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Processes from crystallization to protein folding to micro-robot self-assembly
rely on achieving specific configurations of microscopic objects with short-
ranged interactions. However, the small scales and large configuration spaces
of such multi-body systems render targeted control challenging. Inspired by
optical pumping manipulation of quantum states, we develop a method using
parametric pumping to selectively excite and destroy undesired structures to
populate the targeted one. This method does not rely on free energy con-
siderations and therefore works for systems with non-conservative and even
non-reciprocal interactions, which we demonstrate with an acoustically levi-
tated five-particle system in the Rayleigh limit. With results from experiments
and simulations on three additional systems ranging up to hundreds of par-

ticles, we show the generality of this method, offering a new path for non-
invasive manipulation of strongly interacting multi-particle systems.

Precise control of multi-particle systems is challenging due to the
multiplicity of stable structures within a high-dimensional configura-
tion space. To guide such systems towards the targeted structure,
techniques such as acoustic'™* or optical trapping®® create localized
field gradients that apply forces on individual particles. This has
enjoyed success for facile particle manipulation with wide-ranging
applications, including reconfigurable displays and phononic
crystals’™. However, these methods isolate particles into potential
wells that are separated on the scale of the incident wavelength, pre-
venting their applicability to structures with closely spaced particles
where particle interactions become important. Another approach,
therefore, focuses on utilizing the particle interactions themselves to
tailor the free-energy landscape. This creates an effective guiding force
favoring the desired configuration, employing methods based on, e.g.,
electromagnetic interactions'” ¢, shaped and patchy particles” ™, or
DNA bonding?*~*2. These methods are typically optimized to produce a
single targeted configuration and cannot be extended easily to allow
for reconfigurability. Out-of-equilibrium self-assembly”> further
complicates this picture by invalidating the basic notion of a uniquely
defined free-energy landscape, and consequentially the precise con-
trol of such systems remains difficult. These shortcomings can be

somewhat alleviated using active feedback control to apply corrective
forces'**?°, at the cost of requiring real-time sensing, actuation, and
substantial computation. Still, structural control remains a non-trivial
task, even for clusters containing only a small number of particles” .
This can be yet more complicated in non-conservative systems with
non-reciprocal interactions®>*,

To address this problem, we borrow an idea from optical
pumping®. Consider a two-state system (Fig. 1a), where incident light
pumps state A into an unstable excited state before it randomly decays
into either state A or B. Due to the mismatch of gap energy, B is an
absorbing state that cannot be activated, so the concentration of state
B grows as the excitation and decay of A continues. Thus, precise state
control is achieved without a feedback loop by selectively activating
and depopulating the undesired states. We can adapt this strategy for
precise assembly of particles in many systems with tunable
interactions*’***°, including those without energy conservation, pro-
vided that the states to be manipulated are not isospectral*®*, i.e., that
these states have distinguishable vibrational bands. Specifically, we use
parametric pumping*™** to excite and destabilize undesired struc-
tures, combined with quenching to favor the targeted one, as sketched
in Fig. 1b. By cycling between pumping and quenching, we effectively
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Fig. 1| Pump-quench control of multi-particle systems. a Selective excitation of
state A in a system of trapped atoms, creating a dark state B. The vertical axis
indicates the potential energy of the system, E,.. When state A is excited by light
with appropriate energy, it will be pumped into an excited state (orange arrow),
from which it can randomly decay into one of the base states (black arrows). State B
cannot be activated by incident light; thus, pumping concentrates atoms in state B.
b Cycling between pumping and quenching to create an absorbing 'quiet’ state,
which does not rely on the presence of well-defined potential energy levels and
therefore is not limited to conservative systems. The vertical axis indicates the
kinetic energy, Eyin, Where Eyi, = O refers to a base state of the system. By activating
a multi-particle system’s vibration mode with parametric pumping, the system will
oscillate to the point of transitioning into an unstable state (red arrow). When the
pumping is turned off, the system in the unstable state is quenched by damping and
will randomly decay back into one of the base states. By cycling between pumping
and quenching, the time-averaged outcome is the creation of an absorbing state B,
similar to the diagram in (a). c-f Application of pump-quench cycling to control the
configuration of, ¢ an acoustically levitated cluster of five particles, d a simulated
cluster of arod and two spheres, e a simulated cluster of 13 spheres, and f the size of
an acoustically levitated granular raft.

create a diagram similar to Fig. 1a, where state B is ‘quiet’ and
absorbing. This method reduces the high-dimensional control pro-
blem to a 1D frequency domain and, simultaneously, circumvents the
need to fine-tune energy landscapes for state selection, enabling us to
control systems with non-reciprocal interactions as well.

