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Hypothesis: The coalescence of bare droplets when surface tension dominates always results in one larger
spherical droplet. In contrast, droplets coated with particles may be stabilized into non-spherical struc-
tures after arrested coalescence, which can be achieved by different approaches, such as changing the
particle surface coverage. The size of particles coating the initial liquid marbles can be used to control
the coalescence dynamics and the resulting morphology of arrested droplets.
Experiment: We characterized the electrocoalescence of liquid marbles coated with particles ranging
from hundred nanometers to hundred micrometers. The electrocoalescence was recorded using high-
speed imaging.
Findings: When the electrocoalescence initiates, particles jam and halt the relaxation of the marbles at
different stages, resulting in four possible final morphologies that are characterized using the Gaussian
curvature at the neck region. The four regimes are total coalescence, arrested puddle coalescence,
arrested saddle coalescence, and non-coalescence. The coalescence is initiated at the center of the contact
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zone, independent of the particle size. Small particles show little resistance to the coalescence, while
marbles coated by large particles demonstrate a viscous-like behavior, indicated by the growth of the liq-
uid bridge and the damping. The present study provides guidelines for applications that involve the for-
mulation of liquid marbles with complex morphologies.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Coalescence is the process by which two or more sub-entities
merge after contact to form one larger entity [1]. The length scale
of this process covers a wide range, from the coalescence of micro-
and milli-sized droplets and bubbles [2] to the formation of
kilometer-sized planets and stars [3,4]. The coalescence dynamics
of droplets is involved in many industrial applications, such as
inkjet printing and foam stability [5,6]. The initiation of the coales-
cence between two liquid droplets put in contact at a negligible
relative velocity first occurs through the formation of a liquid
bridge. The coalesced droplet then oscillates before stabilizing into
a larger spherical shape. Different physical quantities, such as the
viscosity, can affect the intermediate behavior of the coalescence
[7,8]. Nevertheless, in systems dominated by surface tension other
than elastic force, coalesced droplets always stabilize into a spher-
ical equilibrium state [9]. However, non-spherical systems, from
cellular organelles [10] to bubbles in whipped cream, abound in
daily lives. Many of these anisotropic microstructures are derived
from the coalescence of smaller constituents. The ability to coa-
lesce and stabilize liquids with a prescribed shape leads to new
insights into pharmaceutical formulations and food processes
[11–13]. However, the coalescence of bare non-viscoelastic dro-
plets can hardly achieve this goal, and methods to control the
shape of droplets obtained from coalescence remain poorly
explored.

A method to generate non-spherical droplets relies on the inter-
facial jamming of particles that stabilize the droplets [14,15]. Par-
ticles at interfaces have been studied for their ability to stabilize
non-equilibrium fluid structures, for instance, during the fusion
of bubbles [16,17] and the preparation of bicontinuous interfacially
jammed emulsion gels (‘bijels’) [18,19]. The stabilization can be
achieved using different approaches. In the Pickering emulsions
system [20], non-spherical emulsion droplets can be obtained by
manipulating the surface coverage of particles [21,22]. Liquid-
liquid interfaces coated with micron-sized particles [23,24] and
non-spherical armored bubbles [25,26] have been widely studied.
However, the effects of the particle size on the coalescence dynam-
ics and the resulting final shape of armored droplets remain
elusive.

To address this question, we consider liquid marbles, which are
liquid droplets stabilized by hydrophobic particles in a gaseous
environment. Liquid marbles are a convenient system to study as
they are easy to prepare [27,28]. A DC electric field is applied to
drive the coalescence until the resulting marble stabilizes to a final
shape. Once the coalescence is initiated, the larger the size of the
coating particles, the earlier the coalescence is arrested. The degree
of arrest is quantified by the Gaussian curvature at the neck bridg-
ing the two liquid marbles. The final morphology is categorized
into four distinct regimes: (i) total coalescence, (ii) arrested puddle
coalescence, (iii) arrested saddle coalescence, and (iv) non-
coalescence, respectively. The coalescence dynamics of liquid
marbles coated with particles of different sizes is recorded using
high-speed imaging. The coalescence is initiated at a single patch
close to the center of the contact region, regardless of the size of
the stabilizing particles. However, the coalescence dynamics then
depends on the particle size. The differences can be observed
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during the growth of the liquid bridge at short-timescale (�2
ms) and during the subsequent long-timescale oscillations of the
liquid marble (�20–200 ms). To the best of our knowledge, this
is the first time that the growth of the liquid bridge between
armored droplets is measured and quantified. In the regimes of
total coalescence and arrested puddle coalescence, the growth of
the liquid bridge follows a square root relation with time, similar
to what is observed for bare liquid droplets [29]. The growth of
the liquid bridge in the arrested saddle regime shifts from a square
root to a linear evolution with time. Such a linear scaling law is also
observed for the coalescence of bare droplets with large viscosity
where the viscous force is dominant [7]. The subsequent oscilla-
tions in the arrested coalescence regimes experience a critical
damping, different from the under-damping observed in the total
coalescence regime. Different damping models based on the damp-
ing ratios are considered to rationalize our observations. The
growth of the liquid bridges and the damped oscillations demon-
strate that the arrested coalescence can stabilize at a faster rate.
The heavily damped behavior of liquid marbles during arrested
coalescence also exhibits a viscous-like behavior. The present
investigation offers new insight for applications involving liquid
marbles and other stabilized emulsion droplets by providing
guidelines to coalesce and arrest liquids with a prescribed shape.
2. Materials and methods

