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Evaporation dynamics of liquid marbles at elevated temperatures  

Kamalalayam Rajan Sreejitha , Chin Hong Ooia , Dzung Viet Daoa and Nam-Trung Nguyena 

Study of evaporation dynamics of liquid marbles at elevated temperature is essential to determine the feasibility of liquid 

marbles to be used as micro compartments for digital polymerase chain reaction (PCR). We have modified an existing 

theoretical model of evaporation of a liquid droplet  and verified its applicability on the evaporation of liquid marbles.  The 

evaporation dynamics of an individual and a group of liquid marbles are analysed. This paper demonstrates that the 

evaporation dynamics of liquid marbles obeys the theoretical framework for elevated temperatures. The evaporation of a 

group of liquid marbles are observed as a coupled function of their diameter, their number in a group, the vapour density 

of the surrounding atmosphesere and their spatial distribution.  

1. Introduction 

 

Liquid marbles are formed by coating liquid droplets with fine 

particles of hydrophobic materials. This coating enables the 

liquid droplet to hold its spherical shape even under a 

relatively high mechanical stress. Moreover, the hydrophobic 

particle coating helps to isolate the liquid droplet from the 

surrounding environment reducing the possible contamination 

of the sample inside the liquid marble. Being inert, the 

hydrophobic material coating does not react with the liquid 

sample, making it suitable to carry out chemical reactions. The 

manipulation of liquid marbles in terms of mobility can be 

effectively achieved by gravitational1, electrostatic2, 3 or 

magnetic methods4-7. With these capability, liquid marbles find 

applications in gas/pollution sensing8, 9, micro-pumps10, 

biochemical reactions4, 5, genetic analysis and lab on chip 

devices11. Excellent reviews and articles have been published 

on the properties, applications and mobility manipulation 

techniques of liquid marbles12-18. Significant advancement in 

cell biology, bioengineering and biomedicine have been 

achieved recently using liquid marbles13, 18-21. Arbatan et al. 

successfully verified the use of liquid marbles as bioreactor for 

rapid blood typing22. Sarvi et al. demonstrated the usage of 

liquid marbles as a bioreactor for cardio genesis of embryonic 

stem cells23. Serrano et al. used  liquid marbles as a 

cryopreservation tool for mammalian cells24. The porosity of 

liquid marble surface was successfully utilized by Tian et al. for 

the cultivation of microorganisms25. 

Though much advancement has been achieved in exploring 

the possibilities of liquid marbles as a reactor for biological and 

chemical reactions, vast application areas are still unexplored, 

such as polymerase chain reaction (PCR). In terms of 

technology, there has been a leap in the field of PCR since its 

invention. Qualitative PCR (qPCR) and digital PCR are the two 

prominent techniques to perform DNA amplification26. In 

qPCR, the products are continuously monitored throughout 

the reaction cycles using fluorescent dyes. The quantity of a 

target DNA can be found by comparing the fluorescent output 

curve with a standard curve. In digital PCR, the reaction 

mixture is compartmentalised into several smaller units. Each 

unit undergoes the same thermal cycles as in the case of a 

conventional qPCR. Each unit is expected to have one or more 

template DNA and some unit may not even contain a template 

DNA.  The units which had undergone a positive PCR can be 

identified by fluorescent dyes. A positive florescence from a 

unit is regarded as ‘1’ while the negative fluorescence (No 

fluorescence) is considered to be a ‘0’ similar to signals in 

digital electronics27, 28. Digital PCR techniques are gaining the 

attention of researchers and practitioners recently29-33. Better 

accuracy, high throughput and efficiency in preventing cross 

contamination are the main reasons behind the popularity of 

digital PCR techniques. Liquid marbles can be an ideal 

candidate for being a micro-reactor to carry out PCR because 

of their self-sustainability, ability to prevent contamination, 

availability of various manipulation techniques16 and ease of 

handling. The major constraint in using liquid marble as a 

micro-compartment for PCR is the possibility of evaporation of 

reactants through the semi permeable membrane of the liquid 

marble. Evaporation is expected as the polymerase chain 

reaction can be only achieved by a sequence of thermal cycling 

with temperature ranging from 55o C to 95oC34. In this context, 

it is essential to study the evaporation of liquid marble at 

elevated temperatures. 
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It is also essential to understand the evaporation behaviour 

