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surface tension gradient,[24,25] magnetic 
field,[26–29] electric field,[30–34] mechanical 
force,[4,35] and pH.[36–38] The porous liquid 
marble shell enables gas exchange, which 
allows it to serve as a gas sensor,[39,40] a 
microreactor for gas-phase reactions,[41,42] a 
carbon dioxide capturing tool,[43] as well as 
a cell culture platform.[15,44,45] The behavior 
and the structure of a liquid marble shell 
depends on the preparation method, 
morphology of the encapsulating parti-
cles, and the properties of the core liquid. 
This paper investigates the relationship 
between the core liquid and the properties 
of the shell.

A liquid marble shell represents a flex-
ible superhydrophobic surface analogous 
to Cassie–Baxter wetting.[46] The shell 
consists of encapsulating particles and 
pores that prevent direct contact between 
the core liquid and the carrying substrate.  
There are only a few works in available 
literature that show the structure of a liquid 

marble shell.[12,47,48] Notable are the observations by Aussillous 
et  al.[12] and Bormashenko et  al.[48] using an optical microscope 
and environmental scanning electron microscope, respectively. 
Both studies revealed the existence of interparticle gaps at the sur-
face of a liquid marble. Lin et al. investigated the shell of a liquid 
marble with an optical microscope.[49] The team reported that a 
liquid marble shell is not fully covered with particles. Further-
more, the pores on the shell cause liquid marbles to evaporate.[50] 
Nguyen et al. investigated on the shell structure using a confocal 
microscope.[47] The team showed that fine particles are packed 
in between coarse particles within the shell. The particles at the 
innermost layer of the shell always penetrate the core liquid.[47] 
Wang et al. reported that the extent of penetration depends on the 
surface tension of the core liquid.[51] A reduction in the surface 
tension of the core liquid increased the penetration into it and 
decreased the lifetime. Prior works discuss only on the structure 
of the shell. There has yet to be a detailed study on the properties 
of the shell in response to the core liquid surface tension.

The integrity of a liquid marble depends on the properties 
of the shell. Therefore, it is essential to study the behavior of 
the shell to understand its effects on both the static and the 
dynamic properties of a liquid marble. Our present work inves-
tigates the effect of the surface tension of the core liquid on the 
shell. The surface tension was controlled using known quan-
tities of surfactant. Shell thickness decreased with the surface 

Liquid marble is a non-wetting droplet coated with micro- or nanometer 
sized particles and exhibits great versatility as a standalone system. Unique 
features such as low evaporation rate, low friction, and a porous shell enable 
it to be a potential tool for gas sensing, cell culture, and drug delivery. With 
the growing number of interests in these fields, it is important to understand 
the structure of the liquid marble shell and how it behaves with the variation 
of the surface tension of the core liquid. This paper investigates the thickness 
and the mass of liquid marble shell at various surface tension values. Sur-
factant mediated surface tension reduction allows the encapsulating particles 
to penetrate more into the core liquid and decreases the shell thickness. The 
shell thickness decreases significantly with the surface tension, whereas the 
mass remains almost constant. Interestingly, the trend reverses with further 
decrease of the surface tension. In this regime, both the thickness and the 
mass of the shell increase due to interfacial jamming. This work provides a 
new insight into understanding the contribution of the particle distribution 
at the shell for the stability and the measurement of the effective surface ten-
sion of a liquid marble.
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1. Introduction

A liquid marble is a non-wetting droplet encapsulated by micro- 
or nanometer sized hydrophobic particles.[1] Liquid marble 
attracts increasing attention in microfluidics due to its flexible 
manipulation,[2] high stability,[3–7] well controlled evaporation 
rate,[8–11] and insusceptibility to contamination.[2,12,13] These 
advantages make the liquid marble an important platform for 
microfluidic applications.[13–15] A liquid marble comprises a 
core liquid and a particulate shell. Liquid marble manipulation 
schemes tend to exploit properties of the encapsulating parti-
cles. The encapsulating particles determine the elasticity,[16] 
robustness,[4] and the effective surface tension of a liquid 
marble.[17,18] Furthermore, liquid marbles with functional shells 
can be manipulated using light,[19–22] temperature gradient,[23] 
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tension up to a threshold. Decreasing shell thickness was 
caused by a higher degree of penetration of the particles into 
the droplet. Further decrease caused interfacial jamming of 
the particles which resulted in increasing shell thickness. The 
results of this work could be useful to understand the influence 
of the shell on the stability of a liquid marble and to address the 
inconsistencies of the measurement of the effective surface ten-
sion of a liquid marble.