2.1. Materials

In previous studies, particles made up of a wide variety of mate-
rials and shapes have been used to prepare the liquid marbles.
Common materials include silica [27], lycopodium [27], polyte-
trafluoroethylene (PTFE) [30], and silicone resins [31]. The liquid
marbles can be formed using particles of different shapes, includ-
ing cubes [32], plates [33], and sheets [34]. In the present study,
liquid marbles have been prepared using particles and powders
of different materials, sizes, and shapes. The wettability, composi-
tion, and morphology of the particles were expected to affect their
interfacial behavior. For instance, for liquid marbles formed using
the electrostatic method, an increase in the conductivity of parti-
cles permits lower particle size transfer and successful liquid mar-
ble preparation [35]. Nevertheless, we used the regular rolling
method rather than electrostatic methods to prepare liquid mar-
bles so that differences in electrical properties of the particles
would not affect the preparation of the liquid marbles. Moreover,
we selected particles with properties as similar as possible so that
the large difference in size between the particles would be the
main parameter changed between experiments. The nanoparticles
used in this study included fumed silica nanoparticles treated with
dichlorodimethylsilane (DCDMS) (Aerosil R972 and R974, with pri-
mary particle size 16 and 12 nm, and particle-water contact angle
of 117� and 105�, respectively, Evonik, Germany) and with hexam-
ethyldisilazane (HMDS) (Aerosil R812, primary diameter of 7 nm,
particle-water contact angle of 118�, Evonik, Germany). Silicone
resin particles of diameter 2.0 mm, 4.5 mm, and 6.0 mm were pur-
chased from Momentive Performance Material Inc., Japan, all with
a particle-water contact angle of 91�. Other particles also included
silicone particles (diameter of 3.5 mm, 5.0 mm, 12 mm, and 20 mm, all
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with a contact angle of 120�, NanoMicro Tech. Inc., China), silica
particles (diameter of 10 mm, Nanjing Gen-Shine Tech. Inc., China),
and polystyrene particles (diameter of 50 mm and 100 mm, contact
angle of 95�, NanoMicro Tech. Inc., China). Powders used in this
project included 1 mm polytetrafluoroethylene (PTFE) grains
(particle-water contact angle of 110�, Sigma-Aldrich, USA), lycopo-
dium powder (diameter of 35 mm, Sigma-Aldrich, USA) and fluori-
nated graphene nanoplates (lateral size of 0.2–3 mm, thickness of
3–10 nm, Ashine Tech. Inc., China). SEM and TEM images of repre-
sentative particles are shown in Table S1, where most microparti-
cles show spherical shapes, while nanosized particles are non-
spherical. A zetasizer (Malvern Pro) was applied to measure the
equivalent size of nanoparticles. The average size for fumed silica
nanoparticles (R812) and graphene nanoplates are 0.27 lm ± 0.0
1 lm and 1.36 lm ± 0.13 lm, respectively (Fig. S1). Deionized
(DI) water was collected from Direct-Q (Merck Millipore) and
was used as the liquid phase for all the experiments unless other-
wise noted. For experiments where a viscous liquid phase was
used, glycerol purchased from Sigma-Aldrich (�99.5%) was used
to increase the viscosity. Poly(dimethylsiloxane) (PDMS) and the
curing agent were purchased from Dow Corning, USA. The dielec-
tric layer was prepared by mixing PDMS and curing agent at a
weight ratio of 10:1; the mixture was then poured gently on a
cleaned glass slide followed by spin coating (WS-650MZ-23NPPB,
Laurell). The thickness of the dielectric layer was measured by a
profilometer (DektakXT, Bruker).

2.2. Preparation of liquid marbles

The volume of the droplet phase was controlled by a micropip-
ette (Rainin Pipet-Lite XLS, 2–20 mL). Liquid marbles were prepared
by first dispensing the targeted volume of liquid onto a plastic cell
culture dish (LabServ, 35 mm � 12 mm) covered with particles.
Then the dish was gently vibrated to allow particles to cover
entirely the air–liquid interface. After that, two plastic spoons were
used to gently move the liquid marbles from the particle bed to the
experimental setup. During the process, spoons were also gently
twisted manually to allow the liquid marble to move back and
forth, removing excess particles assembled at the liquid–air
interface.

2.3. Experimental setup

Two custom-made experimental setups were used in this pro-
ject. The main setup consisted of a lifting platform, a light-
emitting diode (LED) light source, a high-voltage supply (Tianjin
Dongwen, China), a high-speed camera (Photron Fastcam SA3)
equipped with a Nikon AF Micro 60MM F/2.8D lens, a digital cam-
era, a printed circuit board (PCB) with embedded electrodes and a
computer for monitoring. The PCB was fixed on the lifting platform,
with the high-voltage supply connected to two adjacent embedded
electrodes on the PCB. A dielectric PDMS layer was placed on top of
the electrodes, and the LED light source was fixed on the lifting
platform. The high-speed camera and the digital camera were used
to record the lateral side view and top view of the coalescence pro-
cess, respectively. A schematic of the experimental setup is shown
in Fig. 1a. All images and videos recorded were processed using
ImageJ (National Institutes of Health, USA). Another customized
setup was used to visualize the dynamics at the contact region of
one liquid marble when the coalescence is initiated (see schematic
in Fig. S2). Similar to the setup above, the PCB board was fixed on
the lifting platform but only one embedded electrode was soldered
and connected to the ground of the high-voltage supply. An indium
tin oxide (ITO) glass slide was glued and fixed next to the electrode,
perpendicularly to the PCB board, and connected to the positive
pole of the voltage supply. The high-speed camera was placed next
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to the lifting platform, focusing on the conductive surface of the
ITO glass where the liquid marble would make contact. The
dynamics at the contact region of the marble with the ITO glass
was then recorded and later processed using ImageJ.