of a group of liquid marbles at elevated temperatures. The 

present paper discusses the evaporation behaviour of 

individual and a group of liquid marbles at elevated 

temperatures. The paper also demonstrates a method to 

increase the lifetime of liquid marbles and makes it suitable for 

biochemical reactions at elevated temperatures such as PCR.  

2. Theoretical background 

A few studies have been carried out by various research 

groups on the evaporation of liquid marbles under different 

conditions. Most of these studies were carried out to analyse 

the evaporation dynamics of liquid marbles at room 

temperature and atmospheric pressure11,35-40. Moreover, not 

many researchers had attempted to evaluate the evaporation 

process of a group of liquid marbles. These studies do not 

provide useful information on the feasibility of liquid marbles 

for polymerase chain reaction. In this context, we are adapting 

an existing model of liquid droplet evaporation and modifying 

it to fit the physical characteristics of liquid marbles. Fig 1(a) 

shows the model of a liquid marble.  The evaporation 

mechanism of a liquid marble can be considered as a two-step 

process. The region close to the liquid marble surface (Region 

B) would be uniformly saturated with liquid vapour if the 

hydrophobic coating of the marble is thin and uniform. 

The vapour molecules in region B would be topped up from 

liquid molecules in region A (Liquid state) as the diffusion from 

B to C progresses, maintaining a dynamic equilibrium of mass 

transport from A to B and subsequently to C. Therefore, the 

factor determining the evaporation rate of liquid marble is the 

diffusion rate from region B to C. The hydrophobic coating of 

liquid marble is expected to offer a constant resistance to the 

evaporation process as compared to an ordinary liquid droplet. 

At any given instance, the mass flux around any radial location 

𝑥 around a liquid marble can be represented as 41 

 

�̈�(𝑥) = �̈�(𝑥)𝑤𝐴  -  𝜌𝑣𝑎𝑝𝐷𝐿𝐴
𝑑𝑤𝐴 

𝑑𝑥
    (1) 

where �̈�(𝑥) is the mass flux of liquid vapour, 𝑤𝐴 is the mass 

fraction of liquid vapour at corresponding point,   𝜌𝑣𝑎𝑝  is the 

density of liquid vapour phase, 𝐷𝐿𝐴  is the binary diffusivity of 

liquid in the air and 
𝑑𝑤𝐴 

𝑑𝑥
  is the mass fraction gradient in space. 

The total mass of a liquid marble (𝑚𝐿𝑀 ) is the combined mass 
of liquid droplet (𝑚𝐿 ) and mass of the hydrophobic coating 
(𝑚𝐻 ). 
 

  𝑚𝐿𝑀 =  𝑚𝐿 + 𝑚𝐻        (2) 

Since the mass reduction in liquid marble during evaporation is 

only due to the evaporation of water, the change in mass of 

hydrophobic coating, 𝑚𝐻  over time is zero. Thus the rate of 

change mass can be represented as 

 

  �̇�𝐿𝑀 = �̇�𝐿 =  4𝜋𝑟2  × �̈�(𝑥)    (3) 

 

Substituting 𝑚𝐿𝑀̇  in the expression for �̈�(𝑥) and rearranging 

result in  

 

 
𝑑𝑤𝐴 

𝑑𝑥
=  

−�̇�𝐿𝑀 (1−𝑤𝐴 )

  𝜌𝑣𝑎𝑝𝐷𝑊𝐴 4𝜋𝑟2 (4) 

 and 

 

Fig 1 Experimental study of evaporation dynamics of liquid marbles at elevated temperature: (a) Model of a liquid marble; (b)  Various arrangements of liquid marbles; (c) 

