
Investigation of liquid marble shell using X-ray: shell thickness and
effective surface tension
Pradip Singha,[a] Nhat-Khuong Nguyen,[a] Van Thuong Nguyen,[b]

Kamalalayam Rajan Sreejith,[a] Du Tuan Tran,[c] Anh V. Nguyen,[b] Nam-Trung Nguyen,*[a] and
Chin Hong Ooi*[a]

Abstract: Liquid marble is a non-wetting droplet encapsu-
lated by micro- or nano-sized hydrophobic particles. Recently,
liquid marble has been emerging as a tool for digital
microfluidics. Thus, a detailed understanding of the funda-
mentals of liquid marble is essential. The shell of a liquid
marble has an opaque and fuzzy appearance which hinders
in-depth investigation using conventional optical microscopy.
We used X-ray computerized microtomography (CMT) to
generate an image with a visible interface between the core
liquid and the shell to overcome this problem. The interface
facilitates accurate measurement of the shell thickness and
the effective surface tension. This work investigates the effect

of liquid marble preparation methods and liquid marble
volumes on shell thickness and effective surface tension. We
found that increasing the revolution speed during liquid
marble preparation increases shell thickness. A liquid marble
shell has a uniform packing when the revolution speed is
200–300 rpm. We also found that the effective surface
tension of liquid marbles decreases with increasing volume.
This could be due to a stronger effect of gravitational force
for a large liquid marble. The findings from this work could
provide a new insight into the characterization of liquid
marble and open up a new direction of fundamental research
of liquid marble shell.

1. Introduction

Liquid marble is a non-wetting droplet coated with micro- or
nano-sized hydrophobic particles.[1] Attractive features of a
liquid marble such as low evaporation rate, high robustness,
tuneable porosity, and ease of manipulation enable it to be an
efficient tool for microfluidic applications.[2–11] These features
depend on the properties and structure of the liquid marble
shell.[12–14] Recent works on liquid marble have been devoted to
understanding its shape, stability, crystallization, and micro-
fluidic applications.[15–24] A better understanding of the liquid
marble shell and its properties is essential to improve liquid
marble characterization works and to further understand the
fundamental physics of a liquid marble. In this work, we
prepared liquid marbles of various volumes under different
conditions and investigated the resulting liquid marble using
X-ray computerized microtomography (CMT).

A liquid marble shell consists of encapsulating particles and
pores that prevent direct contact between the core liquid and

the carrying substrate. The distribution of the encapsulating
particles and the pores depends on particle size,[12,24–26] particle
type,[13,20,22,27] core liquid,[14,16,28] and preparation method.[19,29–32]

Several researchers attempted to observe the structure of a thin
shell using interfacial polymerization and conventional micro-
scopy techniques. Vogel et al. approached a new method based
on interfacial polymerization technique to visualize the particles
layer at air-water interface.[33] Aussillous et al. observed water
clearings at the liquid marble shell using an optical
microscope.[34] Bormashenko et al. used an environmental
scanning electron microscope to discover the liquid marble
shell structure, which revealed the interparticle gaps.[35] Nguyen
et al. observed the packing of the particles on the liquid marble
shell using a confocal microscope.[36] The authors found that the
particles at the innermost layer of the shell always penetrate
the core liquid. Due to the limitation of the microscopy
techniques, most of these works could not capture a full liquid
marble view with a visible liquid-solid interface. Therefore, a
critical component of the liquid marble shell had been left
unexplored. Our approach of observing the liquid marble shell
using X-ray eliminates the technological limitation and enables
further analysis.

The capillary interaction between the encapsulating par-
ticles at the liquid marble shell modifies the force balance at
the droplet surface, resulting in the so-called effective surface
tension of the liquid marble.[23,35,37–40] Existing measurement
techniques based on analyzing the liquid marble shape relies
on the liquid marble side profile,[35,39,40] which could be problem-
atic due to the opaque and fuzzy appearance of the liquid
marble shell. This fuzzy appearance also precludes accurate
measurement of the apparent contact angle.[22,35,39,40] X-ray CMT
provides an image with visible interfaces between the core
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liquid and the shell of a liquid marble as well as between the
shell and the carrying substrate.