2.4. Electrostatics-driven coalescence of liquid marbles

After preparation, two liquid marbles were moved onto the
electrodes leaving a narrow gap between them before applying
the voltage. The narrow gap was much smaller than the size of
the marbles, as shown in the supplementary videos, and did not
influence the final arrested shape. The voltage was applied to the
two embedded electrodes by connecting the high DC voltage sup-
ply to two metal wires soldered at the back of the PCB and was
gradually increased manually. The electrostatic force moved the
marbles in contact with each other, and a sufficient voltage applied
to the electrodes triggered the coalescence [31]. The side-view
morphology was sampled at 3600 frames per second (fps) unless
stated otherwise, and the top-view was recorded by the digital
camera at 60 fps. All experiments were conducted at room temper-
ature of 20 �C and relative humidity of 50%.

2.5. Characteristics of interfacial properties of liquid marbles

The interfacial properties of the liquid marbles were measured
experimentally. The effective surface tensions of liquid marbles
coated with particles of different sizes were obtained using the
puddle height method [36]. The corresponding effective surface
tensions were comparable, with values varying between 59.4 and
66.9 mN/m (Fig. S3). In addition, the number density of liquid mar-
bles, which was defined as the number of particles per unit area,
was measured experimentally and estimated theoretically [37]
(Table S2). The predicted number density decreases from
1:59� 107 mm�2 to 4:63� 102 mm�2 with the increment of parti-
cle size from 0.27 lm to 50 lm. Experimental data showed that
liquid marbles stabilized by smaller particles had larger particle
densities, which agreed in tendency with the number density pre-
dicted by models.

3. Results and discussion

3.1. Arrested coalescence of liquid marble triggered by electrostatics

The coalescence of two liquid droplets placed on a super-
hydrophobic substrate results in a spherical droplet of larger vol-
ume since the surface tension minimizes the interfacial energy of
the system [38]. However, when particle stabilizers are introduced
so that the droplets form liquid marbles, the surface-tension-
dominated coalescence can result in arrested structures.

The stability of liquid marbles strongly depends on the compact
particle layer at the air/liquid interface resulting from the particle
interactions. The size of the particles used in this study varies from
hundreds of nanometers (average size 270 nm) to hundreds of
micrometers (�100 lm). Therefore, the interactions among the dif-
ferent particles differ. The van der Waals force is a short-range
attraction [39,40] and dominates the interaction between nanopar-
ticles to form larger aggregates (Fig. 1b and c). The microparticles
exhibit a compact arrangement but do not form aggregates, as
shown in Fig. 1c and d. In all cases, stable liquid marbles have a
high particle coverage C. The theoretical surface coverage of a
monolayer of particles packed in a hexagonal lattice is

C � p= 2
ffiffiffi
3

p� �
� 0:907 [41]. Experimentally, the surface coverage

C typically reaches 0.8 to 0.9 [42,43]. Therefore, particles have lim-
ited space to re-distribute on the interface regardless of their size,
as shown in Fig. 1b–e. Once the coalescence is initiated, the parti-



Fig. 1. (a) Experimental setup for the arrested electrocoalescence of liquid marbles. (b)–(e) 10 mL of 40% aqueous glycerol liquid marbles (inset) and corresponding SEM
images of the liquid–air interface using (b) fumed silica nanoparticles of primary diameter 7 nm, (c) graphene nanoplates of size 0.5–5 mm, (d) 10 mm silica particles, and (e)
35 mm lycopodium granules. Aqueous glycerol is chosen since its high viscosity impedes an easy rupture of the liquid marbles on the rough SEM cold stage. Scale bars
represent 1 mm in insets and represent 100 mm in the SEM micrographs.

Y. Zhang, C. Yang, S. Yuan et al. Journal of Colloid and Interface Science 608 (2022) 1094–1104
cles may either detach from the liquid–air interface without
impeding the coalescence process or jam at the interface leading
to a loss of interfacial mobility. The detachment energy of a spher-
ical particle from a gas–water interface to the gas phase can be

estimated as E ¼ pR2
particlerair�liquidð1þ cos hÞ2, where Rparticle is the

radius of the particles covering the liquid marble, rair�liquid is the
surface tension, and h is the contact angle between the particle
and the liquid [44]. We used in this study hydrophobic particles
with contact angles ranging from 91� to �120�, and their sizes vary
from hundreds of nanometers to �100 lm. In the expression of the
detachment energy, for a given size of particle, the term containing

the contact angle ð1þ cos hÞ2 would incur at most a 4 times differ-
ence in our experiments. The variation induced by tuning the par-
ticle size is several orders of magnitude larger than the variation
due to a change of the contact angle for the range of parameters
considered in this study. Therefore, the size of the coating particles
is a more critical parameter determining whether they remain at
the air–liquid interface or not after coalescence.

