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Fig. S1. 31 

Marble surface particle density,  , and correlations for 10-µL water marbles. (A) Effects of 32 

varying particle sizes with constant chemical composition (C18). (B) Effects of varying chemical 33 

compositions of particles at a fixed particle size of 57 µm. Note: particle-level increasing and (C) 34 

decreasing contact angles of water droplets were obtained via the silanization of flat silica 35 

surfaces with the specified functional groups (e.g., C8, C11, etc.). 36 

  37 



 

 3 

 38 

Fig. S2. 39 

Scanning electron micrographs of sand and silica particles used to fabricate the liquid marbles. 40 

Scale bars are in micrometers.  41 
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 42 

Fig. S3. 43 

Time-lapse photographs of the evaporation of (topmost) water droplets on a hydrophobic glass 44 

slide (H-glass) and of several water marbles coated with C18; the particle sizes vary from 0.007 45 

to 300 µm. 46 
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Fig. S4. 49 

Estimation of the maximum particle misalignment,         , for the maximum value of 50 

contact angle hysteresis for the experimental particles we studied (Table 1). This analysis 51 

assumes that the particles are spherical and smooth and that there is no lateral compression force, 52 

i.e., the particles are at equilibrium at       .  53 

  54 
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Fig. S5. 56 

Analytic framework diagram for the maximum estimated particle misalignment at equilibrium 57 

contact angles         , with overlaying experimental points from Table 1. 58 

  59 
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Fig. S6. 61 

Dependence of the dissimilarity factor,  , on the liquid mass fraction for three typical    values.  62 

 63 

  64 
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Fig. S7. 68 

Variation in the evaporation rates of liquid marbles over time. (A) Effects of chemical 69 

compositions at a fixed particle size of 57 µm; (B) effects of particle size with a fixed chemical 70 

composition of C18 (ODTS). Note: The volume of water inside the marbles was 10 µL, and 71 

evaporation experiments were performed at 23 ± 1°C and 60 ± 2% relative humidity (RH). 72 

  73 
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 75 

Fig. S8. 76 

Variation in the evaporation rates as a function of mass fraction. (A) Effects of chemical 77 

compositions at a fixed particle size fixed of 57 µm; (B) effects of particle size with a fixed 78 

chemical composition of C18 (ODTS). Note: The volume of water inside the marbles was 10 µL, 79 

and the evaporation experiments were performed at 23 ± 1°C and 60 ± 2% RH. 80 
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 83 

Fig. S9. 84 

Ratio of mass of particles to the mass of liquid for 10-µL liquid marbles. (A) Different 85 

particle coatings at 57-µm particle size, and (B) different particle sizes with C18 coating. 86 
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Prediction of the apparent volume of liquid marbles 88 

 89 

This study derived a formula for the characteristic diameter of liquid in the marble (see Eq. 9 in 90 

the manuscript). Accordingly, we can calculate the apparent volume of the liquid front,     , 91 

approximated as a hemisphere (Eq. S2). This apparent volume of the liquid front (Eq. S1) differs 92 

from the actual volume of liquid (measured with a microbalance) because it represents the virtual 93 

volume of a hemispherical bare droplet, i.e., it has the same evaporation rate as a hemisphere of 94 

diameter      . 95 

     
 

 
 (

     

 
)
 

      (S1) 96 

By adding the volume of dry particles,   , the apparent volume of the liquid marble,    97 

(Eq. S2), is obtained. The volume of dry particles was experimentally determined through image 98 

analysis after complete evaporation of the liquid marbles, followed by logarithmic fitting against 99 

the surface particle density (Fig. S10). 100 

                (S2)  101 

To obtain the experimental apparent volume of the liquid marble (Figs. S10B, D), we fitted 102 

the time-lapse images with a truncated ellipse of height,   , equatorial diameter,   , and base 103 

diameter,  , adjusted by the correct mass fractions, which were simultaneously recorded by a 104 

microbalance. Then, the apparent volumes were calculated through rotation around the central 105 

axis to form a truncated ellipsoid. However, note that a simple correlation (Eq. S3) for the 106 

measured height and largest diameter of the marble yielded accurate results with less than 3% 107 

deviation compared to the values obtained from the truncated ellipsoid. This approach generated 108 

greater errors when fitting Case I with smaller particle sizes (      ) owing to its more 109 

deformed cup-like shape (Fig. 3B). The experimental       for the water droplet was calculated 110 

via volume fitting (Figs. S10A, C). 111 

   
  

  
     

       (S3) 112 

Figure S10 shows that the modeled characteristic diameters and apparent volumes were 113 

greater than those of the water droplet or that of a reference perfect spherical (or hemispherical) 114 

droplet (denoted using the red dashed curve) in all cases but one. The exception was the 7-nm 115 

fumed silica marble (only negative   ), which expectedly showed lower       owing to the 116 

increased resistance of vapor diffusion in the particle layer. In addition, evidently the 117 

experimental apparent volume of the liquid marble cannot be smaller than that of a spherical 118 

droplet; hence, the volume data points for the 7-nm silica marble do not fall below the diagonal 119 

curve except owing to fitting error. Notably, the bigger final volumes of the marbles of bigger 120 

particles clearly resulted from a higher particle to liquid volumetric fraction, as shown in Fig. 121 

S11. Furthermore, all       go to zero because it is the characteristic diameter of the liquid front, 122 

which does not consider the volume of particles.  123 

  124 
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 125 

Fig. S10. 126 

Prediction of marble characteristic dimensions. Experimental values are presented as points, 127 

and model predictions are depicted as lines. (A, C) Normalized liquid characteristic diameter and 128 

(B, D) normalized marble apparent volume compared to experimental results obtained from 129 

video analysis. (A–B) Varying particle coatings for 57-µm particle size. (C, D) Varying particle 130 

sizes for C18 coating (ODTS). Experimental data points for the marble apparent volume,   , are 131 

normalized by the initial marble apparent volume,    , fitted through image analysis of the 132 

evaporation time-lapse videos (Figs. 3 and S3). 133 

  134 
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 136 

Fig. S11. 137 

Dry volume of particles after complete evaporation. Volume of particles,   , relative to the 138 

initial volume of the liquid marble,    , as a function of the initial surface particle density 139 

for 10-µL water marbles.  140 
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 141 

Caption for Movie S1. 142 

High-speed video of superhydrophobic sand grains (C18–128 µm) falling on a water droplet and 143 

forming a liquid marble. 144 

 145 

 146 

Caption for Movie S2. 147 

Time-lapse videos of the evaporation of liquid marbles formed from water droplets and 148 
particles whose characteristics are described below. (A) Water droplet on a hydrophobic glass 149 

slide (H-glass) and without particles (control case). (B) Case I for the evaporation of liquid 150 

marbles with hydrophobic particles of (Ba) 128 µm and (Bb) 57 µm size, maintaining a 151 

monolayer constant surface particle density and marble surface area together with low sphericity. 152 

(C) Case II for liquid marbles covered with superhydrophobic particles (128 µm) with particle 153 

ejection (for          ) and high liquid sphericity. (D) Case III for superhydrophobic fumed 154 

particles with increasing surface particle density caused by both increasing thickness and packing 155 

of particles at the liquid interface. 156 


