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ABSTRACT  

In order to better understand the influence of the shape of solid particles on the stability of liquid 

marbles, we investigated liquid marbles stabilized by hydrophobized calcium carbonate particles 

with spherical and rod-shaped morphologies. Static properties, such as the effective surface 

tension, and the dynamic behavior i.e. the compression-decompression features for several cycles 

of the liquid marbles were investigated. Liquid marbles stabilized with spherical CaCO3 particles 

show an elastic response to mechanical deformation almost up to collapse. In contrast, liquid 

marbles prepared with rod-like particles exhibit a more plastic response to compression. It is 

concluded that the main differences in behavior of the prepared liquid marbles arise from how the 

solid particles can arrange/orient at the air/water interface.  

KEYWORDS: Liquid Marble, CaCO3, Elasticity, Plasticity, Hydrophobic particles. 

 

1. INTRODUCTION 

Liquid marbles are typically millimeter-sized liquid droplets stabilized by solid particles 

adsorbed at the gas-liquid interface.  The particles encapsulate the liquid held in place by capillary 

forces. Liquid marbles have striking properties that cannot be attained using bare liquid droplets 

[1-7].  Because of their non-wetting property due to the encapsulating particulate stabilizer, liquid 

marbles exhibit low friction, which allows them to move easily on solid substrates and on liquid 

surfaces.  Contamination of the encapsulated liquid can be avoided because the inner liquid is 

isolated from any substrates.  Liquid marbles can be divided, merged, disrupted and levitated, and 

their contents (the encapsulated liquid phase) can be mixed and released on demand.  Therefore, 
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liquid marbles have gained increasing interest in view of their potential applications in cosmetics 

[8,9], transport & microfluidics [10-12], miniature reactors [13-15], personal & health care 

products [16], sensors [17], accelerometers [18], pressure-sensitive adhesives [19], and actuators 

[20]. 

Particle properties including size and the hydrophilic-hydrophobic balance of the surface are 

important to determine formability and stability of the liquid marbles.  Size of liquid marble 

stabilizer should be important to determine liquid marble size and shape.  It has been clarified that 

hydrophobic solid particles, which repel water, can adsorb to droplet surfaces and work as an 

effective liquid marble stabilizer [21]. In contrast, on hydrophilic particle beds water is taken up 

by capillary action and no liquid marble is formed.  Furthermore, it is possible to control the liquid 

marble stability using stimuli-responsive particles whose hydrophobic-hydrophobic balance can 

be tuned by external stimuli [6,22,23].  The particle shape should be also important to determine 

formability and stability of the liquid marble.  However, little is known about the influence of 

particle shape on liquid marble stability [24]. 

The elasticity and robustness of liquid marbles are crucial properties to be investigated, because 

in applications they are exposed to external mechanical stress, and were investigated theoretically 

and experimentally, recently [25-28]. In this study, the effect of morphology of liquid marble 

stabilizer, namely sphere and rod, on mechanical properties of liquid marbles is investigated using 

compression / decompression cycles between parallel plates.  The mechanical properties are 

correlated with the structure of the encasulatingshell  formed by the different solid particles. 

 

2. EXPERIMENTS 
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Both spherical and rod-shaped CaCO3nanoparticles (Figures 1 and S1) were kindly donated from 

Shiraishi Kogyo Kaisha, Ltd (Hyogo, Japan).  These nanoparticles were used as a liquid marble 

stabilizer, which were synthesized by carbonation process in aqueous medium [29,30]. Number-

average diameter of the spherical CaCO3 particles (C1) was determined to be 80 nm from 

transmission electron microscopy studies (n=200).  The density was measured to be 2.52 g/cm3 by 

a helium pycnometer.  Number-average sizes of long and short axes of rod-shaped particles (C2) 

were determined to be 2.8 ± 1.4 µm and 0.8 ± 0.4 µm, respectively (n=200).  (The rod-shaped 

particle sample did also contain sphere-like particles with a diameter of less than 1 µm. 

