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S1. Videos 23 

Video S1. Surface-wettability-contrast dependent droplet states between parallel surfaces. (A) 24 

Bridging: stable liquid bridge between parallel surfaces having small wettability contrast (𝜃 ,  / 25 

𝜃 ,  = 71 ± 1° / 93 ± 3°). (B) Non-bridging: breakup of liquid bridge between parallel surfaces 26 

having large wettability contrast (𝜃 ,  / 𝜃 ,  = 38 ± 1° / 93 ± 3°). The gap between the parallel 27 

surfaces is 𝐻 = 850 ± 70 µm. Experiments were performed at ambient conditions (air temperature 28 

𝑇  = 25 ± 1℃, relative humidity Φ = 40 ± 5%). Videos were captured at 7500 fps and played back 29 

at 20 fps. 30 

 31 

Video S2. Near field condensation on (A) hydrophobic Cu surface (𝜃 / 𝜃  = 106 ± 1º / 97 ± 32 

1º), (B) hydrophilic Cu surface (𝜃 / 𝜃  = 87 ± 2º / 43 ± 4º), and (C) hydrophilic Si surface 33 

(𝜃 / 𝜃  = 45 ± 3º / 27 ± 5º). A superhydrophilic CuO mesh (𝜃  ≈ 0º) was covered on top of 34 

the substrates. Condensation experiments were performed at ambient conditions (air temperature 35 

𝑇  = 25 ± 1℃, relative humidity Φ = 40 ± 5%) with surface temperature 𝑇  = 1℃. The videos were 36 

captured at 4 fps and played back at 100 fps.  37 

 38 

Video S3. Numerical simulation of near field condensation. Simulation parameters: surface gap 39 

spacing 𝐻 = 10 µm, nucleation site density 𝑁  = 2.5×1011 m-2, bottom surface contact angle 𝜃 = 40 

90º, vapor temperature 𝑇  = 25℃, surface temperature 𝑇  = 20℃, pure steam, and time step ∆𝑡 = 41 

0.003 s. The videos were played back at 20 times faster. 42 

 43 

  44 
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S2. Capillary-Driven Droplet Transfer 45 

As seen in Figure S1, when a tissue approached a spilled water droplet residing on a surface, the 46 

droplet was sucked into the tissue upon contact due to the capillary forces, forming a liquid bridge 47 

which broke up. Experiments were performed at atmospheric conditions (air temperature 𝑇  = 25 48 

± 1℃, relative humidity Φ = 40 ± 5%) and captured with a high-speed camera (Phantom v711, 49 

Vision Research) at ≈ 2X magnification and 24 fps capture rate.  50 

 51 

 52 
Figure S1. Capillary-driven droplet transfer from an Al surface to the tissue.   53 

 54 

  55 
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S3. Experimental Methods 56 

S3.1 Experimental Setup 57 

Figure S2 shows the schematic of the experimental setup, which consists of a frequency-controlled 58 

piezoelectric micro-goniometer (MCA-3, Kyowa Interface Science), a high-speed camera 59 

(Phantom v711, Vision Research) coupled to a monitor, an LED source (TSPA22x8, 60 

AITECSYSTEM), a 3-axis manual stage (Thorlabs) supporting the bottom sample, and another 3-61 

axis manual stage hanging the upper surface. The piezoelectric dispenser was placed above a 62 

surface (referred bottom surface) with a spacing of 5-10 mm, and turned on to dispense 63 

monodisperse microscale droplets having radii of ≈ 18 µm1. The target droplet grew in size due to 64 

the addition of the dispensed monodisperse microscale droplets until it reached a desired size and 65 

the dispenser was removed. Droplet dispensing was carried out at 6-7 V, 10-500 Hz, depending on 66 

the required growth rate of the droplets. A top surface parallel to and above the bottom surface 67 

was then slowly and steadily approached to the target droplet by tuning a 3-axis stage until it 68 

contacted the top interface of the droplet. Droplet bridging dynamics between the top and bottom 69 

surfaces were capture with the high-speed camera. Imaging was performed with a ≈ 25X 70 

magnification lens at a capture rate of up to 13000 fps. All experiments were performed in ambient 71 

conditions with a temperature of 25 ± 1 °C and a relative humidity of 40 ± 5%. 72 