2. Theory

A liquid marble consists of a core liquid droplet and encapsu-
lating particles. Encapsulating particles are adsorbed onto the 
core liquid surface during the formation process of the liquid 
marble. Some particles of the innermost layer of the liquid 
marble always penetrate the core liquid after attachment, 
Figure 1.[47] The attachment of the particles releases a relatively 
large amount of energy. Therefore, a relatively large detach-
ment energy (ΔG) is required for the particles to completely 
submerge into the liquid.[12,13]

1 cosP
2

la
2G Rπ γ θ( )∆ = −  (1)

where Rp is the radius of the particle, γla is the liquid-air inter-
facial tension, and θ is the three-phase contact angle. The 
decrease in the core liquid surface tension γla reduces the 
energy required for the particles to detach from the droplet 
surface and immerse fully into the core liquid. Therefore, we 
hypothesize that the particles immerse more into the core 

liquid, which directly reduces the thickness of the encapsu-
lating layer. We assume that the variation in the thickness is 
independent of the liquid volume.

A decreasing surface tension also reduces the inward pulling 
force on the liquid surface molecules, diminishing the ability 
of the liquid surface to oppose deformation. At the same time, 
more surfactant molecules are adsorbed onto the solid-liquid 
interface which increases the hydrophilicity of the particles.[11] 
The transition in the wetting behavior of the particles caused a 
capillary rise between the particles into the liquid surface due to 
the positive Laplace pressure,[51–55] Figure  2a,b. Consequently, 
the liquid spacing between the particles at the innermost layer 
increases, Figure  2d. The liquid column rise between the 
particles tends to push the particles away from each other,[51] 
resulting in sparse packing at the droplet surface. Therefore, we 
hypothesize that the amount of particles required to encapsu-
late the surface area of a droplet decreases with surface tension.

In addition, surface tension reduction flattens the droplet.[56] 
As a result, the droplet surface area increases. Hence, we expect 
that more particles are needed to encapsulate the droplet sur-
face. Both hypotheses for the amount of encapsulating parti-
cles of a liquid marble have competing effects. In our study, we 
investigate the mass of the encapsulating particles to test these 
competing hypotheses.

3. Experimental Section

A 30-µL deionized (DI) water droplet was dispensed onto the 
lycopodium powder bed placed over a microplate vortex mixer 

Figure 1. Schematic of the penetration of the encapsulating particles during fabrication, t represents the shell thickness.

Figure 2. Schematic of the meniscus between two encapsulating particles a) at higher surface tension and b) at lower surface tension. Depicted par-
ticles represent the innermost layer. Schematic 3D illustration of liquid marbles at c) higher surface tension and d) at lower surface tension. L and γ 
represents the interparticle distance and the surface tension of the core liquid respectively.
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(RATEK). The droplet was rolled over the powder bed for 
3–3.5 s at a mixer revolution speed of 145 rpm, Figure 3. This 
fabrication method was used to prepare all the liquid marbles 
to keep the rolling parameter constant. Lycopodium powder 
(Sigma Aldrich) with an average diameter of 27 ± 3  µm was 
used as encapsulating particles, Figure 4a.

To reduce the surface tension of the core liquid, aqueous 
sodium dodecyl sulfonate (SDS) was added to the droplet. 
The surface tension of SDS solution was characterized using 
the pendant drop method and the Drop Analysis plugin in 
ImageJ,[57] Figure 4b.

Prepared liquid marbles containing DI water and SDS solu-
tion were gently rolled on a clean solid substrate to eliminate 

excess coating powder. The bottom view of the liquid marble 
was observed using an inverted microscope. First, we focused 
on the outermost layer of the shell as shown with the green 
line in Figure 1. Then, we changed the focus to the core liquid 
surface as shown with the red line in Figure  1. The elevation 
between the outermost layer and the core liquid surface is the 
measurement of thickness in our study. The mass, mp of the 
encapsulating particles were measured as:

p m lm m m= −  (2)

where mm is the mass of the liquid marble, ml is the mass of 
the core liquid.

4. Results and Discussions

A 30-µL DI water liquid marble had a shell thickness of  
64  ± 2  µm. To test our assumption that the shell thickness is 
independent of volume, we performed the experiment with DI 
water liquid marble of volumes ranging from 25 to 50 µL. The 
measured thicknesses did not change significantly across dif-
ferent volumes, Figure 5a. Thus, we neglected the volumetric 
effects, and only 30-µL liquid marbles were used for subsequent 
discussions. We measured the shell thickness at a minimum 
surface tension of 43  mN m−1. Liquid marbles in this surface 
tension collapsed within 70–120 s after transferring to the glass 
slide on the microscope. Further decrease of the surface ten-
sion would result in an unstable liquid marble.