In our experiments, the coalescence of liquid marbles is trig-
gered electrostatically. A dielectric layer separates the liquid mar-
bles and the charging electrode; hence the applied voltage does not
significantly affect the interfacial properties of the stabilizing par-
ticles. A sufficiently large voltage exerts an electrostatic force via
the induced charges on the interface of the two marbles and draws
liquid tips, which then contact and form a liquid bridge [31]. The
liquid bridge keeps expanding while the particles at the air/liquid
interface impede the process by jamming at the connecting neck
region between the two marbles. The shape of the resulting marble
obtained after coalescence depends markedly on the size of the
particles that encapsulate the droplet phase for a given liquid. Dif-
ferent coalescence dynamics of liquid marbles are observed when
the size of the coating particles increases from hundreds of
nanometers to hundreds of micrometers, as illustrated in Fig. 2.
For nanoparticles, the electrocoalescence of two liquid marbles
leads to a final spherical shape, illustrated in Fig. 2a; we refer to
this as total coalescence. When the size of the stabilizing particles
increases, the electrocoalescence can still be initiated, but the
resulting shape is not fully spherical and is called arrested. Liquid
marbles coated with nanoplates lead to such an arrested coales-
cence, as shown in Fig. 2b. The resulting marble maintains a puddle
shape from the side view, while the curvature of the neck region
where the coalescence initiates becomes much lower. Another type
of arrested coalescence is usually observed when the size of the
stabilizing particles increases to several micrometers (in this
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example, 6 mm). The resulting curvature of the upper part is nega-
tive and the marble exhibits a saddle shape, as illustrated in Fig. 2c.
The PCB boards with embedded electrodes can only withstand a
limited voltage before a breakdown so that we manually set a max-
imum applied voltage at 1 kV. As the particle size reaches 35 lm,
the threshold voltage drives them in contact but remains insuffi-
cient to trigger the electrocoalescence of the two liquid marbles.
This is referred to as the non-coalescence regime, as illustrated in
Fig. 2d. It should be noted that marbles are flattened during the
process, which is attributed to the electro-wetting behavior under
high electric potential [45]. More sizes and types of particles have
also been tested on liquid marbles of volume 10 mL, and their
resulting shapes are reported in the Supplementary Information
(Table S3). These results demonstrate that the particle size is a crit-
ical parameter that governs the morphology of the resulting mar-
ble after coalescence. The static and dynamic profiles of the
coalescence behavior will be discussed in the following sections.
3.2. Regimes of coalescence defined by Gaussian curvature

The final morphology of the coalesced marble reflects the static
outcome of the coalescence behavior resulting from the jamming
of the particles. We consider the Gaussian curvature at the neck
connecting the two liquid marbles to characterize the influence
of the size of the jammed particles on the morphology of the
arrested marble [46]. The Gaussian curvature K is given as:

K ¼ j1j2 ð1Þ

where j1 and j2 are the two principal curvatures at the top center
point of the neck region where the coalescence of the two liquid
marbles LM1 and LM2 is initiated (see schematic in Fig. 3a). Without
loss of generality, j1 is defined as the curvature in the y-z plane and
j2 is the curvature in the x-y plane. The detailed calculation of the
Gaussian curvature with illustrative Figs. S4 and S5 are given in the
Supplementary Information. For a spherical 20 mL liquid marble
resulting from the coalescence of two 10 mL ones and neglecting
gravitational effects, j1 and j2 are equal. The normalized Gaussian
curvature is expected to be K = 2.29. The details of the normaliza-
tion can be found in the Supplementary Information. In our exper-
iment, we choose a 20 mL bare water droplet as a benchmark for the
total coalescence. We determine its Gaussian curvature K = 1.96,
with j1 and j2 being 1.36 and 1.44, respectively. The confidence
range can thus be obtained as K ¼ 1:96� 0:11 for the total coales-
cence case in view of the assumed isotropic symmetry. A difference



Fig. 2. Representative images of electrocoalescence of liquid marbles coated with different particles. (a) Total coalescence regime from liquid marbles coated with R812 silica
nanoparticles (primary diameter 7 nm). Arrested coalescence regime with either (b) a puddle shape from liquid marbles coated with graphene nanoplates (lateral size 0.2–
5 lm) or (c) a saddle shape from liquid marbles coated with 6 mm silicone resin particles. (d) Non-coalescence for liquid marbles coated with 35 mm lycopodium particles.
Scale bars are 2 mm.
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between j1 and j2 is expected for arrested coalescence (Fig. 3c and
d). If droplets are covered with large particles (�35 mm here), the
coalescence cannot be initiated, and the corresponding Gaussian
curvature is by definition negative infinity (Fig. 3e). We can quanti-
tatively separate the different arrested morphologies into four dif-
ferent regimes as a function of the Gaussian curvature, namely
total coalescence (2:07 > K > 1:85), arrested puddle coalescence
(1:85 > K > 0), arrested saddle coalescence (K finite and negative)
and non-coalescence (K ¼ �1).

The values of the Gaussian curvature for the different arrested
morphologies obtained by the electrocoalescence of two marbles
are shown in Fig. 3f. The curvature generally decreases when
increasing the size of the coating particles. However, we notice that
the absolute value of the Gaussian curvature of marbles coated
with 10 mm silica particles is smaller than that of those coated with
6 mm silicone resin particles. This observation is likely due to an
electro-wetting phenomenon under high voltage [45]. As the size
of coating particles increases, the voltage triggering the coales-
cence also increases (as reported in Table S4), which leads to a
change of contact angle between the lower surface of the marble
and the substrate. As a result, the wetting effect becomes more
prominent when 10 mm particles are used, and the resulting mar-
ble flattens at the region where the Gaussian curvature is defined.
Therefore, the marbles coated with 10 mm silica particles show a
curvature with an absolute value smaller than those with 6 mm
particles.

The behavior associated to the electrocoalescence of two liquid
marbles (LM1 and LM2, respectively) coated by particles of different
sizes is systematically investigated by varying the size of the par-
ticles d1 and d2 on the two marbles. The mapping of the four dis-
tinct coalescence regimes as a function of the size of the
stabilizing particles is reported in Fig. 3g, based on the Gaussian
curvature calculated as above. Since d1 and d2 are interchangeable,
the data presented in Fig. 3g are symmetrical.

