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ABSTRACT: We report a simple method for on-demand continuous
processing of composite liquid marbles with the aid of a 3D printed slide
platform, which offers the potential for engineering novel functional surfaces
for the production of combination drug therapies, particle-based barcode
biomarkers and smart membranes, among other applications. Unlike other
attempts at producing such liquid marbles, this novel technique not only
facilitates controllable and reproducible production of the liquid marbles but
also allows the selection of different morphologies such as banded, patchy, and Janus structures by controlling the coalescence
conditions, with the possibility for tunable symmetric and asymmetric patterns, the latter by varying the particle species
partitioning ratio.
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Liquid marbles are droplets comprising organic/inorganic
liquids or even liquid metals, encapsulated by a coating of

micron to nanometer sized hydrophobic or hydrophilic
particles such as silica beads or natural powders like soot or
Lycopodium.1,2 The particle coating endows the liquid marble
with a unique nonwetting and partial solidlike property,3 which
isolates it with an air cushion pocket from the underlying solid
support, therefore not only offering opportunities for exploring
novel and intriguing physics4,5 but also allowing these entities
to be exploited for a host of applications. In particular, its low
adhesion and viscous drag makes it especially useful as a simple
but versatile platform for discrete microfluidic droplet actuation
and as an alternative approach to superhydrophobic surfaces.
Other uses of liquid marbles have also been explored, such as its
adoption as a miniature reactor/bioreactor,6−8 micropump,9

and gas/liquid sensor,10,11 among others.12

Janus liquid marblesliquid marbles partitioned with
separate hemispherical domains comprising two different
types of particleshave also been reported,13 which allow
their precise manipulation and actuation using external forces
such as electric13 or magnetic14 fields in addition to serving as a
template for engineering novel functional surfaces as vehicles
for combination drug powder therapies,15 particle barcodes that
serve as biomarkers for multimodal imaging and diagnostics,16

and smart membrane fabrics in next generation water
harvesting, desalination, and fuel cell technologies.17 The
method for producing these Janus liquid marbles, although
simplemerely by forcing two liquid marbles with different
particle coatings to collide and hence coalesce13does not
facilitate appreciable control over its particle topology and
morphology.
In this work, we demonstrate a simple process for rapid and

continuous production of composite (Janus and other patterns,
as described subsequently) liquid marbles that allows control
over the ratio of the particle coverage as well as its morphology,
thus facilitating some degree of tunability and reproducibility of

its physicochemical properties. Given its simplicity and low
cost, this process can easily be parallelised and automated for
high throughput production. Although a technique to control
the relative coverage between two liquids that comprise a Janus
emulsion has been reported,18 this cannot be extended to afford
the same control over the particle coat partitioning in Janus
liquid marbles; neither have other methods been proposed to
date to achieve this, to the best of our knowledge.
The setup is schematically depicted in Figure 1 and consists

of a 3D printed slide with ramps on both sides that guide
droplets introduced from both sides at the top of the slide such
that they converge at a constriction or orifice at the bottom of
the slide (see, for example, the magnified image in the inset of
Figure 1d). The side and front views of the 3D computer-aided
design (AutoCAD 2015, AutoDesk Inc., San Rafael, CA) model
are shown in Figure 1a, b, respectively, and images of the
resulting construct produced using a 3D printer (MakerBot
Replicator, MakerBot Industries LLC, Brooklyn, NY) are
shown in Figure 1c. To generate the composite liquid marbles,
we coat both ramp surfaces with a superhydrophobic material
(NeverWet, NeverWet LLC, Lancaster, PA) and a section (3
mm in length) with different powders such that the droplets
(10 μL deionized water, although the working fluid and volume
can be adjusted depending on the liquid marble that is desired
to be produced), when successively dispensed from the top of
the slide from both sides, initially accelerates as it rolls down
the slide along both ramps and are subsequently coated with
the particles, thus forming liquid marbles of a specific particle
coating during their descent. In practice, any particulate matter
can be employed though we demonstrate the concept in this
work using Lycopodium powder (50 nm, Sigma-Aldrich) as the
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first particulate species and a 1:20 mixture of dyed Lycopodium
powder and iron oxide particles (Fe2O3; 30 nm) as the second
species. In the latter, pure Lycopodium powder is mixed with
methyl violet and water at 1% concentration, followed by
sonication for 2 min and subsequent heating at 120 °C for 30
min. The reason we employ the Lycopodium−iron oxide
mixture as the second particulate species was to avoid the
formation of clumps on the droplet surface that was observed
when pure iron oxide was used. All materials were sourced from
Sigma-Aldrich Pty. Ltd. (Castle Hill, NSW, Australia).
By judicious design of the inclination angle of the slide as