Schematic of the experimental setup 
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         𝑤𝐴 (𝑥) = 1 −
(1−𝑤𝐴𝑋 ) exp (−

�̇�𝐿𝑀
4𝜋  𝜌𝑣𝑎𝑝𝐷𝑊𝐴 𝑥⁄ )

exp (−
�̇�𝐿𝑀

4𝜋  𝜌𝑣𝑎𝑝𝐷𝑊𝐴 r ⁄ )
  (5) 

 

Let the mass fraction of liquid vapour on the surface of the 

liquid marble is 𝑤𝐴𝑆  and that at infinity is 𝑤𝐴∞ . Applying these 

boundary conditions and solving for mass flow rate of liquid 

marble yield:  

 

 �̇�𝐿𝑀 =  4𝜋  𝜌𝑣𝑎𝑝𝐷𝑊𝐴 𝑙𝑛 ⌊
1−𝑤𝐴∞

1−𝑤𝐴𝑆 
⌋  (6) 

 

Since the mass reduction is due to the evaporation of the 

liquid inside the marble, the rate of change of mass can be 

approximated as  

 

�̇�𝐿𝑀 =  − 
𝑑

𝑑𝑡
(

4𝜋𝑑3

24
)   𝜌𝑤𝑎𝑡𝑒𝑟 =  4𝜋  𝜌𝑣𝑎𝑝𝐷𝑊𝐴 ln ⌊

1 − 𝑤𝐴∞

1 − 𝑤𝐴𝑆 
⌋ 

   (7) 

where 𝑑 is the diameter of the liquid marble. The expression 

can be rearranged to: 

 

 
𝑑

𝑑𝑡
(𝑑2) =  −8 𝐷𝑊𝐴

  𝜌𝑣𝑎𝑝

  𝜌𝑤𝑎𝑡𝑒𝑟
 𝑙𝑛 ⌊

1−𝑤𝐴∞

1−𝑤𝐴𝑆 
⌋ (8) 

 

 

and  

 𝑑2(𝑡) = 𝑑2(0)  − 8 𝐷𝑊𝐴
  𝜌𝑣𝑎𝑝

  𝜌𝑤𝑎𝑡𝑒𝑟
 𝑙𝑛 ⌊

1−𝑤𝐴∞

1−𝑤𝐴𝑆 
⌋ × 𝑡 (9) 

 

This is similar to the 𝑑2 law of droplet evaporation. It shows 

that the liquid marble obeys  𝑑2  law of evaporation and the 

rate of surface regression depends on the initial diameter of 

the marble and the mass fraction of vapour at infinity. But this 

theoretical model has not considered the possible attenuation 

caused by the thin hydrophobic layer covering the liquid 

droplet. For a uniform and thin hydrophobic coating, we can 

assume a constant attenuation. We can then rewrite equation 

(9) as 

 𝑑2(𝑡) = 𝑑2(0)  − 8 𝜑𝐷𝑊𝐴
  𝜌𝑣𝑎𝑝

  𝜌𝑤𝑎𝑡𝑒𝑟
 𝑙𝑛 ⌊

1−𝑤𝐴∞

1−𝑤𝐴𝑆 
⌋ × 𝑡 ( 10) 

 
where 𝜑 is the attenuation factor to evaporation. Bhosale et 
al. proposed  𝑑2  law with a correction factor for the 
evaporation dynamics of liquid marbles35. Laborie et al. 
adopted the theoretical framework of drying of granular 
packing to model the evaporation of liquid marbles. According 
to this framework, a liquid marble can be considered as a 
liquid droplet coated with very fine granules of hydrophobic 
particles which acts as a porous membrane. The authors have 
introduced a similar correction factor which is a function of 

porosity and tortuosity of the hydrophobic membrane36. The 

term 8 𝜑𝐷𝑊𝐴
  𝜌𝑣𝑎𝑝

  𝜌𝑤𝑎𝑡𝑒𝑟
 𝑙𝑛 ⌊

1−𝑤𝐴∞

1−𝑤𝐴𝑆 
⌋ is the surface and known as 

the regression coefficient (𝑘) that has a dimension of 𝑚2𝑠−1.  