In the following, we demonstrate this approach with experiments
and simulations that focus on acoustically levitated particle systems.
We first discuss a five-particle system with non-reciprocal interactions,
Fig. 1c, showing reversible control between two configurations. We
then extend the method to systems with a larger number of excitable
configurations from which we can select targeted outcomes: a cluster
of levitated particles with anisotropic shape, Fig. 1d; a 3D Lennard-
Jones cluster of 13 particles, Fig. 1e; and a levitated granular raft
comprising hundreds of particles, Fig. 1f.

Results

Acoustic levitation system

We use a single-axis Langevin-type horn to generate intense ultra-
sound (frequency f=34,800Hz) capable of lifting small particles
against the force of gravity, as shown in Fig. 2a. A piezoelectric trans-
ducer driven by a function generator is affixed to an aluminum horn,
which acts as a resonant amplifier. The horn is positioned one half
wavelength (h=A1/2) above a transparent reflector plate, creating a
standing sound wave. Particles levitate just below the pressure nodal
plane, midway in the gap. The bottom surface of the resonant horn is
slightly curved, which focuses the sound and also produces lateral
confinement of particles near the center of the nodal plane. We use
polystyrene spheres with diameter D=41pum. Residual charge on
particle surfaces is eliminated by a photo-ionizer, and the reflector

plate is ITO-coated and grounded. Two high-speed cameras capture
simultaneously the side and the bottom view of levitated particles. A
pressure sensor is positioned near the acoustic cavity to measure and
control the acoustic pressure. Details about the acoustic levitation
setup are discussed in Methods.

Parametric pumping in a two-particle system

We first demonstrate acoustic parametric pumping of a ‘molecule’
consisting of two spheres mutually bound by sound-induced forces. In
this simplest case, the interaction is conservative and (to linear order)
spring-like. For two solid, levitating spheres with diameters and center-
to-center distance r much smaller than the wavelength of incident
sound (the near-field Rayleigh limit, A>>r>D), the net force at close
approach arises from the competition between attractive acoustic
scattering force and repulsive force from viscous streaming flow near
the particle boundaries®.

As sketched in Fig. 2b, the balance between the two forces results
in a stable, steady-state separation rg of the two particles in the
‘molecule’. Importantly, both forces are proportional to the sound
energy density £ in the acoustic cavity. Therefore, r,; does not change
when £ is tuned by a changing sound pressure. However, the effective
spring constant for small displacements around r; does scale with £, as
shown in Fig. 2c. This enables us to selectively excite internal degrees
of freedom of interacting particles with parametric pumping, which is
fundamentally different from modulating a background field to move
particles collectively****. More detailed discussion of the scattering
and streaming interactions can be found in refs. 4,34.

To conduct parametric pumping, we modulate transducer input
voltage by varying the amplitude according to (1+ &,y SiNQMf 3nt)),
where f,,, is the modulation frequency and &,,, the modulation depth,
Fig. 2d. Since energy density F depends quadratically on transducer
voltage®, it becomes

E = Eo(1+ &3, SINQRTS 4 1) Q)

When levitated particles are subject to such a modulated acoustic field,
tuning fom and &,, can activate specific vibrational modes (VMs),
growing their vibration amplitude to destabilize the structure. As an
example, the pumping state diagram in Fig. 2e shows how the effective
growth rate of the in-plane ‘breathing’ mode of the two-particle
system, y, = i,'—; depends on both f,,, and &,,,. Here y, is the growth rate
without damping, and y, is the damping rate caused by air viscosity,
see Methods. See Supplementary Information for out-of-plane VMs.
Similar to solutions of Mathieu’s equation®’, we find that the VM can be
activated within Arnold tongues, i.e., with sufficiently large &,,, when
famis close to a factor 2/n times the VM’s resonance frequency (n € Z+).
The isolines y; =1, where growth rate equals damping rate, are shown
as gray lines in Fig. 2e. Only regions that have y,>1 can be used to
pump a VM.