well as the neck width of the orifice gap, two scenarios are then
possible for the controlled coalescence between the two liquid
marble species (i.e., pure Lycopodium and Lycopodium−iron
oxide mix). At inclination angles below a critical value (Figure
2, left column), the first Lycopodium liquid marble produced as
it rolls down the ramp (step 1) is trapped at the orifice (step
2)designed to be slightly narrower than the liquid marble
diameter (for the 10 μL droplets initially dispensed in the
present experiments, which correspond to a diameter D of 1.7
mm, we set the orifice width to be 1.4 mm; besides the initial
droplet volume, other parameters such as the roughness and
the droplet velocity, which, in turn, is dependent on the

inclination angle, are also factors to be accounted for when
setting this width)until the second Lycopodium−iron oxide
liquid marble, produced when a second water droplet is
dispensed and rolls down the right ramp (step 3), collides and
hence coalesces with it (step 4). The momentum arising from
the collision then causes the resultant composite liquid marble
to squeeze through and dislodge from the orifice, where it
drops into either a collection fluid (silicone oil, 1085 mPa.s;
Cannon Instrument Co., State College, PA) housed in a Petri
dish (Figure 2c-i) or onto a flat substrate (Figure 2c-ii). In
contrast, above the critical inclination angle (Figure 2, right
column), the first liquid marble has sufficient velocity and
momentum as it rolls down the incline along the ramp such
that it squeezes through the orifice without being trapped
(steps 1 and 2), dropping into the collection fluid (Figure 2c-
iii). This is also true of the second liquid marble, and thus the
coalescence event is delayed until it drops into the collection
fluid and lands over the first liquid marble and subsequently
coalesces with it (Figure 2c-iv) to form the composite liquid
marble.
The velocity and hence momentum of the droplets (or liquid

marbles) as they roll along the ramps down the slide is
therefore the crucial factor in determining the critical
inclination angle of the slide that delineates the two coalescence
scenarios, which, in turn, dictates the fate of the composite
liquid marble. For the liquid marble to avoid being trapped at
the orifice (i.e., the transition from the first to the second
scenarios), it has to possess adequate kinetic energy Ek during
its traverse down the incline to overcome the sum of its elastic
energy Ee and the change in surface energy ΔEs, such that it is
able to deform sufficiently to squeeze through the orifice gap.
Given the dispensed droplet rapidly accelerates due to the
initial superhydrophobic section along the ramp, it is not
unreasonable to assume that it reaches terminal velocity v by
the time it reaches the orifice. If frictional losses are negligible

θ θ=v gL( ) (2 sin )1/2
(1)

from which the kinetic energy of the liquid marble

θ =E mv( ) /2k
2

(2)

can be calculated. Here, m is the mass of the liquid marble, g
the gravitational acceleration, L the length of the slide, and θ its
inclination. The elastic energy stored in the liquid marble, on
the other hand, can be estimated by19