This work focuses on measuring the shell thickness and the
effective surface tension of a liquid marble using X-ray CMT. To
the best of our knowledge, we are the first (i) to study the effect
of the liquid marble preparation method and (ii) to study the
effect of volume on the shell thickness and effective surface
tension of liquid marbles.

2. Theory

2.1. Principle of liquid marble formation

A liquid marble consists of a core liquid and a shell made of
encapsulating particles and pores. The encapsulating particles
adsorb onto the core liquid surface during the preparation
process. The most common liquid marble preparation method
is rolling a droplet on a powder bed. Rolling the droplet at a
lower speed is insufficient to overcome its adhesion to the
powder bed, producing only a partially coated liquid marble.
Conversely, rolling the droplet at excessive speeds causes
interfacial jamming of the encapsulating particles at the shell.
Interfacial jamming is a phenomenon where encapsulating
particles adsorb onto the droplet surface at high
concentrations.[41–44] With interfacial jamming, the liquid marble
adopts an irregular shape and exhibits solid-like features.[45–47]

Therefore, we hypothesize that the liquid marble preparation
method plays a crucial role in governing the structure of the
liquid marble shell, thus affecting the shell thickness and the
effective surface tension.

2.2. Effective surface tension of liquid marbles

The capillary interaction between the adsorbed encapsulating
particles modifies the force balance at the surface of the core
liquid, resulting in the so-called effective surface tension of the
liquid marble. There are various droplet-based methods to
measure the effective surface tension of a liquid marble, such as
pendant drop method,[39] maximum height method,[22] shape
analysis,[39,48] capillary rise,[37] Low-Bond Axisymmetric Drop
Shape Analysis (LBADSA),[23] and vibration analysis.[32,49] For the
maximum height method, a sufficiently large liquid marble in a
shape of a puddle is necessary.[22] Moreover, this method
requires highly accurate measurements of the apparent contact
angle, which is extremely challenging. On the other hand, the
effective surface tension values obtained from the pendant
drop method fluctuates with the inflation and deflation of the
droplet. We used the Low-Bond Axisymmetric Drop Shape
Analysis (LBADSA) to the effective surface tension of liquid
marbles.[50]

2.3. Measurement of surface tension using LBADSA

The surface tension of a bare droplet arises from the
unbalanced forces at the liquid-air interface, where the
molecules at the liquid-air interface experience an inward
pulling force towards the bulk liquid. LBADSA method utilizes
the solution of the Young-Laplace equation by first-order
perturbation techniques to calculate the surface tension of a
bare sessile droplet. This method utilizes the shape of the
droplet captured with a photographic image and expressed
with the Young-Laplace equation.[51,52]

DP ¼ gð
1
R1
þ

1
R2
Þ (1)

where ΔP is the pressure difference at the interface, γ is the
droplet‘s surface tension, R1 and R2 are the principal radii of
curvature at any point on the droplet.

The pressure difference across the droplet is:

DP ¼ DP0 þ D1gh (2)

where ΔP0 is the pressure difference at the apex, h is the
elevation from the apex, Δ1 is the density difference between
the liquid and air phases, and g is the gravitational acceleration.

For an axisymmetric droplet, both the principal radii R1 and R2

at the apex are equal. As such, the pressure difference (ΔP0 ) is :

DP0 ¼
2g

b (3)

where b is the radius of curvature at the apex.
Combing Equation (1), (2), and (3). We obtain:

1
R1
þ

1
R2

� �

¼
2
bþ

D1gh
g (4)

Δ1g/γ is termed as the capillary constant, c in LBADSA. This
parameter is used to fit the theoretical curve to the droplet
profile images.

