
PHYSICAL REVIEW E 114, 025427 (2026)

Densely packed particle raft at vertically vibrated air-water interface
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We investigate the dynamics of a dense raft of millimeter-sized granular particles at a vertically vibrated
air-water interface, which displays a rich set of patterns and particle dynamics as we vary the vibration amplitude,
frequency, and particle packing fraction. While the classical parametric instability with standing waves still
occurs over a certain range of parameters, the measured wave dispersion relations indicate an increasing role of
the raft’s emergent elasticity at higher packing fractions, where the effective surface tension decreases and the
out-of-plane bending modulus increases. At higher vibration frequencies and lower amplitudes, we identify a
regime without standing waves. Instead, individual particles exhibit thermal-like motion, with transport crossing
over from diffusive to subdiffusive as the packing fraction increases. The particle dynamics also display spatial
and temporal heterogeneity, as in supercooled liquids. Starting from this regime, when the vibration amplitude
is further increased, a large cavity eventually forms inside the raft, whose size and shape depend on the vibration
frequency and the injected vibration energy. The cavitation results in the coexistence of free-surface water waves
inside the cavity and thermal-like particle motion in the surrounding raft.

DOI: 10.1103/95rf-w6fd

I. INTRODUCTION

Particles residing at an interface between two fluids can
assemble into a raft via attractive capillary interactions [1],
which arise from the energy minimization of the distorted
liquid interface [2–4]. Particle rafts have wide applications
such as self-assembly, interfacial stabilization, and pollution
control [1]. Because particles are macroscopic and directly
observable, the rafts they form are also ideal model systems
for understanding the packing structure and dynamics of out-
of-equilibrium systems like athermal amorphous solids [5–7].
Particle rafts also share similarities with living matter at inter-
faces, such as fish bubble nests [8] and rafts of mosquito eggs,
fire ants, and starfish embryos [9,10], where internal activity
and environmental fluctuations drive complex dynamics and
pattern formation. Yet even the response of passive rafts to
dynamical excitations is poorly understood because of the
complex and many-body nature of the capillary and hydro-
dynamic interactions [11,12].

Particles at a quiescent fluid interface often pack densely
and collectively exhibit solid-like features [1]. Several studies
have examined the mechanical failure of particle rafts via
imposing tensile strains [5–7,13,14], rotary shear [15], local
intrusion [16], and surfactant injection [17,18]. In these tests
the rafts often demonstrate a certain degree of elasticity before
failure via fracturing [14,17,18] or shear banding [5,7,15].
Moreover, the deformation of particle rafts can be complicated
by out-of-plane motion induced by compression and inden-
tation [17,19–22], which can result in the raft buckling and
collapsing [23–26]. In this case a bending modulus arises,
resisting the change in the interface energy associated with
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its curvature, since the liquid-particle contact angle needs
to be maintained [27–29]. While these solid-like aspects of
particle rafts are well documented, their liquid-like behaviors
remain less explored (except for like-charged colloids). Since
interfacial particle rearrangements are hindered by attractive
interactions and by strong dissipation from friction and vis-
cosity, rafts seldom access liquid-like regimes, which calls for
experiments with more dynamic excitations.

Under dynamic excitation, interparticle hydrodynamic in-
teractions and underlying fluid flow can become important in
addition to capillarity [30–33]. Surface waves generated by
vibration can effectively excite the particles at the interface.
While several studies have reported the dynamics of floating
particles at vibrated interfaces in the limit of low packing
fraction (e.g., rotation and synchronization) [34–37], only a
handful of studies have examined densely packed particle
rafts at vibrated interfaces with propagating surface waves
[30,31,38]. For example, important raft properties such as
the bending modulus can be probed from the observed wave
dispersion [30,38]. Propagating surface waves can also trigger
the fragmentation of a raft, resulting in a floe-size distribution
similar to that of floating sea ice [31]. This is related to viscous
stresses from the underlying fluid, a mechanism that is absent
in quasistatic processes. However, in these studies, the waves
were generated by a localized source placed directly at the free
surface, e.g., a vertically vibrating plate, making the raft dy-
namics intrinsically heterogeneous. To impose homogeneous
and dynamic excitation, we propose to vertically shake the en-
tire liquid container, e.g., triggering Faraday waves [39]. Still
the corresponding collective particle dynamics and emergent
pattern formation remain largely unexplored.