The arrested stabilized liquid marbles have a finite internal
stress due to the Laplace pressure imbalance:
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DP ¼ rair�liquid
2

Rmarble
� 1

j1
� 1
j2

� �� �
ð2Þ

where rair�liquid is the liquid-air surface tension, j1 and j2 are the
two principal curvatures, and 1=Rmarble is the curvature at the left-
most or rightmost point on the marble. Water is used as the droplet
phase for all coalescence experiments to avoid jamming on the mar-
ble shell due to the variation in the surface tension of the core liquid
[47]. For liquid marbles coated with graphene nanoplates and 6 mm
silicone resin particles, the Laplace pressure imbalance is found to
be DP ¼ 79 Pa and DP ¼ 129 Pa, respectively. Such imbalanced
stress must be overcome by the elasticity of the jammed interface.
No noticeable particle jamming is observed for the total coalescence
and arrested puddle coalescence (Fig. 4b and c), while close-packed
particles can be observed in the arrested saddle coalescence, as
shown in the inset of Fig. 4d. The lack of visible particles packed
in the neck region for the former two coalescence regimes does
not deny the existence of particle jamming, but can be attributed
to the difficulty to visualize nanometric particles [48]. The static
internal stress is overcome by the modulus of the compact particle
layer, which is expected to be of order E r=Rparticle and thus larger
than 103 Pa [49]. Since the internal pressure difference DP is one
order of magnitude smaller, this relatively larger value of the
Young’s modulus ensures a marginal deformation of the coalesced
marbles and leads to a stable non-spherical arrested shape.

3.3. Hydrodynamic behavior during the coalescence of liquid marbles

3.3.1. Initiation of the coalescence
The experimental results, as shown for instance in Fig. 2, sug-

gest a correlation between the size of the coating particles, the
timescale of the coalescence and the shape of the arrested marble.
However, the location where the coalescence is initiated and the
dynamics of how the resulting marble becomes arrested by varying
the size of the particles remain unclear. To study the arrest process,
we record the coalescence dynamics for liquid marbles stabilized



Fig. 3. (a) Schematic of the platform where two liquid marbles are triggered to coalesce by forming a liquid bridge between them. The principal curvatures j1 and j2 are
measured to calculate the corresponding Gaussian curvature K. The morphology of the coalesced marble is determined by the size of the coating particles. (b) Fumed silica
nanoparticles of primary diameter 7 nm for total coalescence leading to a Gaussian curvature of K ¼ 1:92, (c) graphene nanoplates with a lateral size of 0.2–5 lm and a
thickness of 3–10 nm for arrested coalescence with K ¼ 0:79, (d) 6 mm silicone resin particles for arrested coalescence with K ¼ �6:85, (e) 35 mm Lycopodium particles for
non-coalescence with Gaussian curvature of K ¼ �1. Scale bars are 2 mm. (f) The value of the Gaussian curvature is given for representative marble-marble coalescence,
where the two marbles are coated with the same type of particle indicated in the legend of the figure. (g) Different coalescence regimes as a function of the size of the coating
particles for two liquid marbles coated by different particles of diameters d1 and d2, respectively. The symbols ( ), ( ), ( ), and ( ) represents the resulting marbles after
coalescence in the regimes of total coalescence, arrested puddle coalescence, arrested saddle coalescence, and non-coalescence, respectively.

Fig. 4. (a) Sketch of the neck region during the coalescence of liquid marbles. Images of the resulting liquid marble coated with (b) silica nanoparticles, (c) graphene
nanoplates and (d) 6 mm silicone resin particles after coalescence. Scale bars are 2 mm.
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by particles of different sizes. As the original setup does not allow
visualizing the position at which the coalescence is initiated, we
built another custom-made setup where a single liquid marble
experiences electric stress (Fig. S2). This system is electrostatically
equivalent to the original one since the ITO glass is positioned on
the surface where the coalescence is initiated and has a constant
electric potential. An example of such an experiment is shown in
Fig. 5a and Video S1, where the liquid marble coated with gra-
phene nanoplates has a quasi-spherical shape. The high-speed
camera focuses on the surface of the ITO glass that makes contact
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with the marble before the voltage is applied (at time t ¼ �10 msÞ.
The rupture of the marble occurs once the applied voltage is suffi-
cient, indicated by the sudden appearance of a region deficient of
particles emphasized by the high intensity of the transmitted light.
The rupture position is pointed by the white arrow at t ¼ 0 ms
(Fig. 5a). Once the rupture is initiated, the liquid spills from the
marble and wets the ITO slide. By maintaining the voltage, the
region without particles increases in size, as shown by the increase
in the area of the light zone at two successive times, t ¼ 10 ms and
t ¼ 30 ms.



Fig. 5. (a) Series of images showing the interfacial evolution of a typical rupture of a liquid marble coated with graphene nanoplates. Once the rupture is initiated, the
encapsulated liquid quickly wets the ITO substrate while particles jam at the boundaries of the rupture position. Maintaining the electrostatic force increases the area of the
rupture region and reinforces the jamming of particles. Scale bars are 1.5 mm. (b) Polar plot reporting the locations at which the rupture of electrically charged marbles of
different volumes coated with various particles of different size occurs. The length has been normalized by R� ¼ Rpore=Rradius .
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The rupture of a liquid marble under mechanical compression is
initiated close to the edge of the contact area [50]. When an elec-
trostatic force is applied, the rupture is instead always initiated
around the center part of the contact area as reported in Fig. 5b.
We characterize quantitatively the location where the rupture is
initiated. The spatial location of the initial rupture is recorded in
a polar coordinate system. For each location, the axis is normalized
by R� ¼ Rpore=Rradius, where Rpore is the distance between the center
of the marble to the pore where the rupture is initiated and
Rradius denotes the radius of the marble. We systematically charac-
terize the regions where the rupture occurs by testing water mar-
bles of different volumes (5 mL, 10 mL and 20 mL) and with different
stabilizing particles (silica nanoparticles, graphene nanoplates,
1 mm PTFE particles, and 10 mm silica particles). In most experi-
ments, the rupture is initiated at locations within the region where
R� ranges from 0 to 0.2, as shown in the polar plot in Fig. 5b. Only in
a few cases the coalescence is initiated slightly beyond the [0, 0.2]
region. These experiments reveal that the location where the rup-
ture is observed is different between mechanical compression and
electrostatics coalescence. Indeed, the direct visualization of the
pores at the central spot of the contact zone confirms that the elec-
trocoalescence of liquid marbles is initiated from the conical liquid
tips induced by the deformation of the interface of the droplet
when a high voltage is applied.
3.3.2. Short-timescale growth of liquid bridge
Although the coalescence is always initiated at a similar loca-

