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ABSTRACT

An improved understanding of the rupture dynamics for liquid marbles is essential for their application in sensors, miniaturized reactions,
biomedical scaffolds, the synthesis of functional materials, and others. This work suggests that a compressed liquid marble always ruptures at
the edge of the contact area between the marble and a substrate. The rupture dynamics of a compressed marble is visualized with a particle-
level resolution using a marble coated with monodispersed microparticles. High-speed photography indicates that the particle density
decreases significantly from the center to the edge, and the sparse particle layer at the edge initiates rupturing. Such a particle density distri-
bution is well depicted with our proposed model, which predicts the theoretical values that agree well with the experimental results. This
study generalizes the understanding for the rupture dynamics of particle-stabilized droplets and is beneficial to any applications that involve
the rupture or coalescence of liquid marbles as well as Pickering emulsions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108999

Particles can be irreversibly adsorbed onto liquid interfaces to
serve as effective additives for droplet stability.1 This strategy is ubiqui-
tous with examples that include rain droplets coated by sand grains
in nature,2 crude oil droplets stabilized by clay particles in industrial
processes,3 and fat globule-stabilized ice cream foams in foods.4

Deliberately coating a droplet with nonwetting particles forms a
“liquid marble” which has a nearly 180� contact angle with the sub-
strate.5,6 As the contact line between the liquid and the substrate is
eliminated due to the coating particles, liquid marbles represent a
competitive alternative to superhydrophobic surfaces, which normally
involve sophisticated surface modifications.7,8 These are advantageous
when handling microliter liquids without loss or contamination and
have been applied in numerous applications, including miniaturized
reactions,9–11 biomedical scaffolds,12,13 sensors,14,15 and the synthesis
of functional materials.16,17 However, these particle-armored drops
can only sustain mechanical pressures that range from tens to hun-
dreds of Pascal and can easily rupture under mechanical shock or
compression.18,19 Unlike Pickering emulsions, which are droplets that
are stabilized by particles dispersed in another immiscible phase, the
rupture process of liquid marbles does not involve particle migration
from the outer phase to the droplet surface.1 Therefore, their different
rupture mechanism needs further clarification.

At small deformations, the spring constant or the effective surface
tension of a liquid marble can be analyzed using its stress–strain rela-
tionship.20–26 For instance, a squeezed liquid marble exhibits elastic

properties with a reversible deformation that is as high as 30%.24 Such
elastic properties can be interpreted using a model based on the
growth of the marble surface area considering the conservation of the
marble volume.25,26 The stress–strain relationship of the squeezed liq-
uid marble can be further quantified using an expression that consid-
ers its Bond number.23 In addition, the effective surface tension of a
liquid marble can be achieved from its deformed state and has been
found to be different from that of a pure liquid core.26 Recently, using
controllable nanoparticle monolayers, the effective surface tension of a
marble was found to only reflect its macroscopic properties rather
than interparticle forces.20,21,27,28 Under a large mechanical pressure
or shock, the deformation of liquid marbles is irreversible and there
exists a critical pressure that causes the marble to rupture. Extensive
studies have elucidated various contributing factors that affect the sta-
bility of liquid marbles, including the properties of the coating par-
ticles,18,29 the interior liquid,30 the contact angle,31 and the volume of
marble.22

The prevailing explanation for rupture in the two methods is rel-
atively simple. The surface area of a marble increases as it is flattened
under compression due to squeezing or impacting. At a critical com-
pression, the coating particles become sufficiently sparse, and so the
interior liquid inevitably comes into contact with the substrate, result-
ing in the marble rupture.7 However, this interpretation does not illus-
trate the locational details or dynamics of the coating particles during
rupture. Thus, the initiation of the liquid marble rupture remains
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unknown. These missing pieces of information could be important for
better understanding the stability of particle-armored droplets or
bubbles.

In this work, we focus on the rupture dynamics of a compressed
liquid marble and find that the rupture always occurs at the edge of
the contact area between the marble and a substrate. We visualize the
edge-rupture phenomenon using liquid marbles coated with monodis-
persed microparticles where the particle density significantly decreases
from the center to the edge. When the edge is barely coated with par-
ticles, the interior liquid wets the substrate and triggers a rupture. We
further attribute such a particle distribution to the friction between the
particles and the substrate, which inhibits the movement of particles,
and propose a model to predict the particle density distribution at the
contact surface. Our theoretical predictions are consistent with the
experimental results, which provide insight into the rupture dynamics
of liquid marbles and can be potentially extended to better understand
the robustness of other systems involving particulate stabilizers.