3. Materials and methods 

3.1 Preparation of the aluminium crucible as water reservoir  

An aluminium crucible with customized size and shape was 

made for efficient heat transfer and to ensure repeatability of 

the experiments. A concentric well-shaped mould was 

designed in 123D software (Autodesk Inc) and 3D printed using 

Nobel 1.0 advanced SL printer (XYZ Printing). Heavy duty 

aluminium foil (Alcan foil Products) of 0.024-mm thickness was 

pressed over the mould to make aluminium crucible for the 

experiment. The aluminium crucible thus obtained was fixed 

on to a 75 x 50 x 2 mm glass plate to avoid accidental physical 

deformation during the experiments. The central cavity of the 

crucible was designed to keep the liquids marbles while other 

surrounding cavities were designed to carry water for later 

experiments, Fig. 1(b). The diameter of the central cavity was 

14 mm. The concentric well shaped structure provides 

controllability on the amount of water around the liquid 

marbles. 

 

3.2 Preparation of liquid marbles 

Liquid marbles were formed by dispensing and subsequent 

rolling of deionised water droplets on a bed of 

polytetraflouroethelene (PTFE) powder (Sigma-Aldrich, 1 μm 

nominal diameter, ρ = 2.2 g/cm3). A micropipette (Model CH 

02607 by Thermo electron corporation) was used for droplet 

dispensing as it provides good controllability on the volume 

and the diameter of the droplet. Liquid marbles with 2 µl, 5 µl 

and 10 µl volumes were prepared for the experiments. 

 

3.3. Experimental setup and procedures  

The required number of liquid marbles for each experiment 

was transferred to the aluminium crucible. The crucible was 

subsequently transferred to a hotplate with a stabilised 

temperature value.  The top view of the liquid marbles was 

recorded with a CMOS USB camera and a telecentric (0.5x and 

0.3x) lenses (Model: 63074, Edmund Optics). A motorized 

stage (Zaber technologies T-LS 28M) was used for fine focusing 

throughout the experiments. Figure 1(c) shows the schematic 

of the experimental setup. The diameter of liquid marbles was 

measured by comparing the liquid marble image with a 

calibrated scale using ImageJ software. All the experiments 

were carried out in the air conditioned laboratory environment 

(24±10C temperature, 50±2% relative humidity and 

atmospheric pressure) until there was a visible buckling on the 

liquid marbles. The time at which buckling is visible on the 

liquid marble is termed as buckling time (𝑡𝑏 ). We consider 𝑡𝑏  

as the lifetime of liquid marble in this paper. 
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4. Results and discussion 

4.1 Temperature dependence of evaporation 

4.1.1 Behaviour of liquid marbles at room temperature 

We carried out the first set of experiments to verify the 

theoretical model of  𝑑2 law on a liquid marble and compared 

the result with that of a water droplet of similar volume at 

room temperature. A liquid marble of 10 µl volume was kept 

under the microscope till we observed visible buckling. The 

buckling time was noted to be 27 minutes. A 10 µl water 

droplet was then dispensed on a thin layer of PTFE powder. 

Thin PTFE layer makes the surface hydrophobic and allows the 

water droplet to get a similar shape and contact angle with the 

surface as a liquid marble does. The water droplet was 

observed for 27 minutes for the change in diameter.  