 73 

Figure S2. Schematic of the experimental setup. 74 



5 
 

S3.2 Surface Preparation and Characterization 75 

To control the wettability of the top and bottom surfaces, various materials with or without coatings 76 

were used (Table S1). The Cu, Al, stainless steel (SS), Si, and Teflon surfaces are commercially 77 

available (McMaster and University Wafer) and were cleaned with acetone, isopropanol, ethanol, 78 

and DI water, then dried with clean nitrogen before used in the experiments. To achieve good 79 

hydrophilicity on the smooth Cu, Al, SS, and Si surfaces, the surfaces were modified using air 80 

plasma (PDC-001-HP, Harrick Plasma) at a medium power setting for 5-10 min.  81 

The superhydrophobic CuO surface was fabricated with chemical oxidation followed by 82 

silane deposition2. Specifically, mirror-finish Cu plates (99.9% purity, McMaster) were first 83 

ultrasonically cleaned with acetone for 5 min and rinsed with ethanol, isopropanol, and deionized 84 

(DI) water and dried with a clean nitrogen stream. To remove the native oxide, the samples were 85 

then immersed in a hydrochloric acid solution (HCl, 2M) for 30 s, and then rinsed with DI water 86 

and dried with a clean nitrogen stream. To synthesize the CuO nanoblade structures, the cleaned 87 

samples were immersed into a hot (96 ± 3 °C) alkaline solution composed of NaClO2, NaOH, 88 

Na3PO4·12H2O, and DI water (3.75:5:10:100 wt %). The oxidation process lasted ≈ 10 min, after 89 

which the samples were removed from the solution, rinsed immediately with DI water and dried 90 

with a clean nitrogen stream. The oxidized CuO surfaces were then functionalized with 91 

heptadecafluorodecyltrimethoxy-silane (HTMS) (TCI America, CAS #: 83048-65-1) via vapor 92 

phase deposition. The surface samples were placed in a beaker with a vial of 1 mL HTMS toluene 93 

solution (5% v/v). A lid was placed on top to seal the container, followed by heating in an 94 

atmospheric pressure oven (Thermo Scientific, Lindberg Blue M) at 90 ± 5°C for 3 hours.  95 

The superhydrophilic CuO meshes were fabricated via the same chemical oxidation 96 

method (without HTMS deposition) described above using commercially available Cu meshes 97 

(TWP Inc.). The wire diameter, opening, and spacing of the meshes are 50, 75, and 125 µm, 98 

respectively. Before chemical oxidation, the CuO meshes were cut into ≈ 10×10 mm2 pieces and 99 

pressed to be flat using a compressor (MTS1-DFS, Nextech).   100 

The lubricant-infused CuO surface (SLIPS) was fabricated by dipping the 101 

superhydrophobic CuO surface into a lubricant (Krytox 1525) for 2 min. Then the surface was 102 

oriented vertically for 2 days to drain the excessive lubricant.  103 

The slippery omniphobic covalently attached liquids (SOCAL) surfaces were fabricated 104 

via the dip-coating method found in previous work3,4. The SOCAL solution consists of a room 105 
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temperature mixture of 100:10:1 wt % isopropanol (IPA, CAS # 67-63-0, Sigma-Aldrich), 106 

dimethyldimethoxysilane (DMDMS, CAS # 1112-39-6, Sigma-Aldrich), and sulfuric acid (CAS 107 

# 7664-93-9, Sigma-Aldrich). We began by adding DMDMS into IPA, followed by the addition 108 

of sulfuric acid in a cleaned and dry glass beaker. Once all chemicals were added to the beaker, 109 

we vigorously stirred the solution using a glass stick by hand for 30 s. After stirring, the solution 110 

was allowed to rest in a capped glass container for at least 20 min prior to use. The Si wafer was 111 

then vigorously rinsed for 30 s each in deionized water (DI water, CAS # 7732-18-5, Sigma-112 