Unfortunately, a further purification of this sample to obtain purely rod-shaped particles was not 

possible. Octadecanoic acid was adsorbed to the nanoparticle surfaces via acid-base interaction 

between the carboxylic acid and CaCO3 to render the CaCO3 nanoparticles hydrophobic. Both the 

spherical and rod-shaped CaCO3 nanoparticles have strong tendency to agglomerate and therefore 

existed as flocs. Gellan gum (Kelcogel F) was kindly donated from CPKelco. 

The liquid marbles (L1 and L2) were prepared by rolling 15 µl droplets of deionized water on the 

hydrophobic CaCO3 powders (C1 and C2) for approximately 10 s. To test the mechanical properties 

of the liquid marbles, a home-made setup was used. The liquid marbles were compressed between 

two parallel glass slides while measuring both the applied force and the induced deformation 

(Scheme 1). The setup consisted of a solid support for the lower glass slide, a motorized Z-stage 

for vertical movement (HVM130-30-HDS, Owis, Staufen, Germany) that was carrying a force 

sensor (GSO-10, Transducer Techniques, Temecula, CA, USA) to which the upper glass slide was 

attached. The force sensor output signal was amplified (TMO-2 signal conditioner, Transducer 

Techniques, Temecula, CA, USA) and recorded by a computer using an AD-card (NI PCI-6251, 

National Instruments Corporation, Austin TX, USA). The same computer was also used to control 
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the movement of the Z-stage via PCI motor controller card (Owis PS30 PCI card, Owis, Staufen, 

Germany). Both the movement of the Z-stage and the recording of the force signal were controlled 

by a self-written Labview program (National Instruments Corporation, Austin, TX, USA). 

Calibration of the force sensor was done by adding known weights to the upper glass slide holder 

and recording the corresponding voltages from the signal conditioner. As the deflection of the 

force sensors at loads of 1 mN is only in the order of 1 µm, it can be safely be neglected compared 

to the deformation of the liquid marbles which for such forces was in the order of millimeters. The 

standard speed of compression in our experiments was 11 µm/s, using a step size of 8.1 µm (1000 

encoder steps) between each force reading. During compression tests, the liquid marbles were 

imaged from top through the upper glass slide using a video microscope that consisted of a Navitar 

600 zoom lens system (Navitar Inc. Rochester, NY, USA), a Mitutoyo 2x M-Plan Apo Objective 

(Mitutoyo Corporation, Kawazaki, Japan) and an USB camera (Ueye UI22805E-M-GL, IDS 

GmbH, Obersulm, Germany).  

Scanning electron microscopy (SEM; VE-8800, 12 kV, Keyence, Osaka, Japan) studies were 

conducted on dried samples previously sputter-coated (SC-701 Quick Coater, Elionix, Tokyo, 

Japan) with Au. This SEM was used for observation of CaCO3 particles. Liquid marbles prepared 

using Gellan gum were observed by SEM before and after compression using a tackiness tester 

(TAC1000, Rhesca Co.). The probe (SUS, a diameter of 5 mm) was brought onto contact with the 

liquid marbles placed on SUS substrate at 10 mm/s. After a constant contact time (30 s), the probe 

was brought up at 10 mm/s. The push distance and applied pressure were 0.25 mm and < 2497 Pa, 

respectively. 
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3. RESULTS and DISCUSSIONS 

3.1. Characterization and compression of liquid marbles 

Individual liquid marbles were fabricated by rolling a 15 µL water droplet over the dried CaCO3 

powders (Figure 1). Both the spherical and rod-shaped powders immediately coat the water drops 

and render them both hydrophobic and non-wetting. These liquid marbles could be transferred 

onto a glass slide.  Significant roughness was observed on their surfaces, which suggests that 

CaCO3 multilayers/flocs coated the water droplets, rather than just a monolayer. The weight ratios 

of water/CaCO3 were gravimetrically calculated to be 96/4 and 97/3 for spherical and rod-shaped 

particle systems, respectively. 