A fluid-fluid interface is essential for curve fitting according
to these equations. For a bare sessile droplet, the liquid-air
interface is fitted according to Equation (1) to determine the
droplet‘s surface tension, Figure 1a. The profile of a liquid
marble with low particle density and a thin layered shell also
follows Equation (4). In a liquid marble, the liquid-air interface
of a droplet is substituted by a liquid-solid interface. Therefore,
curve fitting must follow the liquid-solid interface instead of the
solid-air interface as followed by most researchers. X-ray CMT
measurement provides a clear image with the visible liquid-
solid interface of a liquid marble. As such, measurement of the
liquid-solid interface should produce more consistent effective
surface tension values.

Research Article

2ChemNanoMat 2021, 7, 1 – 8 www.chemnanomat.org © 2021 Wiley-VCH GmbH

These are not the final page numbers! ��

Wiley VCH Mittwoch, 01.12.2021

2199 / 228492 [S. 2/8] 1

www.chemnanomat.org


3. Materials and methods

3.1. Preparation of liquid marbles

Liquid marbles were prepared by dispensing deionized (DI)
water droplets of volume varying from 5 μl to 40 μl onto a
lycopodium powder bed (Sigma Aldrich, average diameter of
30 μm), followed by vigorous rolling for 5 to 6 seconds. For
rolling the droplet, we used a microplate vortex mixer (RATEK,
model MPS1) running at a revolution speed ranging from 100
to 500 rpm. The radius of a 20 μl droplet rolling at 150 rpm was
1.68 mm, which increased to 1.82 mm while rolling at 500 rpm.

3.2. Experimental setup for X-ray imaging

Prepared liquid marbles were transferred onto a container with
a flat polystyrene foam substrate with polymethyl methacrylate
(PMMA) housing, Figure 2. Polystyrene foam is highly trans-

parent to X-ray, which helps to obtain a clear image of the
contact line between the liquid marble and the foam. The
PMMA housing eliminates any airflow and keeps the liquid
marble stationary. Next, the container with the liquid marble
was gently positioned on the sample holder of the X-ray CMT
machine (VersaXRM-500, ZEISS® Xradia, Pleasanton, CA, USA).
The sample holder was subsequently adjusted to capture the
full liquid marble profile. A voltage of 60 kV was provided to
the X-ray source with 4 × magnification. For close-up images of
the liquid marble shell, the magnification was increased to 20 × .

3.3. Measurement of the liquid marble shell thickness and
effective surface tension

We used ImageJ to measure the thickness of the liquid marble
shell from the X-ray CMT images. The liquid marble shell
thickness is defined as the difference in the radial distance
between the core liquid surface and the outermost layer of the
shell. Curve fitting with the LBADSA plugin was utilized to
measure the effective surface tension, Figure 1c.

4. Results and Discussions

The X-ray CMT images were sharp, with a visible interface
between the core liquid and the shell, Figure 3a. These images
reveal the hidden contact line between the liquid marble and
the underlying substrate, Figure 3b. 3D scan of a liquid marble
with X-ray CMT displays the cross-sectional view, where the
shape of the core liquid and the shell are visible, Figure 3c and
d. This work focuses on measuring the shell thickness and the
effective surface tension of a liquid marble utilizing the visible
interface between the core liquid and the shell.

We found that shell thickness increases with increasing
revolution speed for a constant liquid marble volume of 20 μl,
Figure 4a. The measured shell thickness increased linearly from
28�4 μm to 74�3 μm for revolution speeds ranging from
150 rpm to 500 rpm, Figure 4a. The lycopodium particle diame-
ter is approximately 30 μm, which corresponds to one to two
particle layers.

Liquid marbles could not be formed at 100 rpm as the
dispensed droplet does not roll on the powder bed. The low

Figure 1. Schematics of LBADSA fit for a) a sessile droplet profile, b) a sessile liquid marble profile, and c) core liquid surface of a sessile liquid marble to
measure surface tension.