Fig 2(a) shows the change of the normalised diameter of a 

water droplet and a liquid marble. The behaviour of water 

droplet was in accordance with the  𝑑2  law, whereas the liquid 

marble exhibited a nonlinear behaviour. The dotted lines 

represent the least square fit of liquid marble surface 

regression. The R2 value of the fitted line was 0.9968 for water 

droplet and 0.98 for liquid marble.  Average surface regression 

rate (𝑘) observed for the liquid marble is 1.2 times higher than 

the corresponding water droplet. This indicates that the liquid 

marble evaporates faster compared to uncoated water droplet 

of similar volume. A few research groups have reported a 

longer lifetime for liquid marbles compared to pure droplets of 

similar volume11, 38. They concluded that the hydrophobic 

coating is offering a barrier effect for the evaporation of water 

in the liquid marble which in turn reduces the rate of 

evaporation. Conversely, Laborie et al. reported a higher 

evaporation rates for liquid marbles with thin hydrophobic 

coating compared to similar water droplets. They had pointed 

out two effects that cause faster drying: (i) Water loss rate 

through a layer of dense micro particles is almost the same as 

the one from bare interface; (ii) The solid particles lead to 

incompressibility of the interface whose area remains constant 

over the drying process. Thus, liquid marbles covered with a 

 

Figure 2.  Surface regression of 10 µl liquid marbles: (a) Single water droplet and liquid marble at room temperature;  (b)  Single liquid marble at elevated temperatures; (c) A 

group of 10 liquid marbles; (d) A group of 10 liquid marbles with surrounding water well. The images of the marbles in the initial and final time of the experiment are included 

in each graph. 
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monolayer particles exhibit a larger interface than liquid 

droplets and dry faster36. Our experiment showed a higher 

surface regression rate for liquid marbles compared to its 

uncoated counterpart at room temperature.  

 
4.1.2 Evaporation of a single liquid marble at elevated 

temperatures 

The study of evaporation characteristics of liquid marbles at 

elevated temperatures is essential to determine their 

suitability for being used as bioreactors. A 10-µl liquid marble 

was heated at various elevated temperatures from 550C to 

950C. From the experiment, we observed that the liquid 

marble is deviating from  𝑑2  law at lower temperatures up to 

550C. Figure 2(b) shows the surface regression of a single 10-µl 

liquid marble heated at elevated temperatures. The R2 value 

of the fitted curve for the liquid marble at 550C was 0.9852. 

The liquid marble started obeying  𝑑2  law from 650C to 950C. 

The surface regression rates of liquid marbles were found to 

increase with temperature. The  𝑑2 law of liquid marble 

evaporation discussed in the previous section is modeled by 

assuming a uniform and thin coating of hydrophobic material 

over the liquid droplet, which is expected to allow water in the 

liquid marble to evaporate homogeneously through the 

coating.  

A heterogeneous hydrophobic coating of liquid marble may 

lead to non-homogeneous evaporation of water through the 

coating, in turn causing the marble to deviate from   𝑑2 law. At 

higher temperature, water molecules on the surface will get 

sufficient kinetic energy to evaporate through the hydrophobic 

coating, almost uniformly through the hydrophobic surface. 

This may be the reason for liquid marbles to exhibit constant 

surface regression rate at higher temperatures. The surface 

regression rate k of liquid marbles at various temperatures is 

shown in Table1. Liquid marbles with 2 µl and 5 µl volume was 

also tested at 950C to ensure the behaviour at elevated 

temperature. The results exhibited good alliance with  𝑑2 law. 

The buckling time for 2 µl, 5 µl and 10 µl was 2minutes, 3 

minutes and 3.5 minutes respectively at 950C.  

 
4.2 Evaporation of a group of liquid marbles 

Evaporation behaviour of a group of liquid marbles is vital as 

the PCR application is a high throughput process. Ten liquid 

marbles with volumes of 5 µl and 10 µl respectively were 

heated at 950C to analyse their group evaporation dynamics. 

The change in diameter was noted until visible buckling was 

observed on any one of the liquid marbles in the group. The 

average change in the square of the diameter is plotted 

against time, Figure 2(c). The results showed good agreement 

with the  𝑑2   law model. The average surface regression rate 

was lesser compared to a single liquid marble with similar 

volume leading to an extended average buckling time (𝑡𝑎𝑣𝑔 ). 

The decrease in surface regression rate and rise in average 

buckling time of grouped liquid marbles compared to their 

single counterpart can be attributed to the general 

evaporation dynamics discussed in the theory section. The 

transport of water molecules from region A to B is governed by 

the diffusion of water vapour from B to C, Figure 1(a). In a 

group setting, region B of the marble group becomes saturated 

rapidly with very little evaporation from individual liquid 

marbles whereas the diffusion from B to C remains almost 

constant. Thus the rate of water loss from individual liquid 

marble is lower, leading to lower surface regression rate and 

extended the average buckling time.  