Aldrich), IPA, and acetone (CAS # 67-64-1, Sigma-Aldrich) and then again in IPA. Immediately 113 

after rinsing, the Si wafer was dried in a clean nitrogen gas (N2) stream. After drying, air plasma 114 

cleaning (HDC-001-HC, Harrick Plasma) was performed at high power for 5 min to remove any 115 

remaining organic residue from the Si wafer surface. The cleaned Si wafer was then submerged in 116 

the quiescent SOCAL solution for 5-10 s and withdrawn gradually at a rate of ≈ 2 cm/s by hand. 117 

After removal, the edge of the sample was contacted gently with an absorbent paper towel (Brawny 118 

H700) to remove any excess solution via wicking, followed by leaving the sample to reside at 119 

room temperature for 20 min to ensure drying. Next, the sample was cleaned again using vigorous 120 

rinsing for 10 s each in DI water, IPA, toluene (CAS # 108-88-3, Sigma-Aldrich), and again IPA. 121 

Finally, the sample was blown dry with a clean N2 stream. Advancing contact angles/receding 122 

contact angles ranging from 33º/27º to 108º/105º were obtained by annealing the SOCAL surfaces 123 

at 250℃ for varying durations ranging from 1-12 hours. A longer annealing time led to larger 124 

advancing and receding contact angles.  125 

During surface characterization and experiments, the surface contact angles remained 126 

unchanged and the effects of adsorption of volatile organic compounds (VOCs) can be neglected 127 

given the short duration of surface atmospheric exposure5.  128 

 129 

Table S1: Surface characterization. 130 

Surface sample 
Apparent advancing 

contact angle 𝜽𝐚 [º] 

Apparent receding 

contact angle 𝜽𝐫 [º] 
Surface roughness 

Cu 65±3 8±1 ~10 nm (mirror finished) 

Al 83±3 19±1 ~10 nm (mirror finished) 

Si 42±2 21±1 ~10 nm (mirror finished) 

SS 75±8 7±1 ~10 nm (mirror finished) 
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Teflon 119±2 93±3 ~5 µm 

SLIPS 115±1 109±2 Atomic smooth 

CuO ≈ 0 ≈ 0 ~1 µm5 

CuO HTMS 170±6 167±8 ~1 µm2 

SOCAL-1 33±1 27±1 ~10 nm3 

SOCAL-2 48±1 39±1 ~10 nm3 

SOCAL-3 71±1 61±1 ~10 nm3 

SOCAL-4 85±2 72±1 ~10 nm3 

SOCAL-5 100±2 94±1 ~10 nm3 

SOCAL-6 108±1 105±1 ~10 nm3 

 131 

S3.3 Effects of Surface Gap 132 

To confirm that liquid bridging dynamics is governed by the surface wettability in our experiments, 133 

we performed repetitive experiments on a Teflon surface (𝜃 ,  = 93 ± 3º, Fig. S3A) and SLIPS 134 

surface (𝜃 ,  = 109 ± 2º, Fig. S3B) with varying droplet sizes or surface gaps, showing that the 135 

bridging dynamics and final liquid states are independent of the surface gap 𝐻 ranging from 0.5 to 136 

1.7 mm (Fig. S3). All the experimental cases correspond to Bond numbers Bo < 0.4, implying the 137 

negligible role of the gravitational forces.  138 

 139 

Figure S3. Bridging/non-bridging as a function of top surface advancing contact angle 𝜃 ,  and 140 
surface gap 𝐻 on (A) Teflon (𝜃 ,  = 93 ± 3º) and (B) SLIPS (𝜃 ,  = 109 ± 2º) substrates. Bridging 141 

is indicated by solid squares and non-bridging is indicated by hollow circles. 142 
  143 
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S4. Bridging Dynamics 144 

S4.1 Wetting Dynamics 145 

Despite the constraint from the bottom surface, we found the spreading of the droplet at the top 146 

surface can be captured by the classic power law6-8, as confirmed by the spreading of droplets with 147 

differing sizes on varying top surfaces (Fig. S4A):  148 

𝑟/𝑅 = 𝛽
⁄

, (S1) 

where 𝑟 is the radius of the spreading droplet at the top surface at time 𝑡, 𝑅  is the initial droplet 149 

spherical cap radius, 𝛾 is the liquid surface tension, 𝑎 and 𝛽 are coefficients determined by the 150 

surface wettability and could be obtained by data fitting. To incorporate the effects of the top and 151 

bottom surfaces on the spreading, we correlated 𝑎 and 𝛽 to the advancing contact angle of the top 152 

surface and receding contact angle of the bottom surface using power functions (Fig. S4B and 153 