To create the liquid marbles, we deposit 3lL (unless otherwise
noted) of de-ionized water droplets on a substrate covered with the
stabilizing particles. The particles include two sizes of polytetrafluoro-
ethylene (PTFE) (average particle size a¼ 1lm and 35lm; Sigma-
Aldrich, USA), uniform silica particles (particle size a¼ 6lm;
Tospearl 2000B�, Momentive Performance Material Inc., Japan),
fumed silica particles (primary particle size a¼ 7nm; Aerosil R812,
Evonik, Germany), or polystyrene particles (particle size a¼ 50, 75,
100, 150lm; NanoMicro Tech. Inc., China). After rolling off the drop-
lets on the particle layers several times, the stabilizing particles are irre-
versibly adsorbed on the droplet surface to form the liquid marbles.
We carefully transport the formed liquid marble onto the bottom glass
substrate of a custom-built compression platform, as shown schemati-
cally in Fig. 1(a). On top of the marble, a second glass substrate is con-
trolled using a step motor that slowly moves downwards at a speed of
v¼ 50lm/s. As the top substrate approaches, the liquid marble is
compressed and becomes flattened until rupture. At the same time,
the morphology of the marble and the particle distributions are cap-
tured using high-speed cameras (Phantom v9.1) from both the top
and side views.

The liquid marbles stabilized with different particles are com-
pressed using the custom-built device shown schematically in Fig.
1(a). Before each compression, the liquid marble remains largely
spherical, as shown in Fig. 1(c). When the liquid marble is com-
pressed, it becomes flattened, and the contact area between the marble
surface and the substrate gradually extends [t¼ 0–7.5 s, Fig. 1(b)]. The
compressed liquid marble develops a disk shape relative to the sub-
strate, which is nonwetting, as shown from the side view in Fig. 1(c).
At a critical extension of the liquid marble, the liquid core rapidly wets

the substrate at one of the pores [red circle, t¼ 7.5 s, Fig. 1(b)] and
causes the marble to rupture [t¼ 7.6 s, Fig. 1(b)].6,19 The Reynolds
number of the liquid marble is Re � qVR0=g� 1,32 where q, V, R0,
and g are the density, characteristic velocity, initial droplet radius, and
viscosity, respectively. This suggests that the hydrodynamics are driven
by inertial force. Therefore, we estimate the inertial characteristic time
of the liquid marble to be tc ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
qR3

0=c
p

, where c is the effective sur-
face tension.33 Considering that tc is much shorter than the time of the
compression process, the marble compression can be treated as
quasistatic.

Interestingly, we find that the rupture always initiates at a loca-
tion close to the edge of the contact area. To quantitatively demon-
strate this, we characterize the location where the rupture initiates and
illustrate it with a polar plot (Fig. 2). For each location, the data of the
normalized radius are represented as R� ¼Rpore/Rmax, where Rpore is
the distance from the marble center to the pore where the rupture ini-
tiates and Rmax denotes the maximum radius of the flatted marble, as
shown in Fig. 1(b). The reported angle of the data refers to the original
angle of the pore in the contact area. We systematically characterize
the regions where rupture occurs by testing water marbles with differ-
ent radii R0 (circle: 0.9mm; triangle: 1.3mm; and square: 1.6mm) and
stabilizing particle types (red: PTFE particles with a¼ 35lm; blue:
PTFE particles with a¼ 1lm; green: silica particles with a¼ 6lm;

FIG. 1. (a) Schematic of the experimental
setup. Images from (b) top view and (c)
side view demonstrate the liquid marble
under gradual compression until rupture.
The red circle indicates the pore where
rupture initiates. The compressed marble
is water (R0¼ 0.9 mm) stabilized with
PTFE (a¼ 35 lm) particles. The scale
bars are 1mm.

FIG. 2. Polar plot demonstrating the rupture locations of the compressed marbles
with different initial sizes R0 (circle: 0.9 mm; triangle: 1.3 mm; and square: 1.6 mm)
and coated using different particles (red dots: PTFE particles with a¼ 35lm; blue
dots: PTFE particles with a¼ 1lm; green dots: silica particles with a¼ 6lm; and
yellow dots: fumed silica particles with a¼ 7 nm). The data for the radius are nor-
malized by Rpore/Rmax. The reported angles refer to the original angles of the pores
where the rupture initiates.
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and yellow: fumed silica particles with a¼ 7nm). All the tested results
verify our previous observations that the rupture of a compressed liq-
uid marble indeed initiates at locations close to the edge with R� rang-
ing from 0.8 to 1, as shown in Fig. 2.

The prevailing reasoning reveals that the rupture of the com-
pressed marble is a simple process. The marble becomes flattened due
to compression, and its surface area increases significantly. This
reduces the density of coating particles and induces a rupture when
the particle layer can no longer sustain the compression. However, this
interpretation does not illustrate the dynamic details of the rupture
and cannot address the underlying question of how the rupture ini-
tiates at the edge. To understand this, the relationship between the
local particle distribution and the global rupture dynamics needs fur-
ther clarification. Therefore, we use microscale polystyrene particles to
stabilize the liquid marble. Such polystyrene particles have diameters
of 100lm with a polydispersity of 3%, enabling the visualization of
the rupture dynamics at the particle-level resolution under a micro-
scope. Interestingly, this direct observation suggests that the particle
density decreases from the center to the edge during the compression,
as shown in Fig. 3 (from t¼ 0 to 7.75 s). At a critical extension of the
liquid marble, the liquid core rapidly wets the substrate at the edge
covered with the sparse particles and a rupture occurs (t¼ 7.75 and
7.9 s, Fig. 3).