Because the acoustic cavity has a finite response time and also a
characteristic response function that depends on f, f,m and &, the
experimentally measured, steady-state modulation depth in the
acoustic trap, ¢, is usually smaller than &,,. Therefore, when ana-
lyzing VMs and comparing with simulations, we need to consider £
The largest 57 achievable in our setup, i.e., using 100% piezo voltage
modulation at different frequencies, is shown in Fig. 2e. If the system is
driven with f=34,650Hz (pink), away from the cavity resonance
Sres =34800Hz (red), a higher ££7 can be achieved(see Supplementary
Information), crossing the y; = 1isolines and allowing for VM pumping.

In Fig. 2f, we show two snapshots of the pumped 2-sphere system,
and in Fig. 2g, we plot their center-to-center distance r(t) as a function
of time, demonstrating how parametric pumping activates this in-
plane VM (also see Supplementary Movie 1). Vibration amplitude
saturates at larger ¢ because the pumping rate y, drops and y, grows as
the system departs the linear region, yielding y; =1.
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Fig. 2 | Acoustic parametric pumping. a Diagram of experimental setup.

b Tunable acoustic interactions between particles. The right plot has a higher
acoustic power than the left. The thickness of the red lines connecting the particle
centers indicates the strength of the effective spring constant and the background
shows the streaming flow velocity field magnitude v, from finite-element method
simulation. ¢ Sound-induced net force between two spheres, for acoustic energy
densities £, < E, < E3. d Piezo input voltage with modulating frequency f,, and
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modulation depth &,,,. e Pumping state diagram for the in-plane vibration mode of
the 2-sphere “molecule’, showing the mode’s growth rate y, as function of f,m and
£am. Gray isolines indicate y; =1, where pumping balances dissipation. Maximum
modulation depth in the experiments at two sound frequencies is shown by red
and pink lines. f Video snapshots of a 2-sphere 'molecule’ pumped with parameters
marked by the pink circle in (e). g Center-to-center distance r between two spheres
when pumped. Dashed vertical lines refer to the snapshots in (f).

Adding complexity: multibody and non-reciprocal interactions
Adding particles increases the variety of possible stable configurations
in the levitation plane. For five levitating spheres, the interactions due
to attractive sound scattering and repulsive microstreaming allow for
two such configurations: either a pentagon or a cross structure, as
shown in Fig. 3a. Furthermore, while the interactions between a pair of
levitated spheres can be well-approximated with a pair potential***,
this is not the case for multiple interacting particles. To demonstrate
this, Fig. 3b, c show results from a finite-element method (FEM)
simulation of the pentagon state.

We now focus on a pair of particles (indicated by the pink dashed
line that links their centers), where one particle is displaced 0.3D to the
left or right of its stable position. In both cases, resulting force felt by
the other one (red arrow) are not pointing along the pink dashed line,
nor pointing in the same direction. This is not possible for pairwise
interactions, rather signaling multibody interactions that arise from
background flow field generated by all particles collectively.

The sound-induced interactions also violate Newton’s third law,
i.e., the force on particle A due to the presence of particle B is not equal
and opposite to the force on B due to A. This non-reciprocity can be
detected as an asymmetry in the linear stiffness matrix describing the
five-particle system (Supplementary Fig. 2). The multibody and non-
reciprocal nature of the levitated 5-particle system implies that we
cannot define a unique energy landscape connecting both structures,
rendering it infeasible for a landscape tuning method to drive this
system between configurations. However, this is possible with para-
metric pumping, as discussed next.