Under periodic vertical oscillations, a liquid interface can
exhibit Faraday waves when the vibration amplitude exceeds
a critical threshold [40]. This originates from the paramet-
ric Faraday instability in which standing waves emerge and
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oscillate typically at half the driving frequency [41–43].
The wave formation depends on several parameters, such
as the excitation frequency, vibration amplitude, container
geometry, fluid depth, and the fluid’s physical properties
including density, viscosity, and surface tension [40,44–
46]. Higher excitation frequencies generally lead to shorter
wavelengths and higher threshold accelerations, whereas in-
creasing the fluid viscosity or surface tension tends to stabilize
the surface against wave formation. By varying these con-
trol parameters, various spatial patterns can be obtained,
such as stripes, squares, and hexagons, corresponding to dif-
ferent modes of parametric resonance [47–50]. At higher
vibration amplitudes, the standing-wave patterns can lose sta-
bility through secondary instabilities [51,52] and transition
to spatiotemporal chaos [53–56], reflecting nonlinear system
dynamics [43,57].

Interestingly, Faraday’s original 1831 study of vibrated
fluid interfaces [39] was attached to a manuscript discussing
patterns formed by a layer of particles on a vibrating plate,
which also shows rich phenomena arising from energy trans-
fer via inelastic particle collisions [32,58–64], such as the
formation of subharmonic standing waves [58] and energy
localization [59]. Here we combine both systems and consider
a dense raft of granular particles on a vertically vibrated
air-water interface. While the dynamics of Faraday waves
on a liquid surface can be described by the incompressible
Navier-Stokes equations with associated kinematic boundary
conditions [41,42,47], the addition of a dense layer of par-
ticles can induce additional dissipation and elasticity in the
interface. This setup then leads to two coupled questions:
how densely packed particles influence the wave patterns, and
how vertical vibration excites particle dynamics, which can
be intriguing when the supposed wavelength approaches the
particle size.

In this study we experimentally investigate the pattern
formation and particle dynamics of dense granular rafts at
a vertically vibrated air-water interface. By systematically
varying the particle packing fraction, vibration frequency,
and amplitude, we identify distinct regimes of raft behav-
iors including not only the formation of standing waves, but
also a glassy regime in which waves disappear and parti-
cles exhibit thermal-like dynamics, as well as a regime in
which a large cavity in the raft develops. We then perform
quantitative measurements to understand how particle-particle
and particle-fluid interactions influence these observed phe-
nomena. Aside from relevance to real-world systems, the
rich physics revealed in our experiments demonstrates that
particle rafts can serve as model systems for understand-
ing the implications of complex particle interactions for
a variety of problems beyond the elastoplastic behavior
of solids.

II. EXPERIMENTAL METHODS

We constructed an experimental apparatus to vertically
vibrate a dense granular raft, as shown in the schematic in
Fig. 1. The container has a square cross section with side
length W = 10.9 cm and is filled with deionized water to
a depth of h = 5 mm. Driven by a shaker, it experiences
a sinusoidal oscillation with its vertical position following

FIG. 1. Schematic of the experiment with a vibrated particle raft
and an example snapshot with tracked particle centers labeled as red
dots.

Z (t ) = A sin(2π f t ), where f is the driving frequency and A is
the vibration amplitude. We used an accelerometer to monitor
the container’s acceleration amplitude a, and calculated the
displacement amplitude via A = a/(4π2 f 2). We tested vari-
ous frequencies in a range f ∈ [20, 95] Hz and amplitudes in
A ∈ [0.02, 0.2] mm.

The particles are closed-cell Styrofoam spheres with a
density of ρp ≈ 15 kg m−3, which is small compared to the
nominal density of water, ρ = 1000 kg m−3. Two batches of
size-polydisperse particles were tested with different mean
diameters, d = 1.4 ± 0.2 mm and d = 2.1 ± 0.2 mm. While
the small particles are useful for studying pattern formation,
the large particles present an easier case for tracking individ-
ual particles and resolving their dynamics. We employed a
sessile drop technique to determine the three-phase contact
angle for our particles at the air-water interface [65]. Results
from tests with different particle diameters and drop volumes
indicate the angle to be 87◦ ± 6◦, consistent with those re-
ported for bulk polystyrene [66,67]. Prior to each experiment,
we deposited particles on the water surface and removed any
stacked particles to obtain a strict monolayer. We define the
particle packing fraction φ as the ratio between the projected
area occupied by the particles and the cross-sectional area of
the container.