The above hypothesis can be extended with three further 

hypotheses: (i) The average buckling time (life time) of a group 

of liquid marbles can be increased by increasing the number of 

liquid marbles in the group; (ii) The liquid marbles situated at 

the edges in a group are expected to buckle faster compared 

to those in the centre since the diffusion of water vapour from 

region B to C through their outward facing surface might be 

higher. This may decrease the average buckling time of the 

group; (iii) The average buckling time can be extended if the 

liquid marbles are kept in a vapour saturated environment.  

 

To verify the first hypothesis, a group of 5, 10 and 20 liquid 

marbles of 5 µl and 10 µl volumes were heated at a constant 

temperature of 95C. The marbles were continuously 

monitored for visible buckling. Average buckling time was 

calculated after observing visible buckling on each marble in 

the group. Average buckling time of the group is calculated as 

the weighted average time: 

𝑡𝑎𝑣𝑔 =
∑ 𝑡𝑖𝑛𝑖

𝑁
  

 

where 𝑛𝑖  is the number of liquid marbles buckling at a specific time 

𝑡𝑖  and 𝑁 is the total number of liquid marbles in the group. 

Table 2 shows the comparison of average buckling time of 

different liquid marble groups. Generally, we observed that 

the average buckling time of grouped liquid marbles are 

extended. But, it is interesting to observe that the average 

buckling time of 5 µl liquid marbles exhibited an anomalous 

behaviour between the groups of 5 and 10 liquid marbles. This 

anomalous behaviour can be explained by plotting the 

buckling time histogram of liquid marbles. Buckling time 

Table 1. Comparison of surface regression rates k of liquid marbles at various 

physical conditions 

Condition Number 

of 

Marbles 

Temperature(C

) 

k 

x 10-9 m2s-1 

10 µl Water 

droplet 

1 25 1.4 

 

 

10 µl Liquid 

marble 

 

 

1 

25 1.7 

55 4.5 

65 6.6 

75 8.1 

85 8.7 

95 11.6 

10 95 5.0±0.7 

10 µl Liquid 

marble with 

surrounding 

water well 

 

10 

 

95 

 

2.1±0.4 
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histogram is a plot of number of liquid marbles buckled at a 

specific time interval. Figures 3(a-c) show the buckling time 

histogram of different group of liquid marbles. The histogram 

shows that 4 out of 5 marbles in the group had buckled 

between 4.5 and 5 minutes resulting the average buckling time 

of the group to be 4.9 minutes. On the other hand, 8 out of 10 

liquid marbles buckled between 4 and 4.5 minutes leading the 

weighted average to be 4.4 minutes. We observed that the 8 

marbles that buckled during 4-4.5 minutes were relatively 

distant from the central marble. This observation gives a 

primary confirmation about the second hypothesis. It can be 

speculated that the average life time of group of liquid marbles 

depend on the spatial distribution of liquid marbles.  

We had conducted another experiment to verify the effect 

of distribution of liquid marbles on their average buckling time 

and to verify the second hypothesis. Nine liquid marbles of 

10 µl each were arranged in the crucible in radial symmetry 

and heated at a constant temperature of 95C. We observed 

that the rate of change of diameter of the liquid marble at the 

centre is lower compared to those situated at the edges. The 

central liquid marble was the last one to buckle. This confirms 

the second hypothesis. Figure 4(a) shows the buckling 

histogram of 9 symmetrically arranged liquid marbles. The 

average buckling time was noted as 8.8 minutes. The average 

buckling time of 9 symmetrically arranged liquid marbles is 

equal to that of 20 randomly distributed marbles and greater 

than 10 randomly distributed liquid marbles of similar volume. 