Reversible shape-shifting with a 5-particle cluster

Irrespective of the complexity of the interactions among particles, to
linear order, we can obtain the VMs and their associated eigen-
frequencies from the stiffness matrix for each stable configuration. By
diagonalizing the stiffness matrices calculated by FEM simulation, we
find 8 VMs for the cross state and 6 for the pentagon state (Supple-
mentary Fig. 3). We then calculate the effective growth rates
yfc’ 11, i am €am) for all i modes of the cross (c), and pentagon (p) states
in the same way as for the two-particle system. The maximum of these
growth rates for a given state,yi. p;(fam, €am) =MaXi(Vic, p;, i(Fam» Eam)) 1S
shown in blue and red for the cross and the pentagon, respectively, in
the pumping state diagram in Fig. 3d. We can find combinations of
(fam» €am) that activate one (blue or red), both (purple) or none (white)
of the states. Note that only the region on and below £ (f, ), shown
by the black line, is accessible to us experimentally with f=34,750 Hz.
On that line, two locations suitable for parametric pumping are
marked by the blue cross and red pentagon symbol.

Figure 3e and Supplementary Movie 1 give an example of guiding
the five-particle cluster to form a cross. The sound field is driven with
Sfam=290 Hz, £&f = 0.40 (red pentagon symbol in Fig. 3d) to destabilize
the pentagon without affecting the cross. As a result, during the first
pumping cycle the cluster is excited into the unstable state and during
quenching (e.g., when the sound field modulation is turned off) it
relaxes back into the pentagon state. The second pumping cycle drives
the cluster unstable again, but this time it relaxes into the cross
state during quenching, where it remains in subsequent cycles. The
opposite transition can also be achieved, as shown in Fig. 3f and
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Fig. 3 | Reversible reconfiguration of a levitated 5-sphere cluster with non-
reciprocal interactions. a Snapshot of five spheres in the unstable state (left) and
in their two stable states, pentagon and cross (right). b, ¢ Simulation of steady
streaming flow velocity field magnitude v, around the five spheres when one
sphere is displaced by 0.3D (original position indicated by gray dashed circle). Red
arrows show the net force felt by the sphere at the other end of the dashed pink
lines. d Overlay of pumping state diagrams for the cross state, y. (blue) and the
pentagon state, y;, (red). The maximum modulation depth in the experiment is
indicated by the black line. Pumping parameter combinations marked by the blue

cross and the red pentagon are chosen to activate one or the other state.

e, f Transitioning between states. Plots show total kinetic energy when the penta-
gon, or the cross state, is repeatedly pumped (time intervals shaded light red or
blue) and quenched (white), with snapshots of the evolving configurations.

g Reversible switching between cross and pentagon states by altering the pumping
parameters on the fly. h Cumulative probability of successful transitioning as a
function of cycles needed. Solid lines: experiments; dashed lines: Markov model.
Error bars: standard deviation.

Supplementary Movie 1, where the sound field is modulated using
fom=170Hz, € = 0.77 (blue cross symbol in Fig. 3d).

The pumping parameters f,,, and €., can be adjusted on the fly,
giving the flexibility of switching rapidly back and forth between the
two configurations of the 5-particle cluster. This is demonstrated in
Fig. 3g and Supplementary Movie 1. For both directions, only a few
pump-quench cycles are required for a high probability of configura-
tion switching (Fig. 3h). This agrees qualitatively with a Markov model

of the pump-quench process (dashed lines, see Methods).

Particle systems with more complicated configuration space
To show how the pump-quench approach performs in scenarios where
the configuration space is more complicated than for the 5-sphere
system, we next discuss simulations of a particle cluster with three
states and a cluster with over 70 states. The first example consists of
two spheres interacting with a rigid rod comprised of three spheres, as
shown in the inset of Fig. 4a. Forces between particles are designed to
mimic the conservative-part of interactions in the experiment(see
Methods) and this system has three stable configurations(inset: red,
green and blue) with similar energies.