ξ=E Gh R S( / )e s
2

(3)

wherein h and Rs are the thickness and radius of the liquid
marble shell, respectively, the former being equivalent to the
diameter of the coating particles d and the latter approximated
by the droplet diameter D. ξ is the radial deformation of the
liquid marble and S its area of contact with the solid, which we
estimate to be the area that the liquid marble contacts with the
solid surface around the orifice. G is the elastic modulus of the
liquid marble shell, which can be approximated by

ν
φ

γ
= −

+
G

d
1
1

e

(4)

in which ν ≈ 0.5 is the Poisson ratio, γe ≈60 mN·m the effective
surface tension of the liquid marble, and φ = 0.68 the maximum
hard sphere packing fraction. To calculate the change in surface
energy ΔEs, we assume that the initially spherical liquid marble
of diameter D deforms into a prolate spheroid whose semiaxis

Figure 1. (a) Side view AutoCAD model of the experimental platform
used for the continuous production of the composite liquid marbles,
(b) angled magnified view taken above its slide section, and, (c)
images of the actual 3D printed construction. (d) Kinetic Ek, elastic Ee,
and surface Es energy of the liquid marble as a function of the slide
inclination angle θ showing the critical value θc at which the
coalescence event transitions from one that occurs at the slide orifice
due to trapping of the first liquid marble (Ek < Ee + ΔEs) to one that
occurs after both liquid marbles traverse through the orifice (Ek > Ee +
ΔEs). The inset shows a magnification of the orifice region at the
bottom of the slide where the liquid marbles are trapped.
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length a is equivalent to the orifice dimension; the other
semiaxis dimension b can then be obtained from volume
conservation, i.e., b = D3/8a2. The change in surface energy can
then be computed from

γΔ = −E A A( )s e s s2 1 (5)

where As1 is the surface area of the initially undeformed sphere

and As2 is that of the prolate spheroid. Figure 1d shows the
energies computed from eqs 2, 3, and 5, thus allowing the
critical transition angle θc ≈ 31° to be estimated from the
crossover.
This prediction of the critical angle is close to that

experimentally observed, which from Figure 2, lies between
30° and 45°. Where and how the coalescence event occurs
between the first Lycopodium and second Lycopodium−iron
oxide liquid marbles is dependent on whether the slide

inclination is below or above this critical value, and, more
importantly, is observed to determine the fate of the composite
liquid marble that is produced. For θ = 30° < θc (Figure 2, left
column) where the coalescence occurs rapidly at the slide
orifice and results in the formation of a composite marble at
this location before being squeezed out as a consequence of the
momentum gained from the collision and falling into the
collector, two further scenarios are possible. If the composite
marble drops into an oil bath, a band of rust colored
Lycopodium−iron oxide particles is trapped between two
white Lycopodium hemispherical caps (Figure 2c-i). Although
this structure resembles the so-called “watermelon” structure
reported by Bormashenko et al.,13 those appear to have been
produced serendipitously rather than by judicious design;
however, in the present case, we are able to reproducibly
produce these structures in a controllable manner. The
mechanism by which this occurs is as follows: When the