tion on the liquid marbles, the hydrodynamics process shows sig-
nificant differences between liquid marbles coated with particles
of different sizes, both during the early stage where the liquid
bridge forms and during the later stage before the resulting marble
is stabilized. Previous studies have reported that the growth of the
liquid bridge between two coalescing bare droplets in air (gas–liq-
uid systems) exhibits two distinct behaviors – inertial coalescence
and purely viscous coalescence [7,29]. The radius of the liquid
bridge, R, follows the scaling law R / ffiffi

t
p

for inertial coalescence
and R / t for the viscous coalescence. The same scaling has also
been observed between droplets in emulsions (liquid–liquid sys-
tems) [51]. Here, we tracked the time-evolution of the radius of
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the liquid bridge of water marbles coated with different particle
sizes while using bare water droplets as a control experiment.
The liquid bridge of the bare water droplet grows with time as
R / ta, where experimentally a ¼ 0:501, as shown by the hexago-
nal symbols ( ) in Fig. 6a and Video S1.

A sufficiently large voltage triggers the coalescence once two
liquid marbles make contact. Then, the liquid bridge connecting
the two marbles can be observed during the early stage of the coa-
lescence process. Two distinct scenarios are observed depending
on the system considered: Inertia-dominated coalescence and
viscosity-dominated coalescence. In the case of total coalescence
(silica nanoparticles) and arrested puddle coalescence (graphene
nanoplates and PTFE) of liquid marbles, the time evolution of R is
also proportional to

ffiffi
t

p
, as shown in Fig. 6a, which is similar to

the scaling law observed for the inertial coalescence of bare water
droplets. To further illustrate this scaling law, we normalize t and R
by the inertial time si and the initial radius R0, respectively. The

inertial time si is defined as ðqR3
0=rÞ

1=2
, where q is the density of

water and r is its surface tension. This normalization leads to a

scaling law R=R0 / ðt=siÞ1=2 for the bare water droplet (control
experiment), and all the marble-marble coalescences mentioned
above are shown in the inset of Fig. 6a [7]. All the normalized data
are shifted so that the fitting lines go through the origin and all the
coalescence processes are set to start at time t = 0. The slopes of the
fitting lines for the bare water droplets, the liquid marbles coated
with silica nanoparticles, 1 mm PTFE particles, and graphene nano-
plates are 0.980, 1.028, 0.986 and 1.032, respectively. These exper-
iments show that in the cases of total coalescence ( , Video S2)
and arrested puddle coalescence ( , Video S3 and , Video S4),
the coating particles have no observable influence on the initial
stage of coalescence that is still described by the scaling law

obtained for bare droplets, i.e., R=R0 / ðt=siÞ1=2.
In contrast, for the arrested saddle coalescence, the growth of

the liquid bridge when using 6 mm silicone resin-coated marbles
( ) is much slower, and a linear behavior better captures the
dynamics (Video S5). This behavior is similar to the viscous bare
droplet coalescence scenario, where R / t. We further confirm
the inertial-to-viscous transition in the coalescence dynamics of
silica nanoparticle-coated marbles by using water-glycerol mix-



Fig. 6. (a) Time evolution of the radius of the liquid bridge for the case of coalescing bare water droplets ( ) and liquid marbles coated with either silica nanoparticles ( ),
1 mm PTFE particles ( ) or graphene nanoplates ( ). Inset: collapse of the data when using R0 and si to re-scale the radius and time. (b) Growth of the liquid bridge of liquid
marbles coated by silica nanoparticles in which the encapsulated liquid is water ( ), 80 wt% glycerol ( ), 90 wt% glycerol (�), and 97 wt% glycerol (+), respectively. The
hydrodynamics of marble-marble coalescence varies from an inertia-dominated regime to a viscous-dominated regime. The arrested saddle coalescence observed with the
6 mm silicone resin particles ( ) encapsulating water shows a viscosity-dominated dynamics. (c) Series of images illustrating the initial stage of the coalescence of liquid
marbles (from left to right, the coating particles are silica nanoparticles, graphene nanoplates, 1 mm PTFE particles and 6 mm silicone resin particles) taken at 0.05 ms (first
frame where the liquid bridge appears), 0.5 ms, 1.0 ms and 1.5 ms, respectively. Scale bars are 0.5 mm.
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tures of different viscosities for the droplet phase, as shown in
Fig. 6b. The inertia-dominated regime occurs when pure water
( ) is encapsulated, while the viscous coalescence regime is
observed when the encapsulated droplet is 90 wt% glycerol (�)
and 97 wt% glycerol (+), of similar density and surface tension as
water but with a much larger viscosity of 160 mPa s and
440 mPa s, respectively. The crossover between the inertia-
dominated and viscosity-dominated regimes is observed experi-
mentally at 80 wt% glycerol ( ) corresponding to a viscosity
46.3 mPa s, very close to the value of 50 mPa s reported in a pre-
vious study for silicone oil [7]. For water droplets coated with
6 mm silicone resin particles, the growth of the liquid bridge exhi-
bits a linear evolution in time and is even slower than the viscous
97 wt% glycerol marble. Images of the liquid bridge connecting two
water marbles coated with particles of various sizes extracted at
the same time are shown in Fig. 6c, from time t ¼ 0:05 ms to
t ¼ 2 ms. The radii of the liquid bridges connecting the two liquid
marbles increase much faster for total coalescence and arrested
puddle coalescence (columns I-III) than for the arrested saddle coa-
lescence (column IV).
3.3.3. Long-timescale oscillation of coalesced marble
The long-time evolution is investigated by characterizing the

oscillation of the liquid marble after the initiation of the coales-
cence. Different damping behaviors are observed depending on
the regime of coalescence. The variation in the width of the result-
ing marble in the lateral direction of coalescence Wx (see inset of
Fig. 7a) is used to describe the damping. The mass-spring-
damper system is used to model the damping behavior of coalesc-
ing liquid marbles [52]. Since the viscosity of the droplet phase
influences the damping of the oscillation [53], water is used as
the only liquid phase of marbles encapsulated by different sizes
of particles. Bare water and glycerol droplets are used as reference
experiments for inertial-dominant coalescence and viscous-
dominant coalescence (Video S6 and S7, respectively).