For observing pattern formation, images with a resolu-
tion of 2448 × 2048 pixels were recorded by a camera at
73 Hz. Particle positions were extracted using a standard
phase-coding circular Hough transform method (available in
MATLAB) to detect centers of the circular projections of the
particles [69], with an example result shown in Fig. 1. To
estimate the packing fraction φ, we binarized an image of the
initial packing configuration without vibration and calculated
φ based on the number of pixels belonging to the particles.
Varying the binarization threshold within a reasonable range
may influence the obtained packing fraction systematically up
to 2.4%. To obtain the intracycle particle dynamics, we used
a high-speed camera to monitor a few selected cases, which
captured images at 460 Hz with a resolution of 2448 × 1024
pixels.
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FIG. 2. Phase diagram at packing fractions (a) φ = 0.77 and (b) φ = 0.90. The circles represent the data for particles with d = 1.4 mm,
and the triangles for d = 2.1 mm. The shaded region in each panel approximately indicates a regime with water droplets being ejected. (c–h)
Experimental snapshots for the respective regimes. Specifically, (e) and (f) are from φ = 0.77 and (c), (d), (g), and (h) are from φ = 0.90. For
each snapshot, see the corresponding video in the Supplemental Material [68].

III. PATTERN FORMATION IN VIBRATED RAFTS

Under different vibration amplitudes A, driving frequencies
f , and particle packing fractions φ, a raft exhibits distinct dy-
namics and patterns, which are summarized in Figs. 2(a) and
2(b) for φ = 0.77 and φ = 0.90, respectively. Both results for
d = 1.4 mm and d = 2.1 mm are displayed, showing similar
general behaviors, which we categorize into the following five
regimes.

We first identify a regime with regular patterns formed by
standing waves, such as the square-shaped patterns shown in
Figs. 2(c) and 2(d), which closely resemble the Faraday wave
patterns of a pure liquid system [70,71]. Particles near the
wave antinodes pack loosely, making the periodicity obvious.
Other patterns also exist in this regime, such as striped pat-
terns, which have only one family of waves along a single
direction. In Fig. 3 we show side views of the raft over two
vibration cycles, with time normalized by T = 1/ f . At t/T =
0.5 and t/T = 1.5 no peaks are observable, corresponding
to the time instances in which the interface is flat. At both
t/T = 0 and t/T = 1, two sets of wave peaks are observed,
but occur at different locations offset by half the wavelength,
which indicates that the standing waves have a period of 2T .
Hence, they oscillate at half the driving frequency like clas-
sical Faraday waves due to parametric resonance [41,42,47].
These results suggest that, in this regime, the presence of
particles does not fundamentally alter the classical physics of
the Faraday instability. The influence of the particles will be
discussed in Sec. IV.

At small to intermediate frequencies, a transition to a
chaotic regime occurs for both φ = 0.77 and φ = 0.90 as we
increase the amplitude A. The wave patterns are no longer

regular and evolve over time [see a snapshot in Fig. 2(e)], and
the transition amplitude is lower with increasing frequency.
In pure liquid systems, the transition from spatially ordered,
stable patterns to spatiotemporally chaotic patterns can occur
via different pathways, depending on the system configuration
[53–56,72]. An essential element in such transitions is the
development of defects within the regular patterns [54,57];
these defects arise from secondary instabilities of the ordered
standing waves, such as those driven by nonlinear mode cou-
pling [43,70] or localized phase instabilities [57]. In our case,
the presence of particles in the regular wave regime may
already distort the standing waves, since particles do not pack
in perfectly periodic configurations. This may open additional
pathways for triggering the transition to chaos that are not
present in pure liquid systems.

FIG. 3. Time series of a vibrated raft of d = 1.4 mm particles in
the standing-wave regime, A = 0.086 mm, f = 35 Hz, demonstrat-
ing that the wave frequency is half of the driving frequency. See the
corresponding video in the Supplemental Material [68].
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The following three regimes to be discussed have no coun-
terpart phenomena in a pure liquid system. If we decrease the
amplitude from that of the regular pattern-forming regime, the
particles are less agitated and pack closely with their neigh-
bors. At the lower packing fraction that was tested, φ = 0.77,
there are not enough particles to cover the entire area, leading
to a void that forms in the raft and coexists with standing
waves; see Fig. 2(f).

At the higher packing fraction, φ = 0.90, the raft behavior
is qualitatively different at lower amplitude, A ≈ 0.05 mm,
and exhibits neither standing waves nor a void. Instead, a rel-
atively uniform packing structure is observed and individual
particles vibrate with a thermal-like motion; see example in
Fig. 2(g). The packing is disordered due to the polydispersity
of the particles. As discussed later in Sec. V, particles may
be confined by their neighbors and show a subdiffusive and
glassy behavior.