Figure 2. a) Scanning electron microscope image of lycopodium powder,
b) Schematic of the experimental setup.
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revolution speed was insufficient to overcome the adhesion
between the droplet and the power bed. At 150 rpm, the
droplet rolled on the powder bed and formed a liquid marble
with a shell thickness of 28�4 μm, Figure 4a. Microscopic
images revealed the sparse particles packing at the liquid
marble shell, Figure 4b. This phenomenon could be caused by
the failure of the droplet to collect sufficient particles to achieve
complete coating at 150 rpm.

We increased the revolution speed to 200 rpm and meas-
ured the shell thickness at 49�3 μm. The dispensed droplet
collected particles to be fully coated, Figure 4c. These particles
created dense packing at the liquid marble shell which
increases the shell thickness. At 300 rpm, the measured shell
thickness was 51�4 μm. There was no significant difference in
the shell thickness for liquid marbles prepared at 200 rpm and
300 rpm.

The shell thicknesses of the liquid marbles prepared at a
revolution speed of 400 rpm and 500 rpm are 67�3 μm and
74�3 μm, respectively. The dispensed droplet deformed while
rolling on the powder bed at such a high revolution speed.
Consequently, the droplet collected more particles through its
enlarged contact area. After the rolling process was completed,
the dispensed droplet retracted back to its original shape whilst
keeping the excess particles overlapping on its shell, resulting
in interfacial jamming, Figure 4d. Therefore, we conclude that
the shell thickness of a 20 μl lycopodium liquid marble
increases with the revolution speed, which is akin to the
Landau-Levich-Derjaguin (LLD) mode. The LLD mode relates the
film thickness of dip coating to the withdrawal velocity.[53–56] In
our study, the liquid marble shell is analogous to the thin film,
which increases with the revolution speed. Nevertheless, further
characterization is required to test the applicability of the LLD
mode as the viscosity and characteristic velocity of the rolling

Figure 3. X-ray CMT images. Profiles of a 5 μl lycopodium liquid marble show a) the interface between the core liquid and the shell, b) the contact area with
the substrate, c) cross-sectional top view, and d) 3D view of the shell of a 20 μl lycopodium liquid marble.
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droplet cannot be easily determined. As the droplet moves
around the powder bed, it can roll or slip on the solid surface
which precludes a convenient estimate of its velocity. Further-
more, the shell can impart viscoelastic effects on the rolling
droplet which is not very well understood.

Next, we measured the effective surface tension of the
liquid marbles using the LBADSA plugin in ImageJ.[49] The
effective surface tension has a weak correlation with increasing
revolution speeds. Overall, the values are only slightly lower
than that of pure water. Bormashenko et al. and Aussillous et al.
reported the effective surface tension values of lycopodium
liquid marble as 47–60 mN/m, which differs from our results by
more than 10% despite using similar shape analysis
methods.[33,47] The difference is most likely due to the measure-
ment of different interfaces. Bormashenko et al. and Aussillous
et al. considered the purely solid outer surface of the liquid
marble, whereas we focussed on the hidden liquid-solid inter-
face.

The effective surface tension values were highly inconsistent
at a higher revolution speed of 400 rpm and 500 rpm. The
liquid marbles tend to adopt irregular shapes that do not
accurately fit the theoretical curve, Figure 5b. The inconsisten-
cies indicate the presence of interfacial jamming and that the
coating particles exhibit long-range forces. The increased shell

thickness also supports this at higher revolution speeds as
interfacial jamming occurs at high particle density.

For the volumetric study, we vary the volume of the liquid
marbles from 5 μl to 40 μl. A fixed revolution speed of 200 rpm
was used as this provided the most consistent values of
effective surface tension. We found that shell thickness remains
at about 47 μm for liquid marble volumes up to 20 μl, Figure 6a.
Shell thickness increases slightly for 30 μl and 40 μl lycopodium
liquid marbles at 52�3 μm and 56�4 μm, respectively. The
slight increase of the shell thickness could be due to the
overlapping of particles during the preparation process of a
liquid marble. We calculated the Bond Number (Bo) to further
understand the reason of increase in shell thickness, Table 1.
Bond number for 30 μl and 40 μl lycopodium liquid marble is
0.99 and 1.47, respectively, which indicates that the gravita-
tional force is significant for the larger liquid marbles. On the
other hand, given the same revolution speed, a larger droplet
deforms more when rolled around during preparation. A larger