In the simulation, we can modulate the interaction strength
between particles directly (rather than indirectly via the energy den-
sity, Eq. (1)). Thus, the effective spring constant is modulated accord-
ing to k=ky(1+&,, sSin@nf ,,t)). The pumping state diagram of this
system is shown in Fig. 4a. Again, we can find pumping parameter

combinations where only one state is activated (red, green, and blue),
two states are activated simultaneously (pink, cyan, and gold), or all
three states are activated (black). With these parameter combinations,
we can design pump-quench sequences that guide the system into
different targeted configurations.

For example, if the blue configuration is targeted as the desired
end state, the red and the green ones have to be activated and desta-
bilized. To achieve this, we can first pump with parameters marked by
the red cross and activate the red structure, then quench and next use
the parameters marked by the green cross to activate the green
structure, then quench again. Repeating this particular sequence
makes the blue state absorbing. Starting from 1000 random initial
conditions, the blue squares in Fig. 4b show that the probability of not
attaining the blue structure decreases exponentially with the number
of quenching steps. This matches the prediction from a Markov model
(the dashed line, see Methods). The same applies when instead the red
or the green structure is targeted.

Because there are regions in the pumping state diagram where
multiple states can be activated simultaneously, we can implement a
second method where we destabilize two structures at the same time
using parameters marked by the circles in Fig. 4a. This is significantly
more efficient (Fig. 4b circles), as confirmed by the shorter absorbing
time calculated from the Markov models (Supplementary Fig. 4).

The second example is a three-dimensional cluster of 13 particles
with Lennard-Jones interactions. Simulating this system at zero
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a Pumping state diagram for a simulated 3-state system comprising a rod and two
spheres. Inset: color code for the particle configurations corresponding to the three
states and their activation. At certain spots in the state diagram, only one state is
activated (red, blue, and green) or one state is stable (pink, cyan, and gold), or all
three states are activated (black). b Probability of not reaching the targeted state
decreases exponentially. Protocol I (square symbols) applies pump-quench cycles
alternating between two sets of parameters marked by crosses with different colors
in a. Protocol Il (circle symbols) applies a single-step process using parameters
marked by the circles in a. Open symbols: simulation data. Color of the circle
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symbol denotes the targeted structure. Lines: Markov model. ¢ Pumping state
diagram for a simulated cluster of 13 spheres with Lennard-Jones interactions at
T=0. In this three-dimensional cluster all spheres are in direct contact with
neighbors. Red line shows the boundary above which pumping is possible (y'=1)
for the icosahedral sphere arrangement; gray lines are the boundaries for other
structures. Red cross: the specific pumping parameter combination used.

d Probability of not reaching the targeted icosahedral configuration (sketched in
red) decreases exponentially. Examples of other, non-targeted configurations are
sketched in gray.

temperature, we find >70 distinct stable structures. This leads to a
pumping state diagram densely populated with overlapping resonant
regions (Fig. 4c), each corresponding to combinations of parameters
&am and f,, that activate a particular configuration, some of which are
shown in gray in Fig. 4d. However, there still are non-overlapping
regions that allow for certain configurations to be selected. Here we
show this for the icosahedral configuration (red in Fig. 4d), whose
activation boundary in the pumping state diagram in Fig. 4c is indi-
cated by the red line. Due to the high symmetry of the icosahedron, its
activation region exhibits a characteristic gap as a function of f,,
which allows us to destabilize all other structures by pumping with
parameters marked by the red (+) sign. Similar to the previous exam-
ple, when starting from 10* random initial states, the probability of not
reaching the targeted icosahedron decays exponentially with the
number of pump-quench cycles (Fig. 4d). While the clear gap in the
spectrum of vibration frequencies makes the icosahedral configura-
tion particularly selectable, configurations with more overlap in the
state diagram can be targeted similarly. We show this in the Supple-
mentary Information, where we discuss how structural symmetry,
damping coefficient, particle number, and number of states affect
state selectability.