S4C):  154 

 α =
, ,

 , (S2) 

 
𝛽 =

, ,

 . 
(S3) 

The receding process is also determined by the wettability of both the top and bottom 155 

surfaces. Given the steady receding process demonstrated in Figure 3B in the main text, we 156 

assumed a constant receding velocity of the bottom contact line and fit the receding velocity for 157 

varying surface pairs via the power function (Fig. S4D): 158 

 𝑣 = , ,   . (S4) 

where 𝑅  is the initial basal radius of the droplet on the bottom surface. The power function in Eq. 159 

S4 was used given the positive and negative effects of surface wettability contrast and droplet basal 160 

radius on the receding velocity, respectively. The coefficients 𝑐 , 𝑐 , 𝑐  and power indexes 𝑚 , 161 

𝑚 , 𝑚 , 𝑛 , 𝑛 , 𝑛  are determined by the best fitting of the experimental data (Fig. S4B-D). Best 162 

fitting gives 𝑐  = 0.569±0.023, 𝑐  = 0.994±0.099, 𝑐  = 4.467×10-5±8.8×10-6
 [m-1.091], 𝑚  = 163 

0.061±0.017, 𝑚  = 0.606±0.020, 𝑚  =1.091±0.249, 𝑛  = 0.294±0.077, 𝑛  = 0.544±0.105, 164 

and 𝑛  = 0.735±0.098. 165 
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 166 

Figure S4. (A) Dimensionless spreading radius on the top surface (𝑟/𝑅 ) as a function of 167 

dimensionless time (𝑡/ 𝜌𝑅 𝛾  ) for varying top surface advancing contact angles 𝜃 , . A 168 
Teflon surface was used as the bottom surface (𝜃 ,  =119 ± 2°, 𝜃 ,  = 93 ± 3°). Experimental data 169 

(each spreading repeated 3 times) were given in contrast to the power fitting (solid lines). (B) 170 
Spreading power index 𝛼 and (C) spreading coefficient 𝛽 as a function of the top surface 171 

advancing contact angle 𝜃 ,  and bottom surface receding contact angle 𝜃 , , respectively. (D) 172 
Receding velocity 𝑣  of the contact line on the bottom surface as a function of the normalized 173 

surface wettability contrast (cos 𝜃 , − cos 𝜃 , ) and droplet basal radius 𝑅 .  174 
 175 

  176 
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S4.2 Timescale Analysis 177 

The pinch-off time ∆𝑡  is defined as the time period starting from the point when the droplet top 178 

interface contacts the top surface to the point when the liquid bridge breaks up. As seen in Figure 179 

2B and 3B in the manuscript, droplet receding prior to pinch-off starts with an inertial stage 180 

followed by a steady receding stage. During the inertial stage, the droplet base remains unchanged 181 

until it senses the capillary wave initiated from the top interface. For a superhydrophobic bottom 182 

surface (𝜃 / 𝜃  = 170 ± 6º / 167 ± 8º), where the surface gap equals to the droplet diameter, 183 

the duration of the inertia stage is found to be  ∆𝑡  = 1.5𝜏 (Fig. S5A), where 𝜏 = 𝜌𝑅 𝛾  is the 184 

inertial/capillary time, 𝑅  is the radius of the spherical cap, 𝜌 and 𝛾 are the density and surface 185 

tension of water, respectively. For an arbitrary bottom surface, ∆𝑡  is estimated to be: 186 

∆𝑡  ≈ 1.5𝜏 . (S5) 

The time span of the second stage (termed receding stage) when droplet base starts to recede and 187 

ends up with pinch-off, ∆𝑡 , can be estimated via: 188 

∆𝑡  ~ 𝑅 /𝑣 , (S6) 

We assumed the following power function of ∆𝑡  having a similar form with Eq. S4:  189 

∆𝑡 =
𝐶𝑅

cos 𝜃 , − cos 𝜃 ,

 . (S7) 