The effective surface tensions of the prepared liquid marbles (L1 and L2) were measured by 

making marbles as large as possible [31]. Then they tend to flatten out and form more a puddle 

rather than a spherical object. The height of such a puddle is given by the surface tension and the 

contact angle. Measuring the puddle height hmax and by assuming the apparent contact angle to be 

close to 180o, the effective surface tension can be calculated by: 

  
4

2

maxgh
        (1) 

The height of both samples, as a function of their volumes, were measured and plotted in Figure 

S2. By using the data in Figure S2 and eq. (1), the effective surface tension values were estimated 

to be 60.0 (±2.5) and 41.5 (±2.0) mN/m for the spherical (L1) and the rod-shaped (L2) CaCO3 liquid 

marbles, respectively. 



 7 

Figure 2a shows the typical result for a compression test at a compression speed of 11 µm/s, 

plotted as compression force versus relative compression, for both liquid marbles stabilized by 

spherical (L1) and rod-shaped particles (L2). For comparison, the result for a pure water droplet of 

the same volume that was compressed between two super-hydrophobic glass slides [32] is also 

shown. During compression, the force increases monotonically up to a maximum force of 1.1 

mN where the liquid marbles collapse. At this point, the  relative compression (1- h/h0) had reached  

more than 50%, where h0 is the initial height of the marble (at t=0) and h the height given at any 

later time of the experiment. Up to relative compression of about 35%, corresponding to a force of 

0.3 mN, curves recorded with liquid marbles L1 and pure water drops are almost identical. For 

forces above 0.3 mN, the liquid marbles show a slightly higher stiffness than the water droplet. 

For forces of more than 0.7 mN, the water droplet started to move laterally between two 

superhydrophobic glass slides. The close similarity between these two curves indicates that the 

main resistance to compression for deformations of less than 35% stems from the increase in 

surface area and the surface tension of water.  

Liquid marbles L2 show a different compression behavior. At low compressions, they start out 

with a higher slope, which levels out so that a shoulder-like shape was observed for compressions 

below 20%. At deformations above 20%, they show a similar force-vs-compression as L1. L2 

reaches slightly higher maximal compression before collapse and they are more stable. Similar to 

L1, the forces to compress the LM are higher than force required to compress a pure water drop.  

To further analyze the compression behavior, we imaged the liquid marbles through the 

compressing glass slides by video microscopy (Figures 2b,c). When increasing the compression 

force, the maximal diameter of the liquid marbles increases. At (1-h/h0) above 0.3, macroscopic 
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cracks appear. For L2 liquid marbles this point coincides with the endpoint of the observed shoulder 

in Fig.2a. By further increasing the compression force, the number and the size of these cracks 

increases until the liquid marble ruptures completely, typically at (1-h/h0) = 0.6. 

3.2. Elastic and plastic behavior of liquid marbles 

In order to investigate the elastic and the plastic behavior of the liquid marbles, compression-

decompression forces were measured for several consecutive cycles for the L1 sample. In each 

cycle, the maximum load was less than half of the rupture force. At this load, cracks were already 

visible, but they disappeared again when the force was released. Cracks reappeared at the same 

locations when force was applied again. In Figure 3, the consecutive compression-decompression 

cycles are plotted as force versus the relative compression (1-h/h0) of the marble. The compression-

decompression plots overlay. Thus the spherical CaCO3 liquid marble (L1) show mainly an elastic 

response to the applied deformation, even though the formation of cracks itself is certainly not 

elastic. Only a small irreversible compression is detected when plotting hf/h0 versus the cycle 

number (Fig. 3 inset). where, hf is the height of the marble after each compression. The height of 

the L1 liquid marble decreases by 5% in the first cycle, and then, decreases about 1.5% in each of 

the next cycles. The larger height reduction during the first compression cycle may in part due to 

flattening out of surface roughness of the particle multilayer and/or packing of flocs during first 

contact between upper glass slide and liquid marble. 