Our experiments reveal that different regimes of coalescence
correspond to different damping scenarios. For the total coales-
cence case, the resulting marble oscillates before being finally sta-
bilized (Video S8). This behavior is similar to the dynamics
observed with bare water droplets but different from the non-
oscillating glycerol droplet coalescence ( ). The water droplet–dro-
plet ( ) and marble-marble coalescence ( ) have comparable peri-
ods of oscillation of t ¼ 19:17 ms and t ¼ 19:45 ms, respectively, as
shown in Fig. 7a. The oscillations are fitted using a least squares
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regression method for the data points after Wx reaches the first
trough [54]. The oscillations are described by the equation
Wx ¼ �Ae�ct cosxdt þ B, where A is the initial amplitude, c is the
damping factor directly related to the decay rate of the oscillations,
xd is the damped natural frequency, and B is the width of the
arrested marble [52]. This equation also applies to the case of
arrested puddle coalescence (1 mm PTFE particle-coated marble-
marble coalescence ( ), Video S9) in Fig. 7b. The 1 mm PTFE
particle-coated marbles coalesce in the puddle regime, but they
display a transitional behavior with fast decaying oscillation. In
this figure, the symbols represent the measurements, and the lines
represent the best fits. The damping ratio f ¼ c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xd

2 þ c2
p

describes how the coalescence driven by the surface tension is sta-
bilized by an impeding force. This impedance force can be the vis-
cous force for the coalescence of high-viscosity droplets or the
particle jamming for the coalescence of liquid marbles. The damp-
ing ratio f can vary from undamped (f = 0), under-damped (f < 1),
critically damped (f = 1), or overdamped (f greater than 1), when
the impeding force becoming more pronounced [52]. For the total
coalescence case, shown in Fig. 7a, the damping ratio f is smaller
than 1, indicating that the total coalescence regime corresponds
to the under-damped scenario.

For the arrested coalescence case shown in Fig. 7b, two liquid
marbles coated with graphene nanoplates ( ) (representative of
arrested puddle coalescence, Video S10) and 6 lm silicone resin
particles ( ) (representative of arrested saddle coalescence, Video
S11) do not exhibit any evident oscillations. The timescale before
reaching arrested stabilized state is only a few tens of milliseconds,
much smaller than our observation in the case of total coalescence
and reveals a more damped behavior shown in the inset of Fig. 7b.
A critically damped model, where the damping ratio f equals unity,
is applied to the arrested coalescence dynamics (see details in
Table S5, Supplementary Information). The corresponding non-
oscillating solution is given by Wx ¼ ðC þ DtÞe�ct þ E, where C
and D are two fitting constants, and E is the stabilized width. How-
ever, the dynamics of the marble-marble coalescence when one is
stabilized by silica nanoparticles always follow an under-damped
model (Fig. 7c). The damped natural frequency xd, the damping
factor c and the damping ratio f of the systems in Fig. 7a–c are
extracted and listed in Table 1. These parameters reflect the differ-
ences between the coalescence regimes.

For the marble-marble coalescence reported in Fig. 7a and b, the
different coalescence regimes reflect completely distinct long-time
dynamics. For the total coalescence shown in Fig. 7a, while the coa-



Fig. 7. Comparison of the coalescence dynamics of (a) liquid marbles coated with silica nanoparticles ( ), bare glycerol droplets ( ), and bare water droplets ( ), (b) liquid
marbles coated with silica nanoparticles ( ), 1 mm PTFE particles ( ), graphene nanoplates ( ) and silicone resin microparticles ( ), and (c) one liquid marble coated with
silica nanoparticles while the other marble is coated with either silica nanoparticles ( ), 1 mm PTFE particles ( ), graphene nanoplates ( ) or silicone resin microparticles
( ). The hollow symbols represent the experimental measurements, and the solid lines represent the fitting curves. The damping ratios of the cases in (b) are shown in (d)
and the ones in (c) are shown in (e), where the value of water droplets (control experiment) is added to both figures.

Table 1
Damped natural frequency, damping factor, and damping ratio of bare droplet–droplet coalescence and marble-marble coalescence of liquid marbles coated with various types of
particle. 95% confidence interval is given from curve fitting.