Best fitting gives 𝑚 = 2.67, 𝑛 = 0.67, and 𝐶 = 3.83×106 [m-2.67] (Fig. S5B). Here, ∆𝑡  is the sum 190 

of ∆𝑡  and ∆𝑡 : 191 

∆𝑡  = ∆𝑡 + ∆𝑡 . (S8) 
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 192 

Figure S5. (A) Inertia time ∆𝑡  for droplet transfer from a superhydrophobic surface (𝜃 / 𝜃  193 
= 170 ± 6º / 167 ± 8º) as a function of inertial/capillary time 𝜏. (B) Comparison of the 194 

experimental receding time ∆𝑡  with the best fitting time (Eq. S7).   195 
 196 
 197 

  198 
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S4.3 Liquid Bridge Morphology and Water Retention 199 

The wettability contrast of the surface pair not only determines the bridging and non-bridging 200 

states, but also affects the equilibrium shape of the liquid bridge. As the wettability contrast 201 

increases, the liquid bridge shows differing morphologies ranging from a convex (Inset I, Fig. S6A) 202 

to a concave shape (Inset II-IV, Fig. S6A). Consistent with the observation of the morphology 203 

development of non-bridging droplets, the concave shape of the liquid bridge in the high-204 

wettability-contrast surface gap is necessary for the thinning of the liquid neck that leads to the 205 

eventual liquid neck breakup.   206 

Though we showed that large wettability contrast prevents liquid bridging, incomplete 207 

droplet transfer or water retention might exist even the liquid neck breaks up. To study the effects 208 

of surface wettability on water retention, we examined the water retention ratio 𝜀, defined as the 209 

remnant water volume on the bottom surface compared to the original droplet volume, as a function 210 

of the surface pair wettability contrast. As shown in Figure S7A, the water retention ratio remains 211 

< 7% and decreases with wettability contrast. In addition to the wettability contrast, the water 212 

retention ratio also shows a dependence on the bottom surface contact angle hysteresis (Fig. S7B). 213 

Indeed, superhydrophobic and slippery (SLIPS) bottom surfaces characterized by a small contact 214 

angle hysteresis (𝜃 , − 𝜃 ,  < 10º) result in negligible water retention when pairing with a 215 

hydrophilic top surface (Fig. S7B).  216 

 217 

Figure S6. Effects of the surface pair wettability (𝜃 ,  and 𝜃 , ) on the equilibrium state of the 218 
liquid bridge. 219 
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 220 

Figure S7. Effects of (A) surface pair wettability contrast (𝜃 , − 𝜃 , ) and (B) bottom surface 221 
contact angle hysteresis (𝜃 , − 𝜃 , ) on water retention ratio 𝜀, defined as the remnant water 222 

volume on the bottom surface compared to the original droplet volume.  223 
 224 

  225 
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S5. Energy Analysis 226 

To theoretically study the effects of surface wettability contrast on bridging, we performed energy 227 

analysis by considering the case where the droplet on the bottom surface transfers to the top surface 228 

due to the wettability contrast, resulting in a fraction of volume retained on the bottom surface 229 

(Fig. S8). The surface energy difference between the initial (Fig. S8A) and final (Fig. S8B) droplet 230 

states associated with the liquid-gas interfaces is: 231 

∆𝐸 =  [𝐴 − (𝐴 + 𝐴 )], (S9) 

where 𝐴 , 𝐴 , and 𝐴  are the surface areas of the initial droplet cap, retained droplet cap, and top 232 

droplet cap, respectively, and: 233 

𝐴 = 2𝜋𝑅 𝐻, (S10) 

𝐴 = 2𝜋𝑅 (1 − cos 𝜃 ), (S11) 

𝐴 = 2𝜋𝑅 (1 − cos 𝜃 ), (S12) 

where 𝑅 , 𝑅 , 𝑅  are the radii of the spheres corresponding to the initial droplet cap, retained 234 

droplet cap, and top droplet cap, respectively. 𝜃  and 𝜃  are the Young’s contact angles of the top 235 

and bottom surfaces, respectively.  236 

The surface energy difference associated with the liquid-solid interfaces is: 237 