When compressing L2 liquid marbles prepared with the rod-shaped CaCO3, repeatedly (Figure 

4) a “shoulder” was observed in each compression, but not when decompressing the LM. The 

height of the marble decreased monotonically with each cycle. The compression-decompression 

curves at each cycle do not overlay, and also, the obtained plots for different cycles do not match 



 9 

to each other. Therefore, liquid marbles (L2), prepared with rod-shaped CaCO3 are less elastic and 

show a larger portion of plastic deformation. The plastic deformation should be caused by 

compression of the rod-shaped CaCO3 particle layer with three dimensional structure on the liquid 

marbles (see section 3.3). A comparison between Figure 3 inset and Figure 4 inset shows that the 

height decrease for the rod-shaped CaCO3 liquid marble is twice of that for the spherical CaCO3 

liquid marble. Thus, spherical CaCO3 leads to more elastic liquid marbles than the one prepared 

with rod-shaped particles. Plastic deformation of liquid marbles (L2), prepared with rod-shaped 

CaCO3 depends on the compression/decompression rate. The higher the rate of compression-

decompression, the more elastic the process is (Figures 4 and S3). The plastic effect was most 

pronounced at the lowest rate. By decreasing the rates of the compression-decompression, the 

height of the liquid marble (L2) (h/h0) decreases to higher extent. This might be due to more time 

available for the particles to rearrange/reorient at the interface, when the applied force is ramped 

up slowly. 

The rupture force of the liquid marble, where the liquid marble collapses and the inner liquid is 

ejected, is equal to F=Ac Δp, where Δp is the Laplace pressure  and Ac is the contact area between 

the glass plate and the liquid marble. The Laplace pressure for a liquid marble compressed between 

two parallel plates is given by Δp=2γ│cosθ│/h, γ is the effective surface tension of the liquid 

marble, θ is its contact angle with glass plate and h is the height of the liquid marble, The contact 

area Ac at rupture is proportional to V/h, where V is the liquid marble volume [33]. Therefore, the 

rupture force of the liquid marble increases with its volume, and it can be represented by using a 

power law empirical equation as well (F=C0V
α, where C0 and α are constants) [33]. The rupture 

forces for the liquid marbles (L1 and L2) were measured as a function of their volumes. A plot 

(Figure 5) shows that indeed, for both samples (L1 and L2), the rupture force increases with the 
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liquid marble volume, as expected from the power law model [33]. The obtained α and C0 values 

for L1 and L2 are 0.33, 0.39 and 0.34, 0.36, respectively. It should be noted that, as the volume of 

the liquid marble increases, its shape starts to flatten out due to gravity and becomes puddle like. 

Also, it was not possible to prepare stable CaCO3 liquid marbles with volumes higher than 400 µl, 

as they always collapsed already during handling.  

3.3. Structure of solid particles at the surface of liquid marbles 

In order to investigate the orientation of the CaCO3 particles at the air/water interface, SEM 

studies were conducted on the surface of the liquid marbles prepared from 2.0 wt% aqueous Gellan 

gum solution. A free-flowing aqueous solution of Gellan gum (15 μL, 80 ˚C) was placed on the 

CaCO3 powder bed and liquid marbles were formed by rolling the droplet at 25˚C. During the 

formation of the liquid marbles, the aqueous Gellan solution became to be gel, and the surfaces of 

these gelled liquid marbles were observed before and after compression followed by drying. Near-

spherical shapes of the liquid marbles prepared using Gellan gum aqueous solution remained intact 

even after drying and morphological changes before and after the compression could be discussed. 