xd (kHz) c (ms�1) f

Water droplet + Water droplet 0.324 ± 0.017 0.006 ± 0.003 0.017 ± 0.008
Glycerol droplet + Glycerol droplet (undefined) 0.110 ± 0.010 1.560 ± 0.027
Silica nanoparticles + Silica nanoparticles 0.318 ± 0.004 0.021 ± 0.006 0.065 ± 0.018
1 mm PTFE particles + 1 mm PTFE particles 0.395 ± 0.013 0.053 ± 0.017 0.134 ± 0.046
Graphene nanoplates + Graphene nanoplates 0 0.944 ± 0.128 1.000 ± 0.271
6 mm Silicone resin + 6 mm Silicone resin 0 5.476 ± 0.325 1.000 ± 0.119
Silica nanoparticles + 1 mm PTFE particles 0.322 ± 0.004 0.028 ± 0.006 0.086 ± 0.019
Silica nanoparticles + Graphene nanoplates 0.312 ± 0.003 0.020 ± 0.004 0.064 ± 0.012
Silica nanoparticles + 6 mm Silicone resin 0.280 ± 0.003 0.170 ± 0.054 0.463 ± 0.180
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lescence of liquid marbles coated by silica nanoparticles shows a
similar natural frequency as that of bare water droplets, the intro-
duction of silica nanoparticles increases the damping ratio f by a
factor 4, from 0.017 to 0.065. The damping ratio of marble-
marble coalescence keeps increasing for marbles stabilized with
larger particles, increasing to 0.134 for 1 lm PTFE particles
(Fig. 7b and d). For arrested coalescence, the value of the damping
ratio is f ¼ 1, and the coalescence process is stopped without any
subsequent oscillation. While having the same damping ratio f, a
different damping factor c is found to correspond to different
degrees of arrested coalescence. For liquid marbles coated with
6 mm particles, the stabilized morphology corresponds to the
arrested saddle coalescence regime, and the corresponding damp-
ing factor c is 5.476, more than five-fold larger than that of marbles
coated with graphene nanoplates corresponding to the arrested
puddle coalescence regime. This observation indicates that
arrested saddle coalescence has a higher decay rate of the oscilla-
tions than the arrested puddle coalescence. It also suggests that, for
1102
both arrested puddle and saddle coalescences where the damping
ratio is unity, the numerical value of the damping factor c directly
reflects that the marbles in the saddle regime stabilize faster than
in the puddle case.

The results for the marble-marble coalescence, where one mar-
ble LM1 is coated with silica nanoparticles and the other marble
LM2 is coated with particles of other sizes, are summarized in
Fig. 7c. Combined with the results presented in Fig. 7a, all cases
demonstrate a total coalescence behavior as the Gaussian curva-
ture of the stabilized droplets is around 1.9 for each case. This
result suggests that for marble-marble coalescence, only one mar-
ble stabilized with large particles may not result in arrested struc-
tures. The experimental results show that particle jamming and
arrested coalescence only occur when both marbles are stabilized
with large particles. The coating particles show a limited influence
on the damped natural frequency xd of the system, which varies
by at most 12%. When the size of the stabilizing particles of LM2

increases, an increment in the damping ratio f is observed. All
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damping ratios for marble-marble coalescences are larger than
that of bare water droplet–droplet coalescence, which is the small-
est among all cases in Table 1 (f ¼ 0.017). Furthermore, in bare
droplet–droplet coalescences, when the viscosity of the liquid
phase is increased by replacing water with glycerol, the damping
ratio f increases from 0.017 to 1.563. This increase indicates a tran-
sition from under-damped oscillation through critical damping to
reach an overdamped behavior. By keeping water as the droplet
phase, the damping ratio f increases from 0.065 to 0.463 as the size
of the coating particles on LM2 increases from hundreds of
nanometers to 6 lm while that on LM1 is kept at around hundreds
of nanometers, as shown in Fig. 7e. The effect of larger particles can
be reflected in a larger damping ratio, which shows that the oscil-
lation would decay to reach stabilization at a faster rate.

The comparison of the coalescence of marble-marble and glyc-
erol droplets shows that adding coating particles to the marbles
leads to a similar effect as increasing the droplet viscosity. This
can be reflected from the increased damping ratio above the base-
line of water droplets’ coalescence. Furthermore, the larger the
coating particles are, the closer the damping ratio is to the
viscous-dominant coalescence case, indicating an increase in the
impeding force (Table 1). This further demonstrates the viscous-
like behaviors during the coalescence of liquid drops when large
particles armor the interface. For the arrested coalescence to occur,
a large damping ratio is required and can be achieved by increasing
the size of the particles that coat the liquid marble.
4. Conclusions

In this study, we characterized the influence of the size of the
coating particles on the electrocoalescence dynamics of liquid mar-
bles and the resulted arrested morphology. As shown in previous
studies [31,55], the electrocoalescence of liquid marbles can be
triggered by applying a sufficient voltage. We performed experi-
ments by coating droplets with particles ranging from �100 nm
to �100 lm. Our experiments revealed four distinct regimes char-
acterized by the Gaussian curvature at the neck connecting the two
coalesced liquid marbles: Total coalescence, arrested puddle coa-
lescence, arrested saddle coalescence, and non-coalescence. The
ability to generate non-spherical liquid marbles is due to the
imbalance of the Laplace pressure within arrested structures,
which is offset by the elastic modulus of the jammed particle layer,
similar to other particle-laden systems [16,21].

Using high-speed imaging, we found the coalescence of liquid
marbles always starts at a similar position - the center of the con-
tact zone - independent of the size of coating particles. However,
the subsequent coalescence behavior and the resulting morphol-
ogy are determined by the size of the coating particles. Whereas
the coalescence of liquid marbles has been widely studied, the role
of the particle size on the coalescence dynamics and the resulting
morphology of the final liquid marble remains elusive. In this
study, we demonstrated that small particles show a negligible
resistance to the coalescence of encapsulated water droplets while
large particles lead to a viscous coalescence of the liquid marbles,
indicated by the initially slow growth of the liquid bridge [9,29]
and the subsequent heavily damped oscillation. Our work extends
the understanding that the size of the coating particles can govern
the shape of the resulting liquid marbles via distinct coalescence
dynamics and provides guidelines for formulating morphologies
of marble-based products and micro-reactors. In addition to the
particle size, the degree of arrest is also expected to be related to
how the particles modify the interfacial properties, which should
be thoroughly investigated in future works. The results obtained
in this study might further be extended to other particle-
armored droplet systems, such as Pickering emulsions for which
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the dynamics is crucial in related biomedical applications, catalytic
facilitation, and material synthesis.
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