At higher frequencies, f � 75 Hz, a more peculiar regime
emerges, characterized by a cavity forming in the raft, creating
a highly dense layer of particles around it with the rest of the
raft remaining relatively densely packed; see Fig. 2(h). Here
we use the term cavity to distinguish it from the void formed
at the lower density due to having an insufficient number
of particles to cover the liquid surface. Still, for φ = 0.77,
a similar phenomenon is also observed at amplitudes above
the regular pattern regime. It is labeled as cavity-forming in
Fig. 2(a), although merging this regime with the void-forming
regime can also be reasonable.

Lastly, we note that results with both high frequency
and high amplitude are not included, as water droplets and
particles may be ejected due to the high-energy input, mak-
ing the experiments unsustainable. This is indicated in gray
in Figs. 2(a) and 2(b). That said, this wave-breaking phe-
nomenon [73,74] also occurs on the free liquid surface in the
cavity-forming regime [see Fig. 10(b)]. As the observed raft
behaviors are rich, understanding how the particles influence
the formation, stability, and transitions of all the observed
regimes is a complex task beyond the scope of this work,
especially for the transient behavior in the chaotic regime.
We will focus on characterizing the steady-state behaviors of
the regular wave regime, the glassy regime, and the cavity-
forming regime.

IV. DISPERSION RELATIONS IN REGULAR
WAVE PATTERNS

In the regular wave regime, we investigate how the pres-
ence of particles influences the dispersion relation, which
links the wave’s oscillation frequency and spatial periodicity.
For inviscid and incompressible fluids, a classical dispersion
relation is

ω2 =
(

gk + γ

ρ
k3

)
tanh(kh), (1)

where ω is the angular frequency of the surface wave, k is
the wave number, g is the gravitational acceleration, and γ

is the surface tension, which is 72 mN m−1 for water. The
term tanh(kh) accounts for a finite fluid depth. The terms gk
and (γ /ρ)k3 represent the gravitational and capillary restor-
ing forces, which dominate at long and short wavelengths,

FIG. 4. (a) A time-averaged experimental image in the regu-
lar wave regime for d = 1.4 mm, f = 20 Hz, A = 0.124 mm, and
φ = 0.81. (b) The corresponding two-dimensional Fourier transform
result, indicating a wavelength of λ = 1.72 cm.

respectively. Setting these two terms equal yields the capil-
lary length, 1/k = √

γ /gρ, which is about 2.7 mm for water,
corresponding to k ≈ 370 rad m−1 and the wavelength λ =
2π/k ≈ 1.7 cm. This is on the same order of magnitude as
the wavelengths in Figs. 2 and 3, indicating that both effects
are at play.

For a particle raft, having densely packed particles may
alter both the effective surface tension and the inertia of the
interface. At high packing fractions, the particles may repel
each other when they are in contact, resulting in a reduced
surface tension, γe, which is referred to as the effective stretch-
ing modulus [30]. Moreover, as standing waves distort the
curvature of the liquid surface between particles, a bending
modulus, B, emerges as the raft resists out-of-plane deforma-
tion. The dispersion relation can then be modified as

ω2

(
1 + ρr

ρ
apk

)
= gk

(
1 + γek2

ρg
+ Bk4

ρg

)
tanh(kh), (2)

where the k5 term accounts for out-of-plane bending by treat-
ing the raft as a thin elastic sheet [75]. An additional factor
on the left-hand side is included to consider the added particle
inertia, in which ρr = ρpφ and ap = 2d/3 are the effective
density and thickness of the raft [30], respectively. As ρp � ρ

for Styrofoam particles, the added inertia is small. This for-
mulation was introduced to model waves in a particle raft
induced by a vibrating plate at the interface [30]; it may also
be applicable to our experiments.

We focused on the square-shaped wave patterns and tested
five different packing fractions φ for the smaller particles with
d = 1.4 mm. At each φ, we extracted a dispersion relation
by testing various vibration amplitudes and frequencies. In
each experiment, we performed a time average for all frames
and obtained a single image to capture the periodicity; see
Fig. 4(a). A two-dimensional Fourier transform was then ap-
plied to the image to determine the dominant wave number k,
as demonstrated in Fig. 4(b). As shown earlier in Fig. 3, the
corresponding angular frequency is ω = π f .

Our measured dispersion relations indicate that k increases
with ω following a slightly nonlinear trend, see two examples
at different packing fractions in Figs. 5(a) and 5(b). For
φ = 0.77, both Eqs. (1) and (2) can be well fitted to
the measurements, with the coefficients of determination
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Expt.