 ∆𝐸 = 𝐴 , − 𝐴 , 
,

− 
,

+ 𝐴 , 
,

− 
,

. (S13) 

where 
,

 and 
,

 are the solid-liquid and solid-gas surface tension of the bottom surface, 238 

respectively. 
,

 and 
,

 are the solid-liquid and solid-gas surface tension of the top surface, 239 

respectively. 𝐴 , , 𝐴 , , and 𝐴 ,  are the droplet basal areas corresponding to the initial droplet, 240 

retained droplet, and top droplet, respectively, and: 241 

𝐴 , = 𝜋(𝑅 cos 𝜃 ) , (S14) 

𝐴 , = 𝜋(𝑅 cos 𝜃 ) , (S15) 

𝐴 , = 𝜋(𝑅 cos 𝜃 ) . (S16) 

The volume of the retained droplet is:  242 

𝑉 = 𝜀𝑉 . (S17) 

The volume of the top droplet is:  243 
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𝑉 = (1 − 𝜀)𝑉 , (S18) 

where 𝜀 is the water retention ratio and 𝑉  is the initial droplet volume: 244 

𝑉 =
𝜋𝐻 (3𝑅 − 𝐻)

3
. 

(S19) 

Considering the Young’s equation9, Eq. S13 becomes: 245 

 ∆𝐸 ≈  [𝐴 , cos 𝜃  − 𝐴 , − 𝐴 , cos 𝜃 ]. (S20) 

For surfaces with small contact angle hysteresis, 𝜃  ≈ 𝜃 ,  and 𝜃  ≈ 𝜃 , . The total surface 246 

difference ∆𝐸  between the initial and final states is:  247 

∆𝐸 = ∆𝐸 + ∆𝐸 . (S21) 

Here, ∆𝐸  is eventually dissipated by viscous dissipation. The total dissipation 𝛿𝐸  is attributed to 248 

viscous dissipation in the bulk liquid, at the contact lines, and in the boundary layer10. A recent 249 

study revealed that the viscous dissipation at the contact line, 𝛿𝐸 , estimated via Eq. S22, accounts 250 

for the dominant portion of the total viscous dissipation:10   251 

 𝛿𝐸 ≈ 2𝜋 𝜆 𝑟 𝑣 d𝑟

,

 , (S22) 

where the subscript 𝑖 = 1 denotes the case where the droplet spreads on the top surface and 𝑖 = 2 252 

denotes droplet receding on the bottom surface. 𝜆  is the friction coefficient depending on the 253 

specific surface and surrounding phase10. Based on the water droplet spreading experiments on Si 254 

wafers with varying coatings (SiO2, silane, and Teflon) having a wide range of contact angles (20-255 

109º) in the air, 𝜆  is estimated to be 0.03-0.105 Pa·s11,12. 𝑟  and 𝑣  are the radius and velocity of 256 

the contact line, respectively, and can be determined by Eq. S1-S4. Though water retention on the 257 

bottom surface affects the amount of total surface difference ∆𝐸 , we did not account the effects 258 

of water retention on the viscous dissipation at the contact lines given its relatively small values 259 

(< 7%).   260 

Bridging is preferred when ∆𝐸 ≤ 𝛿𝐸 ≈  𝛿𝐸 , implying that excess surface energy 261 

exceeds the viscous dissipation energy barrier. To account for the variation of 𝜆  (0.03-0.105 Pa·s) 262 

and 𝜀 (0-7%) for varying surface pairs, we calculated the envelope lines corresponding to the most 263 

favorable (𝜆  = 0.03, 𝜀 = 0%) and unfavorable (𝜆  = 0.105, 𝜀 = 7%) cases for non-bridging.  264 
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 265 

Figure S8. (A) Initial and (B) final states during droplet transfer. 266 
 267 

  268 
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S6. CFD Simulations  269 

To study fluid dynamics during droplet transfer, we performed finite element fluid dynamics 270 

simulations using COMSOL (COMSOL Multiphysics). We developed an axisymmetric 3D model 271 

as seen in Figure S9. The computational domain has a height 𝐻 = 1.0 mm and width 𝑊 = 2.0 mm 272 

and consists of a sector water region surrounded by air. The density and viscosity of water and air 273 

are assumed to be constant at room temperature.  274 

The governing equations with respect to mass and momentum conservation are: 275 

𝜌∇ · (𝒖) = 0 , (S23) 