To further quantify our observations, we analyze the micrographs
of the compressed marble and characterize the particle density along
the radius x of the contact area using the normalized particle density
of rx/r0, where rx is the particle density at a radius x and r0 is the ini-
tial particle density [Fig. 4(a)]. We count the number of particles N on
an annulus with inner and outer radii of x � dx/2 and x þ dx/2,
respectively [Fig. 4(a)]. This is then quantified by rx as

rx ¼
N

pxdx
: (1)

We systematically compress the liquid marbles stabilized with
50lm (red triangles), 75lm (green circle), and 100lm (blue squares)
polystyrene particles and characterize their corresponding particle dis-
tributions across the contact area. The results indicate that the normal-
ized particle density rx/r0 indeed decreases as the normalized radius
x/R0 increases, as shown in Fig. 4(b). These results also confirm that
the gradually compressed liquid marble has a decreased particle den-
sity at the contact area from the center to the edge. Eventually, the
marble rupture initiates at the edge R of the contact area with the
loosely packed particles.

One essential question that remains unclear is how the par-
ticles distribute loosely at the edges. We propose a model based on
the extension of the marbles to elucidate this. Upon compression,
the liquid marble adopts a disklike shape that consists of three sur-
faces. Two surfaces Scont come into contact with the top substrate
and bottom substrate, and the third surface Sfree is between the first
two and encircles the disk-shaped marble, as shown schematically
in Fig. 4(a). At the center, the particle density should be equal to
the initial particle density r0. At the same time, the particles at Sfree
are evenly distributed with the same density as those at the edge R
of the contact surface rR. Due to the friction between the particles
and the substrates, the particle movement is inhibited once they are
pinned at the contact areas of the substrates. As the particles are
irreversibly adsorbed onto the droplet, they should be conserved at
any state of compression, which gives

FIG. 3. Top view of micrographs demon-
strating the rupture dynamics of the gradu-
ally compressed marbles. The red circle
indicates the pore where the rupture ini-
tiates. The compressed marble has a
radius R0 of 0.9 mm and is stabilized with
100lm polystyrene particles. The scale
bar is 1 mm.

FIG. 4. (a) Schematic of the compressed liquid marble. (b) Normalized particle den-
sity rx/r0 distribution along the normalized radius x/R0 of the contact area. The
tested liquid water marbles have a radius of R0¼ 0.9 mm and are stabilized using
monodispersed polystyrene particles with different sized a: 75 lm (triangle dots),
100lm (circle dots), and 150 lm (square dots).
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SrR þ 2
ðR
0
2rxpxdx ¼ 4pR2

0r0; (2)

where R0 is the initial radius of the liquid marble and S is the surface
area of the free surface. The first and second terms on the left-hand
side of Eq. (2) represent the number of particles on the free surface S
and the contact areas, respectively. The right-hand side of Eq. (2)
refers to the particles on the marble surface at the initial state before
compression. Taking the derivative of Eq. (2) with respect to R gives

ð4pRþ S0ÞrR þ Sr0R ¼ 0: (3)

Solving Eq. (3) and satisfying the boundary condition of rR¼ r0 at
R¼ 0, we arrive at the expression for rR as

rR ¼ r0e
Ð R
0

4pRþS0
S dx

: (4)

To solve rR, we need to know the free surface area S as a function of R.
Considering that the liquid marble has a nearly 180� contact angle
with the substrate, we can estimate S as

S ¼
ðp

0
2pðRþ h sin hÞhdh; (5)

where 2h indicates the height of the squeezed marble. Moreover, we
can build the relation of h and R considering the conservation of the
marble volume as

4p
3
R3
0 ¼ 2pR2hþ

ðp

0
pðRþ h sin hÞ2h sin hdh: (6)

The left-hand side of Eq. (6) represents the initial volume of the mar-
ble, while the right-hand side includes the volume of the column with
a radius of R and height of h, as well as the volume that encircles it.
Combining Eqs. (4)–(6) and inputting R0¼ 0.9mm, we numerically
solve for the distribution of the dimensionless particle density rR/r0.
As R gradually increases during compression, it is reasonable to
assume that the particles that are already pinned at Scont do not move
due to the friction between the surface and the substrate. Thus, the
particle density rR also represents the particle distribution rx along the
radius x of the contact area. We plot the theoretical prediction of rx as
the blue line in Fig. 4(b), which shows good agreement with the experi-
mental data. This verifies our model as a predictor of the particle dis-
tribution at the contact area of the compressed marble.

In conclusion, we have found and detailed the mechanism that
the compressed liquid marble always ruptures at the edge. Using liquid
marbles stabilized with monodispersed microparticles, we visualize the
particle distribution at the contact area between the compressed mar-
ble and the substrate. Further quantitative measurements suggest that
the particle density significantly decreases from the center to the edge
when the marble is gradually compressed. Consequently, the marble
ruptures at the edge where the surface is more loosely packed with par-
ticles. In addition, we propose an analytical model to explain the distri-
bution of the particles, which agrees well with the experimental results.
Our work extends the understanding of the rupture dynamics for liq-
uid marbles and could inspire future studies on coalescence involving
particle-stabilized droplets.
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