FIG. 5. Regular standing wave patterns for d = 1.4 mm. (a) Ex-
perimental result of angular frequency vs wave number (circles)
for φ = 0.77. The dashed curve represents the fitted Eq. (1), with
R2 = 0.97, and the solid curve is fit to Eq. (2), with R2 = 0.98.
(b) Experimental result (circle) for φ = 0.90, Eq. (1) (dashed curve)
with R2 = 0.95, and Eq. (2) (solid curve), with R2 = 0.99. Panels
(c) and (d) are the fitted stretching modulus γe and bending modulus
B at various packing fractions φ, respectively. Red circles are results
from linear fitting and blue squares are from nonlinear fitting to
Eq. (2). Error bars represent one standard deviation of the uncertainty
estimated from fitting residuals.

R2 > 0.95. However, for a higher packing fraction, φ = 0.90,
the modified relation, Eq. (2), better captures the nonlinearity
in the dispersion relation, indicating a stronger presence of
the bending rigidity via the Bk5 term.

We next examine the fitted stretching and bending moduli
as functions of the packing fraction; see Figs. 5(c) and 5(d).
To test the sensitivity of the results to the fitting method for
Eq. (2), we used both direct nonlinear least-squares fitting
for the relation between ω and k and an alternative linear
least-squares fitting, in which we treat the entire left-hand
side [minus gk tanh(kh)] as the dependent variable and the
two nonlinear terms associated with γe and B on the right-
hand side as independent variables, e.g., tanh (kh)k5/ρ. In our
case, the factor tanh (kh) ≈ 1, while the added inertial term
ρrapk/ρ � 1, meaning they are not influential to the result.
The two fitting methods yield similar values of γe and B,
with an anomaly for B at φ ≈ 0.81, which is likely due to
experimental noise.

The effective surface tension γe exhibits a monotonic de-
crease for higher packing fraction φ; see Fig. 5(c). This is
likely due to the particles replacing and distorting the free
liquid-air interface, while developing repulsive steric con-
tact at higher φ. The bending modulus B increases slowly
with φ at low-to-moderate φ but rises rapidly toward the
highest tested value at φ = 0.90; see Fig. 5(d). The rapid
increase occurs possibly because, as φ increases, particles

become significantly caged by their neighbors and a persis-
tent contact force network develops, including both elastic
and frictional particle contact forces, which may give rise
to additional bending rigidity. The measured dependence of
γe and B on φ qualitatively agrees with prior experimen-
tal measurements in rafts under other forms of excitations
[20,30,76]. However, given that the specific particle pack-
ing structure in our system is organized by the standing
waves, it is likely that the structure-property relation is
unique for the emerging elastic-like behavior of the vertically
vibrated raft.

V. GLASSY PARTICLE DYNAMICS IN DENSE PACKINGS

In the regime with glassy particle dynamics, no visible
standing waves exist and individual particles vibrate in cages
formed by their neighbors over short times while rearrang-
ing their packing structure over long times, resembling the
dynamics of particles in a supercooled liquid [77]. For quanti-
tative analysis, we used the larger particles with d = 2.1 mm
to conduct a series of experiments at various packing frac-
tions, φ ∈ [0.88, 0.91], using a relatively high frequency f =
65 Hz and low amplitude A = 0.052 mm, with respect to the
parameter space covered in the phase diagram [Fig. 2(b)]. The
larger particles were chosen for the higher-frequency tests to
approximate the limit when the supposed wavelength λ ≈ d ,
which may suppress wave formation and wave-induced cor-
related particle motion. To obtain particle trajectories over
time, we zoomed into a subregion of the raft and captured
images with a resolution of 864 × 860 pixels and a frame rate
of 186 Hz. A Gaussian filter was applied to the time series
position data with a window size of five frames to construct
particle trajectories.

For each packing fraction, we first calculated the particles’
mean-square displacement (MSD) over time,

MSD(τ ) = 〈|r(t + τ ) − r(t )|2〉t ,

where r(t ) is the position of a particle at a starting time t and
τ is the lag time over which the displacement is considered.
In glassy systems, particles are subdiffusive at intermediate
τ , reflecting the confinement of particles within cages. The
relation between the MSD and τ can then be characterized as

MSD ∼ τα,

with the exponent α ≈ 0 indicating a “solid” state, while α ≈
1 indicates a “liquid” state with normal diffusion.

In the most dilute case considered, φ = 0.886, the particles
have normal diffusive motion, which is made clear with the
reference line of α = 1 in the MSD plot in Fig. 6. In the
densest case considered, φ = 0.907, the behavior of the raft
is clearly subdiffusive, as α ≈ 0.5, implying that the motion
of individual particles is highly constrained by their neighbors
within our duration of observation. Thus, over a tight range of
φ, the vibrated raft exhibits qualitatively different behaviors,
with the slowdown in its dynamics resembling that of a liquid-
like particle system evolving toward its glass transition as it is
compressed or cooled.