Application to bulk vibration modes

As the particle number increases, the pumping state diagram becomes
more crowded, and it becomes more difficult to selectively activate
individual configurations or find absorbing states. Nevertheless,
parametric pumping can still be utilized to activate collective, bulk
vibration modes. Here we show how this can be employed to control
the size of a levitated granular raft containing more than 300 particles.
Rafts of this size can be driven to exhibit bulk oscillations in their

overall shape, similar to levitated liquid drops*’. With our experimental
setup, the frequencies most conveniently accessible to destabilize the
raft belong to the shape oscillation mode with threefold symmetry. As
shown in Fig. 5a and Supplementary Movie 2, by pumping this mode
for 0.3 s, the raft as a whole is excited so strongly that particles no
longer stay bound acoustically and escape. When subsequently
quenched for 1s, the raft stabilizes, but at a reduced size due to loss of
particles. Rafts of different sizes and therefore different masses exhibit
shape oscillation resonances centered around different frequencies,
similar to liquid droplets where these resonances are given by Ray-
leigh’s equation*. Therefore, when the pump-quench cycling is con-
tinued with fixed f,,,, the raft’s size will eventually become too small to
be activated and will no longer lose particles. Thus, by starting with
large rafts and applying different pumping frequencies f,,, different
terminal raft sizes can be targeted (Supplementary Fig. 8). Figure 5b
shows how this self-limiting process shrinks large rafts. The raft size
saturates automatically over 20 pump-quench cycles as the targeted
diameter is approached. On the right, initial and final images of the
rafts are compared, with color corresponding to the data for differ-
ent fam.

Discussion

Our results show that cyclic switching between parametric pumping
and quenching can control the structural configuration of strongly
interacting particle systems even when the interactions are multibody
and non-reciprocal in nature. Instead of engineering highly localized
potential gradients, this approach excites vibrational modes to drive
the (re-) configuration process. As such, our method does not rely on
an underlying free-energy landscape and thus can work with non-
conservative systems. It does not depend on specific particle
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Fig. 5 | Controlling the size of an acoustically levitated granular raft. a A levi-
tated raft being pumped to undergo shape oscillations to shed particles, before
being quenched and stabilized with fewer particles. The yellow dashed circle has
the same size in each image and serves as a visual guide. b Evolution under repeated
pump-quench cycling of the number of particles in a raft for different pump fre-
quencies. Images to the right of the plot show the initial and final raft configuration,
demonstrating the ability to control the raft size.

properties or geometries, and it can be generalized to control struc-
tures when multiple stable configurations are available, as long as the
resonances for activated states and targeted absorbing states are
sufficiently well separated in the pumping state diagram.

As our method only depends on a suitable spectrum of excitable
vibration modes, we expect it can be applied to a wide range of sys-
tems with tunable interactions beyond acoustically levitated ones,
both reciprocal and non-reciprocal, including dielectric and magnetic
particles®**, as well as optically trapped particles’***. For example,
used for directed self-assembly, it might offer a versatile way to
selectively eliminate undesired sub-structures early on, before they
seed the subsequent assembly into larger dysfunctional configura-
tions. Since our approach focuses on manipulating the interactions of
particles in close proximity, we expect that it can be integrated with
far-field methods, which can generate reconfigurable or steerable
potential gradients over larger length scales. For example, using far-
field-based methods®" to generate an array of acoustic potential wells,
and seeding each with multiple particles, parametric pumping of these
wells could then be applied to generate many copies of the targeted
particle configuration simultaneously. Finally, extensions might adapt
parametric pumping for controlling the assembly of micro-robots',
non-contact cell counting®’, and manipulation of defects in colloidal
crystals and liquid crystals*®*°,

Methods
Acoustic levitation experiments
We use a single-axis ultrasound transducer to levitate particles, as
shown in Fig. 2a. An aluminum horn is attached to a stack of piezo
elements, which is driven by a signal generator (Keysight, EDU33212A)
and an amplifier (AA Lab Systems, A-301 HS). The bottom of the horn is
positioned half a sound wavelength above a transparent reflector plate
to generate a standing wave. Both the horn and the reflector are
grounded to minimize particle charging.