Figure 2. Effect of the slide inclination angle (left column: θ = 30° < θc; right column: θ = 45° > θc) on the formation of the composite liquid
marble. (a) Side and (b) front view CAD rendering of the slide showing the trajectory of the droplet during its transition into a liquid marble and
subsequent coalescence with its second counterpart to form a composite marble. Step 1: The first water droplet is dispensed from the top of the slide
and rolls down the ramp where it picks up the particles (Lycopodium) coated on the ramp surface to form the first liquid marble. Step 2: If the
inclination angle is below a critical value (left column: θ = 30° < θc), the first liquid marble does not gain sufficient velocity and hence momentum
during its descent to be able to squeeze through the orifice and is trapped at this position. If, however, the inclination angle surpasses the critical
value (right column: θ = 45° > θc), the first liquid marble manages to squeeze through the orifice and drops into the collection fluid. Step 3: A
second water droplet is dispensed from the top of the slide and forms the second liquid marble as it is coated with particles (Lycopodium−iron oxide
mix) during its descent. Step 4: If θ = 30° < θc (left column), it collides and coalesces with the first liquid marble trapped at the orifice to form a
composite liquid marble; because of the collision, there is sufficient momentum for the composite marble to squeeze through the orifice to fall into
the collection dish or plate. If θ = 45° > θc (right column), the second liquid marble follows the fate of the first liquid marble in squeezing through
the orifice to fall into the collection fluid, where it coalesces with the first liquid marble to form the composite marble. (c) Formation of the
composite liquid marble. For θ = 30° < θc (left column), the coalescence occurs rapidly at the slide orifice and the composite marble is subsequently
released. (i) If the composite marble falls into a collection dish filled with oil, it forms a banded structure. If, on the other hand, it falls onto a solid
surface (ii), the band is dispersed and a patchy structure culminates. For θ = 45° > θc (right column), the coalescence occurs slowly in the collection
fluid to produce (iii) a symmetric (1:1) Janus liquid marble. Further adding a third and fourth Lycopodium liquid marble, on the other hand, allows
the species partitioning to be tuned, resulting in asymmetric Janus liquid marbles with (iv) 1:2 and (v) 1:3 ratios. The dotted red lines in these
images represent the actual centerline indicating a theoretical 1:1 split, whereas the dashed blue lines in (iv) and (v) represent the theoretical 1:2 and
1:3 splits, showing good agreement with that obtained experimentally. The theoretical splits were obtained from a calculation of the surface areas
based on the ratio between the corresponding volumes of each of the liquid droplets added to form the Janus liquid marble. The scale bars denote a
length of approximately 1 mm.
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composite liquid marble lands on the solid surface, it first
deforms into a pancakelike shape because of inertial impact but
subsequently retracts under the action of capillary forces and
bounces off the surface. The bouncing continues until the
potential/kinetic energy is progressively dissipated by the
viscous force and surface friction. As a consequence of the
bouncing, the uniform coverage of the loosely packed
Lycopodium−iron oxide particle coating is disrupted and breaks
up into patches.
A likely mechanism by which such a structure forms is

illustrated in Figure 3. Upon collision and coalescence with the

first liquid marble that is immobilized at the orifice, the
momentum from the second liquid marble drives an internal
flow in the merged liquid marble along the longitudinal axis in
the direction of the collision. The sidewalls of the orifice,
however, retard this flow such that a parabolic-like velocity
profile arises within the merged marble. The strong velocity
along the centerline then drives the Lycopodium−iron oxide
particles from the rear section, which originated from the
second liquid marble, to displace the Lycopodium particles in
the front section, which originated from the first liquid marble,
along the longitudinal axis. Given the retardation of the flow
due to the no-slip condition imposed by the sidewalls of the
orifice, there is little flow on either sides of the merged marble
adjacent to the walls and hence the Lycopodium particles are not
displaced by the Lycopodium−iron oxide particles. A banded
structure then results when the marble regains its spherical
shape once it is released from the orifice trap. Figure 2c-ii, on
the other hand, shows that a hard landing scenario in which the
composite marble falls onto a solid surface results in the
dispersion of the particle band to produce a random patchy
liquid marble.
For θ = 45° > θc (Figure 2, right column), the coalescence

between the two liquid marbles produced on the slide occurs,
in contrast, slowly in the collection fluid when the second liquid
marble drops into the oil bath where the first marble has
landed, as exemplified in Figure 4a, b. Coalescence thus ensues
(Figures 4c, d) if the velocity of the second liquid marble
exceeds the critical coalescence velocity

γ
ρ κ

≈
+

⎜ ⎟
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠u

D
d D

D
/

2
e

c

1/2 1/4

(6)

which has been derived based on the criterion that coalescence
only occurs if the impact results in the deformation of the liquid
marbles to an extent such that the curvatures of their interfaces,
which are on the order of the inverse capillary length κ = (ρg/
γe)