The shell thickness decreased significantly from 64  ± 2 to 
52  ± 2  µm as the surface tension decreased from 72  mN m−1 
to 54 mN m−1, Figure 5b. Interestingly, further decrease of the 
surface tension resulted in a rapid increase of the shell thick-
ness. The thickness increased to 77 ± 2 µm at the surface ten-
sion of 43 mN m−1. We therefore split the discussion into two 
regimes: regime I, where the thickness decreased; and regime 
II, where the thickness increased with decreasing core liquid 
surface tension.

In regime I, the decrease in shell thickness can be attributed 
to the combined effect of the penetration of the lycopodium 
into the core liquid and the enhancement of the hydrophi-
licity of lycopodium with the decrease of the surface tension. 
To demonstrate that the hydrophilicity of the lycopodium pow-
ders would enhance with the reduction of surface tension, we 
determined the contact angle of a bare droplet as a function of 
surfactant concentration, resting on a lycopodium powder bed.
Figure  6a shows the contact angle of a bare droplet with 

varying concentrations of SDS resting on a lycopodium 
powder bed. The contact angle of a DI water droplet is 134° 

Figure 3. Formation of liquid marbles using a vortex mixer.

Figure 4. a) Scanning Electron Microscope image of lycopodium powder, 
b) Surface tension of aqueous SDS solution at 22 °C.
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and was reduced to 123° when the surfactant concentration is 
1 mm (surface tension of 61 mN m−1). Further decrease of the 
surface tension did not affect the contact angle significantly. 
This observation can be attributed to the petal effect exhib-
ited by the lycopodium powder. Lycopodium-based surfaces 
manifest Cassie-impregnated wetting state.[58] In such case, 
the droplet is characterized by high adhesion and high hyster-
esis of the apparent contact angle. When the SDS molecules 
were introduced into the core liquid, a fraction of it adsorbed 
on the lycopodium surfaces via Van der Waals forces between 
the alkyl chain of the surfactant and hydrophobic groups  
on the particle.[59] Thus, a monolayer was formed which exposed 
the charged surfactant head groups to the aqueous phase. 
According to Lucassen–Reynders equation, the decrease of the 
surface tension results in more adsorption of the surfactant 
molecules at the solid-liquid interface and increases the hydro-
philicity.[60] We speculate that the adsorption of the surfactant 
molecules to the lycopodium surface enhanced the adhesive-
ness with the core liquid, which caused the encapsulating parti-
cles to penetrate more into the core liquid and reduced the shell 
thickness.

We measured the mass of the encapsulating particles in 
regime I. In our study, the mass of the encapsulating parti-
cles was 0.54 ± 0.05 mg at a surface tension of 72 mN m−1 and 
remained nearly constant with further reduction of the surface 
tension up to 54 mN m−1, Figure 6b. The competing effects of 

larger interparticle distance and larger surface area seemed to 
cancel out each other at this regime.

In regime II, the shell thickness increased with the decrease 
of surface tension. This increase is attributed to the interfacial 
jamming of lycopodium powder at the droplet surface during 
the fabrication. The shape of the droplet under the action of 
vortex mixer is balanced by the surface energy and the kinetic 
energy, generated through the vortex mixer.[61] We know that 
the surface energy reduces with the surface tension. Below the 
threshold surface tension of 54 mN m−1, kinetic energy seemed 
to dominate surface energy. As a result, the droplet deformed 
from its original shape under the action of the vortex mixer. 
The deformed surface collected a large amount of lycopodium 
through the enlarged solid-liquid interfacial area, Figure 7. Con-
tinual reduction of the surface tension deformed the droplet 
more and collected a larger amount of encapsulating parti-
cles during the fabrication process. Therefore, the mass of the 
encapsulating particles increased in regime II, Figure 6b, which 
reached 0.84 ± 0.06 mg at a surface tension of 43 mN m−1. Once 
the rotation stopped, the surface tension force retracted the 
surface area and reduced the interfacial area. The retraction 
of the surface increased the interfacial particle concentration. 
When the specific interfacial area became comparable to that 
of close packing of particles, interfacial jamming occurred[62,63] 
and surface area retraction was arrested.[64] Interfacial jam-
ming retained morphological coarsening and overlapping of 

Figure 5. Shell thickness of a) a water-based liquid marble with volumes 
of 25 to 50 µL, and b) a 30-µL liquid marble at various surface tension.