Two high-speed cameras capture the bottom and side views of the
levitated particles. To improve image quality, we used backlighting:
Light from one source, angled upward, is reflected from the white-

painted bottom surface of the horn, enabling us to capture high-
resolution bottom-view images with camera 1 (Phantom T1340)
through a mirror angled at 45 degrees. Camera 1 is equipped with a
Nikon ED AF Micro Nikkor 200 mm lens to capture the dynamics of the
levitated 5-particle system, and with a Navitar Resolv4K lens (working
distance 72 mm) for imaging the levitated 2-particle system and the
larger rafts. A second light source illuminates from the left, enabling us
to simultaneously capture side-view images with camera 2 (Phantom,
VEO1010S, equipped with a Nikon AF Micro Nikkor 70-180 mm lens).

A temperature controller (Conductus, LTC-20) stabilizes the horn
temperature within 50 mK and minimizes any temperature-dependent
drift in acoustic power. An acrylic enclosure thermally isolates the
setup from the ambient conditions in the lab, further improving tem-
perature control. An interferometric pressure sensor (XARION Laser
Acoustics, Etal00 Ultra) is positioned next to the acoustic cavity to
measure the real-time sound pressure. Before each experiment, an
X-ray de-ionizer (Hamamatsu, L9491) is turned on for 10 seconds to
neutralize the electric charge on the levitated particles.

We use polystyrene spheres with diameter D=(41.1+0.5) pm
(microParticles GmbH). Before being placed into the acoustic trap,
these particles are coated with a layer of nanoparticles (Evonik Aero-
xide AluC) to minimize sticking due to van der Waals interaction.

Finite-element analysis and calculation of the stiffness matrix
We use the FEM solver COMSOL Multiphysics to carry out simulations
of vibrational modes, taking into account particle interactions due to
scattered sound as well as sound-induced microstreaming. The simu-
lation domain is a cylinder with diameter 10 mm and height 4.94 mm,
corresponding to half of the ultrasound wavelength A. The particles are
placed on the nodal plane in the center of this cylinder. The simulation
proceeds in two steps. The first step is a thermoviscous acoustics
calculation in the frequency domain, where the top of the cylinder is
set to oscillate in the vertical, z-direction, and the bottom is fixed. To
mimic the open side of the acoustic cavity, the side wall of the cylinder
is set to have a slip boundary condition. The surfaces of levitated
particles are set to no-slip boundary conditions. A second step is a
laminar flow calculation, carried out to obtain the time-averaged
streaming flow between particles. Forces acting on each particle are
calculated by integrating the viscous stress and pressure on the par-
ticle surface.

The stiffness matrix, K, for each configuration can then be con-
structed by simulations in which each individual particle is slightly
displaced fromiits stable, steady-state position. Kj; represents the linear
response of the system in direction of j-th degree of freedom (DoF)
when a displacement occurs in the direction of the i-th DoF, with
1<i,j<15.To calculate this response, we displace the particle along the
direction of the i-th DoF across a distance from +0.5 D to —0.5 D using a
total of 11 simulations with the smallest displacement of 0.01D near
the stable position and conduct a polynomial fit of the resulting force
acting in the direction of the j-th DoF as a function of the displacement
(to third order). Kj; is then given by the linear term of this fit. Matlab is
used to vary the displacement of particles in all simulations. This
method does not assume pairwise or reciprocal interactions and,
therefore, is suitable for analyzing the linear response of the system
regardless of the nature of the interactions. A reduced-order model
could be used to reduce the complexity of the stiffness matrix calcu-
lation. Order reduction can be done by considering the symmetry of
the system (such as permutation symmetry in the pentagon state,
reported in the main text), or by focusing only on the relevant vibra-
tional modes achievable in the experiments (such as adapting a con-
tinuum model that represents the granular rafts reported in the main
text as homogeneous materials with effective material properties).
Another useful way of locating the vibrational frequencies in our sys-
tem, as well as in other possible systems, is conducting a frequency
sweep experimentally. Specifically, by applying parametric pumping to
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the system with a small modulating depth and a small modulating time
while sweeping through different frequencies, one can observe the
growth rate of vibrational modes for different structures without
destroying them, and then one can use this information to determine
the best combination of parameters to select structures of interest.