1/2 in which ρ is the liquid density, become sufficiently small
to allow sufficient contact.20 This, however, assumes that the
impact is adequate to drive prior drainage of the intervening oil
film between the marbles to allow them to be in sufficient
proximity for contact in the first place. We nevertheless observe
the velocity of the second marble as it drops into the collection
fluid to always exceed uc such that coalescence always occurs,

provided that the both liquid marbles land at the same location
in the oil bath, which is almost always ensured given that both
marbles invariably drop from a fixed position dictated by the
narrow slide orifice above. Unlike the banded or patchy liquid
marbles that are produced in the case where θ < θc in which
rapid coalescence takes place as a result of the collision of the
rolling second liquid marble into the stationary first marble at
the slide orifice; however, the slow and controlled coalescence
in the oil bath produces a symmetric Janus liquid marble with
roughly a 1:1 particle ratio as observed in Figures 2c-iii and 4d.
Besides facilitating controlled and reproducible selection of

these composite liquid marble morphologies (e.g., between the
banded, patchy and Janus structures), another advantage of the
present platform is the ability to tune the relative coverage of
the particle species in the Janus marbles. Figure 2c-iv shows
that a second coalescence event can be instituted in the
collection fluid by dispensing a third 10 μL water droplet to
form a Lycopodium liquid marble, which upon coalescence with
the symmetric (1:1) Janus marble in the collection fluid, results
in an asymmetric (1:2) Janus pattern. Further asymmetry in the
particle species partitioning can then be controllably obtained
with the coalescence of additional liquid marbles by
sequentially adding more water droplets at the top of the
slide. For example, a third coalescence event with the addition
of another 10 μL water droplet (to hence produce a fourth
Lycopodium marble) leads to a Janus liquid marble with a 1:3
coverage (Figure 2c-v). As long as the volumes of the dispensed
droplets are well-controlled, fairly precise partitioning ratios can
be obtained, as seen from the good agreement in the images in
Figures 2c-iii−c-v between the actual particle partition
delineation (interface between the white and rust colored
hemispheres) obtained in the experiments with the theoretical
prediction (blue dashed line), which was calculated by
considering the hemispherical surface areas for a given partition
ratio. Figure 5, which shows the manufacture of multiple Janus
liquid marbles using this slide platform, provides the first
demonstration of the possibility for rapid and continuous
production of these composite liquid marbles on demand.
Although we manually synthesized tens of marbles within
minutes, the use of programmed automated droplet dispensers

Figure 3. (a−d) Schematic illustration of a possible mechanism that is
responsible for the formation of the banded liquid marble.

Figure 4. (a−d) Time-series images illustrating the slow coalescence
of two liquid marbles to form a Janus liquid marble as a second rust-
colored Lycopodium−iron oxide marble falls into the oil bath on the
first white Lycopodium marble. The period between consecutive frames
is 0.02 s and the scale bar denotes a length of approximately 5 mm.
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could potentially increase the production rate to hundreds of
marbles per minute.
Finally, we also show a unique and simple demonstration of

the possibility for noninvasive splitting of the Janus Lycopodium
and Lycopodium−iron oxide liquid marble; such splitting, which
allows a reduction in size and a corresponding increase in the
overall surface area, can potentially improve the efficiency of
liquid marbles in gas sensing10 and microreactor21 applications,
among others. Given the magnetism of the iron oxide particles,
Figure 6 shows the formation of a protrusion from the side of
the liquid marble where the Lycopodium−iron oxide particles

partitioned when an underlying magnet is brought into
proximity with the liquid marble. Withdrawal of the magnet
in the opposite direction results in the elongation and
subsequent pinch-off of the protrusion to form a daughter
liquid marble comprising of Lycopodium−iron oxide alone. This
technique overcomes limitations with other splitting processes,
which typically involve invasive procedures such as dissecting a
liquid marble with the use of a handheld spatula,22 which can
potentially disrupt the surface coverage of the parent liquid
marble or destabilize it.
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