Figure 4. a) Shell thickness and effective surface tension of a 20 μl lycopodium liquid marble at various revolution speeds, close-up X-ray images of the liquid
marble shell at 150 rpm and 500 rpm are shown in the inset (i) and (ii), respectively. Microscopic images of surface coverage of a 20 μl lycopodium liquid
marble prepared at a revolution speed of b) 150 rpm, c) 200 rpm, and d) 500 rpm.

Table 1. Bond Number (Bo) of lycopodium liquid marbles of various
volumes.

Liquid marble volume [μl] 5 10 20 30 40
Bond Number [Bo] 0.13 0.26 0.51 0.99 1.47
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deformation causes the droplet to collect more powder
particles on its enlarged contact area during the rolling process,
thus increasing the shell thickness.

Smaller liquid marbles have effective surface tension values
that are close to that of pure water. Effective surface tension
decreases with increasing liquid marble volumes, with larger
30 μl and 40 μl liquid marbles experiencing a substantial
decrease. A rolling droplet collects particles from the powder
bed during the preparation process of a liquid marble. The
droplet experiences an increasing body force at a higher
revolution speed due to the additional centrifugal component.
This contributes to the increasing shell thicknesses, as men-
tioned in the previous section. On the other hand, increasing
the liquid marble volume at a constant revolution speed would
lead to the same effect since gravitational force increasingly
dominates over surface tension. A larger gravitational force
component also facilitates the penetration of the particles into
the liquid surface, resulting in more particles collected during
the preparation process.[35] Our experimental results agree well
with our hypothesis, as effective surface tension decreases
steadily with increasing liquid marble volumes.

5. Conclusions

We investigated the effect of the preparation method and the
liquid marble volume on the shell thickness and the effective
surface tension. Shell thickness of a liquid marble increases with
revolution speed during the preparation process. A 20 μl
lycopodium liquid marble prepared at 200 rpm and 500 rpm
has a shell thickness 49�3 and 74�3 μm, respectively.
Interfacial jamming of the particles at liquid marble shell at
higher revolution speed is responsible for the increase in the
shell thickness. Further, we measured the effective surface
tension of the liquid marble following the Low-Bond Axisym-
metric Drop Shape Analysis (LBADSA). We found that the
effective surface tension values of liquid marbles prepared at a
revolution speed between 200 rpm and 300 rpm are consistent
and similar to pure water. The consistency of the effective
surface tension values significantly decreases for the liquid
marbles prepared at 500 rpm. The irregular shape of these
liquid marbles does not allow the LBADSA curve to fit
accurately at the core liquid surface, affecting the effective
surface tension values.

The volumetric study reveals that the shell thickness of a
liquid marble does not change significantly with the volume.
The effect of the gravitational force on a larger droplet is more
than that on a smaller droplet, causing a decrease in effective
surface tension with increasing liquid marble volume. Our work
could be beneficial for liquid marble mediated gas sensing or
cell culture work, where the properties of the shell are crucial.

Figure 5. LBADSA fit of the interface between core liquid and the shell of a
20 μl liquid marble prepared at a) 200 rpm and b) 500 rpm. Deviation from
symmetry due to interfacial jamming is shown in (b).

Figure 6. a) Shell thickness and effective surface tension, and b) LBADSA
profiles of lycopodium liquid marbles of various volumes.
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Our work provides new knowledge on the liquid marble shell,
which will benefit further fundamental study on liquid marbles.
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In this work, we investigate the
effect of (i) the preparation method
and (ii) volume on the shell thickness
and the effective surface tension of
liquid marbles. For our analysis, we
used X-ray computerized microto-
mography which reveals the hidden
interface between the core liquid
and the shell.
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