Figure 6. a) SDS concentration versus contact angle and b) mass of 
the encapsulating particles of a 30-µL liquid marble at various surface 
tension.
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the particles at the liquid-air interface. Therefore, it stabilized 
two phase morphologies with irregular interfacial shapes. So, 
the effect of sparse packing with the decrease of surface tension 
is not significant in this regime. Conversely, the effect of col-
lection of particles through larger droplet contact area at lower 
surface tension is dominating in this regime. In our experi-
ment, the profile of the liquid marble at low surface tension 
became irregular and did not fit the theoretical droplet curve 
in low-bond axisymmetric drop shape analysis,[48,65] Figure 8b, 

which proved the presence of interfacial jamming effect. 
Another possible reason for interfacial jamming could be due 
to the increase in droplet contact area with the substrate.[64,66] 
Contact radius of the droplet with the substrate is calculated 
with Equation (3).[1,12]

/ 2/3 /1
1
2

0
1( )( )=− −l k R k

n

 (3)

where, l is the contact radius, k−1 is the capillary length of the 
droplet, R0 is the radius of the droplet, n  = 3/2 for puddles 
(where R0 >> k−1), n = 2 for smaller droplets (where R0 << k−1).

According to Equation  (3), the contact area increases with 
the decreasing surface tension. This process increases the fric-
tion between the droplet and the substrate, hence reducing the 
mobility, which in turn affects the interfacial jamming effect.[64] 
Therefore, interfacial jamming effect is more favorable with the 
decrease of the surface tension, which agrees well with Geyer 
et al.[66] In our study, the overlapping of the particles due to the 
interfacial jamming increased the shell thickness, regime II, 
Figure  5b. The thickness increased to 77  ± 2  µm at a surface 
tension of 43 mN m−1.

Next, we demonstrated the sensitivity of the liquid marbles to 
ammonia vapor with different surface tensions. Phenolphthalein 
was added to the core liquid solution at a volume ratio of 0.5% 
for the liquid marbles, kept in ambient air. First, the prepared 
liquid marbles exhibited a yellow color due to the encapsulating 
lycopodium particles, Figure  9a. Then, a beaker containing 
ammonia solution was placed in the proximity of the liquid mar-
bles to produce ammonia vapor. All the liquid marbles turned 
pink in the presence of ammonia vapor, Figure 9b. Pores in the 
liquid marble shell allowed the diffusion of ammonia vapor into 
the core liquid and resulted in the color change. We were unable 
to differentiate the sensitivities to ammonia vapor across liquid 
marbles of different surface tensions as lycopodium powder 
is yellow and opaque. The shell impairs colorimetric analysis 
required to accurately differentiate the sensitivities.

Stability of a liquid marble decreases with the surface ten-
sion.[51,67,68] In our experiment, a water liquid marble was highly 
stable on a clean glass substrate, whereas a liquid marble at a 
surface tension of 43 mN m−1 had lower stability. Liquid mar-
bles at a surface tension of 43 mN m−1 collapsed within 70–120 s  
after transferring to the glass substrate (see Supporting Infor-
mation). The minimum surface tension in our experiment was 
43 mN m−1 because a lower surface tension would result in an 
unstable liquid marble which could not be manipulated. Thus, 
we limited our experimental observations to 43 mN m−1.

Figure 7. Illustration of the collection of the encapsulating particles 
through the contact area of a droplet with a) a higher surface tension 
and b) a lower surface tension, under the action of vortex mixer, m and 
γ represents the mass of the coating and the surface tension of the core 
liquid respectively.

Figure 8. Side view of a liquid marble a) without interfacial jamming, 
b) with interfacial jamming. Microscopic view of the innermost layer 
of the liquid marble c) without interfacial jamming, d) with interfacial 
jamming.

Figure 9. Liquid marbles at surface tension of 72, 55, and 46 mN m−1 
containing 0.5% phenolphthalein, a) in ambient air and b) in the presence 
of ammonia vapor.
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5. Conclusions

We investigated the liquid marble shell and its behavior with 
different values of the surface tension of core liquid.  The 
shell thickness is independent of the volume. The shell thick-
ness of a 30-µL lycopodium liquid marble at a surface tension of  
72 mN m−1 was 64 ± 2 µm, which decreased to 52 ± 2 µm at a 
surface tension of 54  mN m−1. The decrease in the thickness  
was attributed to the higher degree of particle penetration. 
Decreasing the surface tension below 54 mN m−1 lowered the sur-
face energy of the droplet. As a result, interfacial jamming of the 
particles occurred at the liquid marble surface, which collects more 
particles and increases the mass of the encapsulating particles. 
Eventually, the thickness also increases due to overlapping of the 
particles. The thickness of the liquid marble increases to 77 ± 2 µm  
at a surface tension of 43 mN m−1. Further decrease of the surface 
tension prevented the liquid marble from being formed.

Our present work provides new insight toward under-
standing the particle distribution and how it affects the effective 
surface tension of a liquid marble. The finding could be useful 
for studying the stability of liquid marble and its use in sensing 
applications. Future work on the topic can be extended toward 
understanding the relationship between the interparticle force 
and the surface tension.
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