We further consider the probability distribution of indi-
vidual particle displacements, {
rx,
ry}, over a given lag
time τ . We subtracted the mean from each distribution to
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FIG. 6. The mean-square displacement of d = 2.1 mm particles
normalized by the squared particle diameter with various packing
fractions at f = 65 Hz and A = 0.052 mm.

account for the rigid body translation in the subregion we
monitored. Figure 7 shows the displacement distributions for
three example packing fractions measured over τ = 0.33 s,
which can be well fitted to Gaussian distributions, indicating
a resemblance to thermal particle motion. This is likely a
result of the diminishing wavelength of the standing waves
and frequent particle collisions in this dense regime, leading
to each particle experiencing rather random driving forces.

Visualizations of individual particle trajectories over τ =
3 s are shown in Fig. 8 for the three example packing frac-
tions. At the highest packing fraction [Fig. 8(a)] the particles
mainly oscillate back and forth and rarely leave their ef-
fective cages. At the lowest packing fraction, all particles
exhibit diffusive trajectories and have higher mobility within
the same time period [Fig. 8(d)]. At the intermediate pack-
ing fraction [Fig. 8(c)], while there is an observable effect
from caging on particle trajectories, mobility is increased, and
some particles have nontrivial displacements with correlation
to those of their neighbors. This correlated motion is also
present at the highest packing fraction, shown in Fig. 8(b),

FIG. 7. Probability distributions of the two displacement com-
ponents over τ = 0.33 s for d = 2.1 mm particles in a raft measured
for A = 0.052 mm and f = 65 Hz at (a) φ = 0.907, (b) φ = 0.899,
and (c) φ = 0.886. Bin sizes of (a) 0.025, (b) 0.05, and (c) 0.1 were
used. A fitted Gaussian distribution is shown for each displacement
component at each packing fraction.

which shows a separate region of the system at the same time
shown in Fig. 8(a), suggesting that the dynamics are spatially
heterogeneous.

Dynamical heterogeneity is a hallmark of supercooled liq-
uids close to the glass transition [78] and confined granular
particles under slow shear near the onset of jamming [79,80],
both of which are relevant to our current system. As such
a system is compressed or experiences lower temperatures,
its dynamics slow down and become more heterogeneous
while simultaneously showing rapid growth of length and
timescales in the correlation of particle motion. This can
be quantified by the four-point susceptibility, χ4, which as-
sesses the correlation between the dynamics at any two
spatial locations over a given time interval [81]. The cal-
culation is based on measuring the overlap between two
configurations.

For a system with N particles, we first calculate the self-
overlap order parameter over a lag time τ ,

qs(τ ) = 1

N

N∑
i=1

w[|ri(τ ) − ri(0)|],

where ri is the particle position and w is chosen to be a step
function [81] such that w = 1 if the particle displacement
|ri(τ ) − ri(0)| < 0.3d and w = 0 otherwise. The susceptibil-
ity can then be calculated as

χ4(τ ) = N
(〈

q2
s

〉 − 〈qs〉2),
in which 〈·〉 again denotes averaging over all starting times.
Under this definition, a larger χ4 indicates stronger dynamical
heterogeneity.

The measured relation between χ4 and the lag time τ for
a given packing fraction is similar to that of a glassy system,
as shown in Fig. 9(a). At small τ , all particles vibrate within
their respective cages, resulting in χ4 ≈ 0, while at large τ ,
all particles have diffused, also resulting in χ4 ≈ 0. At in-
termediate τ , χ4 reaches a peak value at time τ ∗, setting a
timescale for when dynamical heterogeneity is strongest. As
the packing fraction increases, τ ∗ increases exponentially with
φ [see Fig. 9(b)], indicating rapid slowdown in the dynamics
to develop correlated motion.

While the growth of τ ∗ fits the classical description of
dynamical heterogeneity for glassy systems, the peak value of
χ4 varies nonmonotonically with φ, as seen in Fig. 9(a), which
may reflect two unique features in our vibrated raft. First, as φ

increases, the standing waves further diminish due to the more
frequent particle collisions and the increased out-of-plane
bending rigidity as seen in Fig. 5(d). The disappearance of the
waves decorrelates the motion of nearby particles and thus de-
creases the dynamical heterogeneity. Second, at the vertically
vibrated interface, a highly confined particle can move slightly
out-of-plane, which may discourage the formation of strong
contact force networks and thus decorrelate the motion of
nearby particles. This makes the effective interaction potential
between particles softer and the raft more compressible. These
two mechanisms may compete with the traditional role of
density in the dynamical heterogeneity.
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FIG. 8. Particle trajectories for d = 2.1 mm particles over τ=3 s, measured for A = 0.052 mm and f = 65 Hz in (a) and (b) φ = 0.907, (c)
φ = 0.899, and (d) φ = 0.886. While certain regions in the φ = 0.907 case exhibit lower mobility, particles oscillating within effective cages
imposed by surrounding particles as shown in (a), other regions in the same system over the same observation exhibit collective rearrangement,
as shown in (b). For each case, see the corresponding video in the Supplemental Material [68].