We can conclude that the average buckling time of a group of 

liquid marbles at elevated temperature is a coupled function of 

number of liquid marbles and their spatial distribution. It is 

evident from the experiments that the decrease in average 

buckling time of a group liquid marbles is due to relative fast 

evaporation of the liquid marbles on the edge. 

 
4.2 Behaviour of liquid marbles with surrounding water well at 

elevated temperature 

According to the third hypothesis, the average buckling time of 

the group can be improved by increasing the vapour density in 

the region around liquid marbles situating at the edges. We 

conducted the following experiments to verify the effect of 

increased vapour density on the life time of the liquid marbles.  

The concentric grooves on the aluminium crucible were 

filled with water. A single 10-µl liquid marble was kept in the 

central cavity and the crucible is heated at 95C till visible 

buckling is observed on the marble. The buckling time was 9 

minutes whereas the same without surrounding water well 

was 3.5 minutes. The experiment was repeated with 10 

numbers of liquid marbles each with 10 µl volume. The 

average buckling time of the group was observed as 25.2 

minutes whereas it was 8.3 minutes for marbles without 

surrounding water well. Figure 4 shows the buckling histogram 

Table2. Comparison of buckling time of various set of liquid marbles heated at 

95C 

Condition  Volume Number In 

a group 

Buckling 

Time, tb 

(Minutes) 

 

 

 

Random 

arrangement 

 

 

5 µl 

1 3 

5 4.9±0.42 

10 4.4±0.39 

20 6.5±1.43 

 

10 µl 

1 3.5 

5 7.5±0.96 

10 8.3±1.76 

20 8.8±1.55 

Radial 

symmetry 

arrangement  

 

10 µl 

 

9 

 

8.8±1.17 

water well  

10 µl 

 

10 

 

25.2±5.18 

 

 

Figure 3. Buckling time histogram of (a) 5 x 5 µl; (b) 5 x 10 µl; (c)  10 x 5 µl ; 
(d)10 x 10 µl; (e)  20 x 5 µl; and (f) )  20 x 10 µl liquid marbles. 

 

Figure  4. Buckling time histogram of (a) 9 symmetrically arranged liquid marbles and 

(b) 10 liquid marbles with surrounding water well. Photos of liquid marbles at initial 

and final time of the experiment are included. 
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of the experiment. The average life time of the group was 

extended three times compared to its counterpart without 

surrounding water wells. It can also be noted that the buckling 

of the first liquid marble occurred after 17 minutes while it 

occurred after 5.5 minutes for the corresponding group 

without water well. This indicates that the individual buckling 

time of liquid marbles situating at the edges in group can be 

extended by providing a vapour saturated environment 

around it. The extended buckling time of liquid marbles at the 

edges would extend the average buckling time of the group.   

We can summarise that the average lifetime of a group of 

liquid marbles can be extended by heating them in a vapour 

saturated environment.  

 

5. Conclusions 

The present study shows that the evaporation of liquid 

marbles obeys  𝑑2  law at elevated temperatures. The non-

homogeneous evaporation of water through the porous 

hydrophobic coating of the marble might be the reason for 

liquid marbles to deviate from  𝑑2  law at lower temperatures. 

The  𝑑2  law was obeyed for individual as well as grouped liquid 

marbles from 65C to 95C. Buckling time of liquid marbles 

was observed to depend on the number of marbles in the 

group, vapour density in the surrounding atmosphere and 

their spatial distribution of liquid marbles in the group. The 

average buckling time of a group of liquid marbles can be 

extended by providing a vapour saturated environment 

around the group of liquid marbles. We conclude that the 

average life time of a group of liquid marbles and their 

evaporation behaviour can be accurately predicted with  𝑑2 

law for liquid marbles with the same diameter and 

homogeneous spatial distribution under a controlled 

environment. The present study also reveals the possibility of 

liquid marbles to survive catastrophic evaporation during the 

thermal cycles of PCR. More extensive studies on the 

prediction of life time of grouped liquid marbles and their 

evaporation dynamics under real PCR thermal cycles would be 

carried out in future works.  
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