Figures 6a and 6b show the SEM images of the spherical CaCO3 samples (C1) on the liquid 

marble before and after compression. These figures are similar to the SEM images of the original 

powder sample (FigureS1). Therefore, there is no specific morphological change in the spherical 

CaCO3 nanoparticles (C1) at the water interface. Figures 6c and 6d show the SEM images of the 

rod-shaped CaCO3 sample (C2) on the liquid marble before and after the compression. Before the 

compression, the rod-shaped CaCO3 nanoparticles existed on the liquid marble surface with 

random orientations. Once the liquid marble was compressed, the rod-shaped CaCO3 nanoparticles 

reclined on the surface. As shown in Figure 2a, a shoulder appears in the force diagram, when the 
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rod-shaped CaCO3 liquid marble (L2) is compressed. Also, shown in Figure 4a, at consecutive 

cycles, the length of the shoulder decreases, while the required force for the observation of the 

shoulder increases.  The possible interpretation for this observation is that the additional force was 

required to change the orientation of rod-shaped CaCO3 layer on the liquid marble surface upon 

the compression and the required force increased with repeated cycles because the packing degree 

of the rod-shaped nanoparticles increased. 

 

4. CONCLUSION 

Aqueous liquid marbles prepared with two different hydrophobic CaCO3 powders showed a 

different mechanical response to compression. The finding indicates that the structure of solid 

particles affects the dynamic behavior of liquid marbles. Liquid marbles coated with spherical 

CaCO3 nanoparticles showed nearly elastic compression/decompression force curves. These 

curves were almost fully reversible up to compression to 40% of the initial marble height. At such 

strain, the coating of the liquid marbles starts forming cracks. At this point the stress exceeds the 

Laplace pressure calculated with an effective surface tension close to that of water. Liquid marbles 

coated with rod-shaped CaCO3 microparticles showed a higher stiffness at low compression and a 

yielding at the onset of crack formation, indicated by a shoulder in compression-decompression 

cycles. Consecutive compression-decompression cycles lead to plastic deformation of the particle 

layer and a decrease of the resistance against mechanical deformation. The plastic response even 

at low compression in rod-shaped particle system and the elastic response in the spherical particle 

system indicate that the spherical particles rearrange easier and more reversible than the rod-

shaped nanoparticles at liquid marble surface. The rod-shaped particles form three dimensional 
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network structure, and therefore, the liquid marbles stabilized with the particles show a higher 

resistance to deformation at low stress and more plastic deformation at higher stress. This is the 

first report on the effect of structure of solid particles on the dynamic behavior of liquid marbles, 

which has not been reported previously using the same technique (mechanical compression) [25-

28]. The present work opens a new sight for investigation of effect of other structures of solid 

particles and also the effect of particles mixture on the behavior of liquid marbles. 
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Scheme 1. Home-made apparatus designed to evaluate the mechanical property of liquid marbles. 

 

 

Figure 1. The SEM images of the prepared CaCO3 samples with different morphologies, (a) 

spherical nanoparticles and (b) rod-shaped particles. Insets are liquid marbles stabilized with the 

CaCO3 particles. 
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Figure 2. (a) The compression force on liquid marbles stabilized by spherical (L1) and rod-like 

particles (L2) and water droplet versus relative compression. (b) and (c) Top view images of the 

compressed liquid marbles (L2) and (L1), respectively, at different relative compression taken 

through the compressing glass plate. 
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Figure 3. Compression-decompression force with the rate of 11 µm/s as a function of relative 

compression of liquid marble for different cycles. Inset: relative height of liquid marble (L1) in 

the uncompressed state after the n-the cycle.
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Figure 4. Compression-decompression force with the rate of 11 µm/s as a function of relative 

compression of liquid marble for different cycles. Inset: relative height of liquid marble (L2) after 

consecutive compression-decompression cycles and at different rates of compression-

decompression.  
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Figure 5. Plot of rupture force versus water volume of liquid marble for liquid marble L1 and 

liquid marble L2. 
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Figure 6. SEM images of surfaces of liquid marbles prepared using aqueous solution of Gellan 

gum as an inner liquid and CaCO3 nanoparticles as a stabilizer: (a,b) spherical CaCO3 and (c,d) 

rod-shaped CaCO3. The images were obtained (a,c) before and (b,d) after compression. 
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