VI. CAVITY FORMATION IN PARTICLE
RAFTS UNDER HIGH-FREQUENCY AND

HIGH-AMPLITUDE VIBRATIONS

Starting from the glassy regime in the frequency range f ∈
[75, 95] Hz, we reach the cavity-forming regime by increasing

FIG. 9. (a) The four-point susceptibility χ4 vs lag time τ mea-
sured for three example packing fractions. (b) Dependence of the
dynamical timescale τ ∗ on the packing fraction φ. The inset in
(b) shows the behavior of the peak value χ∗

4 with increasing φ.

the vibration amplitude to a critical value A∗, at which a cavity
nucleates and rapidly expands within a few seconds, before
reaching a steady size and shape. The size of a cavity is
represented by a diameter L of an equivalent circle with the
same area, which is at least one order of magnitude larger than
the particle diameter; see high-speed images in Figs. 10(a)
and 10(b). Free-surface waves are observed inside the cavity,
suggesting less damping there due to the lack of particles.

As the observed cavity is stable, the closing pressure from
the surrounding dense raft should be balanced by a mechanism
that drives particles outward. While individual particles occa-
sionally reenter the cavity, as seen in the upper right region of
Fig. 10(a), they quickly drift back to the surrounding dense
region. Thus, the cavity’s size is stable due to the balance
between this drifting effect and the closing pressure of the
surrounding raft.

The outward drifting motion of the particles is likely re-
lated to the particle-wave interaction. In our experiments, the
Styrofoam particles tend to migrate away from liquid surfaces
that experience intense vertical oscillations, i.e., the antinodes
of the free-surface waves inside the cavity. Due to this effect,
a particle in the cavity may hop between the nodes of the
free-surface waves and eventually end up “trapped” by the
surrounding raft, which does not have standing waves.

FIG. 10. Snapshots of the cavity and its surroundings, viewed
from (a) an inclined perspective and (b) a side perspective. See
corresponding videos in the Supplemental Material [68].
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FIG. 11. Cavity formation for the d = 1.4 mm particles at pack-
ing fraction φ = 0.90. (a) A time-averaged experimental image for
d = 1.4 mm, φ = 0.90, f = 90 Hz, and A = 0.029 mm, with the
cavity identified. (b) Critical amplitude vs frequency. The inset shows
the critical acceleration vs frequency. (c) Critical cavity size vs fre-
quency. (d) Critical cavity size vs the characteristic energy. The black
circles are experimental measurements and the dashed line is a linear
fit L∗/d = 7.9 × 104E∗ − 54.1.

Following this argument, a difference can be noticed be-
tween the cavitation regime and the regular wave regime.
While particles also move away from the antinodes of the
standing waves at lower frequencies in Fig. 3 and Figs. 2(c)–
2(e), the wavelengths of those waves are so large that particles
never evacuate a region spanning a full wavelength to allow
a cavity with at least one free-surface wave to develop. As
cavitation occurs at higher frequencies where the supposed
wavelength is smaller, the physics may be different.

To understand the frequency dependence of the cavitation,
we performed experiments using the smaller particles with
d = 1.4 mm at various frequencies f . For each f , we gradu-
ally increased the vibration amplitude from the lower end until
reaching the critical amplitude A∗, and the result in Fig. 11(b)
shows a lower A∗ for higher f .

Given this, we speculate that the role of the amplitude in
cavitation should be to induce large fluctuations in the local
packing density so that a cavity with free-surface waves can
nucleate. For A < A∗, the sizes of the fluctuating voids in
between particles in the dense packing are smaller than the
wavelength of a free-surface wave, and those voids do not
expand. When A = A∗, it is then possible that the size of a
fluctuating void exceeds the wavelength of the free-surface
wave, allowing the void to grow into a cavity that contains
free-surface waves. As the wavelength is shorter for higher
frequency, the required amplitude is smaller, hence the obser-
vation in Fig. 11(b).

