without changing the behavior.

We have tested several boundary conditions: (1) ro-
tors in free-space, (2) rotors confined by a circular disk,
(3) rotors in an inverse flower shape, imitating the experi-
mental set-up, and (4) rotors on a torus (periodic bound-
ary). The boundaries were set as soft-core repulsive po-
tentials, similar to the interactions between the particles.
We did not include hydrodynamic interactions between
the particles and the wall, and indeed we see deviations
from the experiments at the boundary. Although interac-
tion with the circular disk appeared similar to the exper-
iments in which particles are attracted to the boundary,
the inverse flower design resulted in a different behavior
— in the experiments, the inverse flower design results
in apparent repulsion from the boundary, in the simula-
tions, particles were attracted to the boundary. For the
periodic boundary conditions, since the interactions are
long-ranged, we would ideally have infinite copies of the
simulation area. Since this is impossible computation-
ally, we surround the core simulation area with several
layers of copies. The velocities scale as a combination of
r−2 and r−3. Therefore, the Stokes interactions, which
decay as 1/r2 give the most considerable contribution.
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Supplementary Figure 10. (a) Sketch of the electrical circuit designed to recharge the batteries (LIR2477) in a constant current
charge profile. The power supply configured to supply 0.06[A] and the batteries were connected to each other in a row. Once
one of the batteries reached 4.0V, the current started to flow in the bypass circuit pre-designed with two identical zener diodes
and two led diodes for identification. (b) Illustration of the circuit. (c) The bread board picture, showing the alligator clips for
the connection of the batteries.

When simulating a mixed population of positive and neg-
ative rotors, the joint far-distance interactions decay as a
derivative of 1/r2, thus they scale as 1/r3. We therefore
expect that a small number of layers will suffice (rather
than using approaches such as Ewald summation, spec-
tral methods, or the force coupling method). To be extra
strict, we tested empirically simulations of two same-sign
rotors at a separation of r = 4, which have a far-distance
decay of 1/r2 using an increasing number of layers. The
results can be seen in Fig. 5. For each case, we compare
the positions of the rotors with their positions with 9
layers. We see that the relative error gives negligible cor-
rections for this window size (L = 8), that saturate over
time. Beyond three layers the relative error is less than
1e−9. We therefore have chosen to work with simulations
of between 3 and 5 layers.

To obtain the experimental value β, we used Eqs. 10
and 14 to determine the values of Ci and Cs, which were
extracted from the graphs presented in Fig. 2 in the main
text. This results in β = 0.309 ± 0.058 for the high vis-
cosity bath and β = 4.71 ± 0.42 for the low viscosity
bath.

Each dot in Fig.4C in the main text represents a set
of parameters used for an experiment or simulation. The
classification of a run is based on the most prominent
formation type (disordered/ring/gyromer/lattice) when
examining the largest formations in the run. For ex-
ample, if 50% of the time the largest formation in the
run was identified as a gyromer (regardless of its actual
length), the run will be classified as a gyromer. In cases
that were inconclusive, we performed several iterations
using different initial conditions and used the majority
vote. A disordered result is obtained when dimers and

monomers are the dominant formation. We identify for-
mations based on adjacency in clusters. To qualify as
a ring, each rotor in a formation must have exactly two
neighbors. To be classified as a gyromer, a formation
needs to have at least one end (a rotor with a single
neighbor), no rotors with 4 neighbors (surrounded on all
sides), and overall more rotors with two neighbors than
three. Everything else is classified as an aggregate, with
special cases for a ring of size 4 (a square) and a 2-by-
3 lattice, to only be considered aggregates. The mixed
cases (half blue, half red) are cases where we obtained
stable coexistence of gyromers and aggregates, with the
division between the rotors being highly dependent on
the initial conditions. Those were marked manually.
Noisy simulations. To better simulate the physi-

cal experiment, we added positional and angular-velocity
noise to the simulations. Where in the experiment, noise
simply arises due to precession of an un-fully buoyant ro-
tor or from changes in the batteries voltage. The noise
added in both cases was white. We found that a small
amount of noise increases the prevalence of Gyromers,
primarily by destabilizing crystal structures as seen in
Fig. 6. The quantitative effect of noise on Gyromer
prevalence can be seen in Fig. 7.

V. DEVIATIONS FROM THEORY

Deviations of the simulations from the experimental
results can be due to several causes as outlined in the
main text. Here we explore two such causes — (1) The
Cheerios effect and (2) Boundary layer effect.
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The Cheerios effect. Capillary forces between two
rotors exist as they exist between all rigid bodies that de-
form a fluid interface causing the particles to attract or
repel. This effect, which is termed The Cheerios effect, is
due to the surface tension of the liquid. In our system, it
leads to attraction between the rotors. However, this at-
traction is much weaker and leads to velocities which are
an order of magnitude smaller. We made several exper-
iments in the high viscosity bath with two rotors which
are not active and do not spin, and compared them to ac-
tive rotors. We also tested interaction with the boundary.
Analyzing the resulting velocity led to uc ∼ 0.001[cm/s].
This is about ∼ 10 times smaller than the approximate
radial velocity due to the inertial hydrodynamic force,
ui, as can be seen in Fig. 8c.

Boundary Layer effect. The inertial correction to
the flow is the far distance first approximation of the
flow, meaning that it takes into account only the term of
us ∝ O(r−3) (the Stokes flow created by a spinning disk
or a sphere). In our system, it is clearly not the case for

close neighbors in a gyromer or a dimer where there are
additional corrections of at least O(r−4) to the flow as a
result of the proximity of the two rotors — acting as rotor
dipoles in the fluid surface plane. In addition, inertial ef-
fects are smaller in proximity to the rotor’s surface where
stick boundary conditions apply. Several experiments of
two rotors of opposite signs have been conducted to ex-
amine specifically the close neighboring behavior (in the
high viscosity bath). As can be seen in Fig. 9a, when
the rotors get close to one another, the change in the dis-
tance between them decreases at a slower rate. There is a
smaller slope to their approach. Overlay analysis of three
different experiments of the distance between the rotors
to the fourth power, r4, as a function of time, is given in
Fig. 9b. The starting behavior is linear, presented in the
red trend line, as predicted for the two same sign rotors
experiments we showed, resulting in m = 4. However,
it can be seen that once r ≈ 3a (5.4cm), the behavior
qualitatively changes. The theoretical model no longer
gives accurate predictions and there are deviations from
the experimental results.
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