Calculation of the mode growth rate y
For an ensemble of particles with generalized coordinates x, inertial
matrix M and stiffness matrix K, its equation of motion is

2
M‘;—t’z‘wd%ﬂ(x:o, ©)

when subject to linear damping with damping coefficient y, Under
acoustic parametric pumping, Eq. (1), the equation of motion becomes

2
M% e % +K(1+ & SINQRAS 1)) *X = 0. 3)

By simultaneously diagonalizing M and K we can separate differ-
ent VMs. For each VM with eigenfrequency w; and eigenvector x;, we
assume a solution of the form x = pt)x;. The equation then becomes

2
<;t2 +Vy % +WH((L+ &y Sin2m famt))2> ni{t)=0, 4)

which is integrated numerically (scipy.integrate.odeint). The
function n(¢) oscillates as a function of time ¢, and its amplitude will
exponentially increase or decrease. Thus, an exponential fit can be
made using the peaks of r,(t), giving the mode’s growth rate ;.

In the two simulated systems, the rod-plus-spheres cluster and the
3D L) sphere cluster, the interaction strength can be modulated
directly, so the equation is

d? d )
<P *Va dt + w,-z (1+&,,sinnf, amt)) ni(6)=0, 5)

and we can extract y; in the same manner as described above. Finally, to
obtain the normalized growth rates plotted in the parametric pumping
state diagrams, we divide the damping-free growth rate y; which is
found by solving the equation of motion for the case of y,=0, by the
damping rate y,.

Interactions for the rod-plus-spheres cluster

In this particular example, we do not consider the multibody and non-
reciprocal nature of acoustic interactions and instead focus on particle
shape. Therefore, for the interactions between all spheres in this sys-
tem, including the three spheres making up the rod, we take a gen-
eralized Lennard-Jones potential*®,

N

We choose m = 3 to mimic the attractive acoustic scattering forces
in the experiment that scale with r*, and choose n=6 to provide a
short-range repulsive interaction that mimics microstreaming. Eq is set
to 10nJ so that the interaction strength is similar to that in the
experiment. The three stable states have potential energies —79.4 nJ,
-73.2nJ, and -72.1 nJ. A weak confining force is applied to all particles
to bring them back together during the quenching step of a cycle. The
molecular dynamics simulation is carried out using LAMMPS® with
damping coefficient 6.28 x10° kg s™ and timestep 5x107%s.

Markov models

The Markov model for the levitated five-particle experiment is built
with transition matrices shown in Supplementary Fig. 4a, where the
numbers are determined from experimental observations after the
quenching step, and are based on the assumption that pumping will
always bring a base state into the unstable state. This model qualita-
tively captures the observed rapid absorption. However, in the
experiments, there can be a weak history dependence because some-
times the particles retain oscillations due to non-conservative inter-
actions for a longer time than the quenching period. This is not
captured by the Markov model and is likely to contribute to the
quantitative difference we see in Fig. 3h between measured data and
prediction.

Absorbing Markov models for the rod-plus-spheres cluster are
built with transition matrices shown in Supplementary Fig. 4b, c. These
matrices refer to the cases when the system is pumped with different
parameters marked in Fig. 4a. For example, the first matrix with the red
cross sign on the top shows the transition rate between three states,
red (r), green (g), and blue (b), for the case that the system is pumped
using the parameters marked by the red cross. Under this procedure,
the green and blue states are stable, but the red state has a non-zero
possibility of transition. The numbers in the matrices are obtained
from simulating one pump-quench cycle with 10,000 random initial
conditions for each set of parameters. Supplementary Fig. 4d shows
the transition matrix for the case that the system is successively
pumped with two sets of parameters, i.e., the first method mentioned
in the main text. As an example, the first transition matrix corresponds
to the system being first pumped using blue cross parameters, quen-
ched, pumped using the green cross parameters, and then quenched
again. The result is identical to that obtained by multiplying the two
matrices corresponding to the two crosses. Supplementary Fig. 4e, f
gives the expected quenching steps needed by absorption into the
desired state, calculated from the transition matrices in Supplemen-
tary Fig. 4c, d.

Data availability
The data that support the findings of this study have been deposited in
the Materials Data Facility database®.

Code availability
The code that supports the findings of this study has been deposited in
the Materials Data Facility database™.
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