As for the characteristics of the cavity, its stabilized size L∗
at the critical amplitude generally decreases with the vibration

frequency, as shown in Fig. 11(c). As the kinetic energy of
the container is proportional to A2 f 2, we examine the rela-
tion between L∗/d and a characteristic critical energy, E∗ =
A∗2 f 2/(gd ). The result in Fig. 11(d) shows an approximately
linear trend between L∗/d and E∗, with a cutoff value around
E∗ = 7 × 10−4, which may correspond to a high-frequency
value at which surface waves always exist in the small voids
dispersed in a disordered particle packing. Increasing the
frequency beyond our range of interest will result in the for-
mation of multiple cavities that are less well-defined and have
smaller areas approximately equal to those of a few particles,
while still containing surface waves or small ripples. As noted
earlier, further increasing the amplitude beyond A∗ will result
in the cavity expanding further, and water droplets may be
ejected [similar to Fig. 10(b)].

Lastly, we point out that a small increasing trend in the
critical cavity size L∗ exists as f approaches 85 Hz, which
can be seen in Fig. 11(c). This specific frequency coincides
with the frequency at which the critical vibration acceleration,
a∗ = 4π2 f 2A∗, is largest; see the inset of Fig. 11(b). This non-
monotonic behavior likely indicates a change in the physics of
the raft around the cavity. For f < 85 Hz, the cavity assumes
an irregular shape that changes slightly over time, especially
at smaller packing fractions. In contrast, for f � 85 Hz, the
cavity maintains a circular and stable shape, as in Fig. 11(a)
for f = 90 Hz. In particular, Fig. 11(a) is a time-averaged
image, showing that particles at the perimeter of the cavity
have large fluctuations in their positions as the image is blurry.
Beyond the cavity’s perimeter, particles that are driven out-
ward can stack upon one another, forming a “brighter ring”
in the image, corresponding to a 2D local packing fraction
around 0.95, measured from the stacked particles’ projection.
For particles located approximately ten layers further away
from the cavity, the corresponding image is not blurry, as
particles and the dispersed small voids appear distinctly, indi-
cating a strong caging effect. This means the circular-shaped
cavitation occurs against elastic-like resistance from the raft
in a glassy state, whereas the irregular-shaped cavity expands
under little resistance from the raft in a liquid-like state.

VII. CONCLUSION AND OUTLOOK

Our work demonstrates that particle packing fraction, vi-
bration frequency, and amplitude serve as important control
parameters for the dynamic behavior of vertically vibrated
granular rafts. By systematically tuning these parameters,
we map out a phase diagram of five regimes spanning
from classical Faraday wave-dominated behaviors to particle
dynamics-dominated behaviors such as glassy particle dy-
namics and cavitation. Their occurrence and transitions are
governed by the interplay of the hydrodynamics of vibrated
liquid interfaces, capillary effects, and the dissipative particle
interactions, which at higher packing densities involve elastic-
like mechanical response and glassy particle dynamics.

Beyond the parameters we varied, we expect the surface
tension, contact angle, and particle and liquid densities to also
be important for the behavior of a dense granular raft under
vibration. These factors, along with particle size, determine
the vertical position of particles with respect to the interface
and how nearby particles collectively distort the liquid-air
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interface [11]; we note that the surface tension and liquid
density, along with several other parameters (e.g., liquid depth
and gravitational acceleration), determine the dynamics of a
vibrated pure liquid system [45]. In our current setting, the
contact angle for the Styrofoam particles lies at the threshold
between wetting and nonwetting, the density of the particles
is much smaller than that of water, and the particle size
is comparable to the capillary length. Future studies could
manipulate these parameters to probe the roles of the respec-
tive effects in the vibration-induced dynamics and in the raft
properties. For example, with decreased contact angle and
increased particle density, particles may be more submerged
in the liquid and induce larger distortions to the interface,
possibly resulting in more damped particle dynamics, more
added inertia to the interface, and increased bending rigidity
of the raft. Understanding these effects will have important
implications for the creation of dynamically responsive and
configurable particle systems.

Apart from the interfacial fluid-mechanical aspect, the
vertically vibrated raft can be a model particle system
for understanding out-of-equilibrium physics, such as the
glass transition, the deformation of amorphous solids at
finite (effective) temperatures, and the dynamics of poly-
crystals if monodisperse particles are used. Different from
the commonly considered interaction potentials such as the

Lennard-Jones and hard-sphere potentials, the interactions
between particles at vibrated interfaces are complex, with a
many-body nature that arises from the capillary and hydrody-
namic effects. As mentioned above, such interactions can be
controlled by manipulating the particle and liquid properties
[11], and additional wave-driven particle dynamics can be
introduced via manipulating particle shapes [34–36]. Being
able to experimentally control these complex particle-scale
features and introduce dynamical excitations can be important
in extending our fundamental understanding of the dynamics
and properties of dense particle assemblies from idealized to
real-world systems.
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