𝜌(𝒖 · ∇)𝒖 = ∇ · [−𝑝𝑰 + 𝒌] + 𝑭 + 𝜌𝒈 , (S24) 

where vectors 𝒖, 𝑭, and 𝒈 are the velocity, surface tension force, and gravitational acceleration, 276 

respectively. 𝒌 = 𝜇(∇𝒖 + (∇𝒖) ) is the viscous term. 𝑰 is the identity tensor. 𝜌, 𝜇, and 𝑝 are fluid 277 

density, dynamic viscosity, and pressure, respectively. Wetted wall conditions were applied to the 278 

top (surface AB, Fig. S9) and bottom (surface CD, Fig. S9) surfaces, with 𝜃  = 30° and  𝜃  = 80°. 279 

No contact angle hysteresis was considered for both surfaces. Non-slip wall was applied to surfaces 280 

AB, BC, and CD. Axial symmetry boundary condition was set to surface AD (Fig. S9). To 281 

guarantee the computation precision, we performed grid independence tests and adopted an 282 

optimal grid number of > 105. The conservative level set method13 was used to solve the 283 

conservation equations.  284 

 285 

Figure S9. Meshing of the computational domain. The blue region represents the water and the 286 
gray region represents the air.  287 
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 288 

Figure S10. Numerical simulation of droplet transfer from a bottom surface (𝜃 ,  = 80º) to a top 289 
surface (𝜃 ,  = 30º). (A) Droplet profile (pink region). (B) Velocity field. Only half of the cross-290 

section view of the droplet profile and velocity field was presented due to the axial symmetry 291 
boundary condition applied. 292 

 293 

  294 
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S7. Near Field Condensation on Hydrophilic and Superhydrophobic Surfaces 295 

To perform near field condensation on a hydrophilic surface, a superhydrophilic CuO mesh was 296 

covered on a mirror-finished Si wafer (𝜃 / 𝜃 = 45 ± 3º / 27 ± 5º, University Wafer) with a 297 

gap spacing 𝐻 = 20-30 µm. As seen in Figure S11A, we visualized both the mesh-covered and 298 

bare regions to show the contrasting condensation behavior. In the bare Si region, large droplets 299 

(𝑅 ≈ 300 µm) were formed after ≈ 13 min, while in the mesh-covered region, rapid droplet growth, 300 

cascading droplet transfer, and enhanced re-nucleation were observed and the droplet sizes were 301 

limited to 𝑅 < 50 µm. 302 

To perform near field condensation on a superhydrophobic surface, a superhydrophilic 303 

CuO mesh was covered on a superhydrophobic nanostructured CuO surface (𝜃 / 𝜃  = 170 ± 304 

6º / 167 ± 8º) with a gap spacing 𝐻 ≈ 200 µm. As seen in Figure S11B, while small droplets (10-305 

50 µm) spontaneously jumped out of plane via surface to kinetic energy conversion, larger droplets 306 

(~100 µm) progressively accumulated on the horizontal surface due to droplet size mismatch, after 307 

which droplets transferred upon contact with the superhydrophilic CuO top mesh. 308 

 309 

 310 

Figure S11. Near field condensation on (A) hydrophilic Si and (B) superhydrophobic CuO 311 
surfaces covered with a superhydrophilic mesh. Droplet shedding was traced with yellow circles.  312 
 313 

  314 
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S8. Heat Transfer Model 315 

To quantify near field condensation heat transfer, we calculated the overall surface heat flux as a 316 

function of the gap distance, 𝐻. The overall heat flux is obtained by integrating the heat transfer 317 

through individual droplets over the droplet size range13:  318 

𝑞 = 𝑞(𝑅, 𝜃)𝑛(𝑅, 𝜃)d𝑅 + 𝑞(𝑅, 𝜃)𝑁(𝑅, 𝜃)d𝑅 , (S25) 

where 𝑞(𝑅, 𝜃) is the heat transfer through a single droplet with a radius 𝑅 on a surface having an 319 

apparent advancing contact angle 𝜃: 320 

𝑞(𝑅, 𝜃) =

𝜋𝑅 (𝑇 − 𝑇 ) −
2𝑇 𝜎
𝑅ℎ 𝜌

 
1

2ℎ (1 − cos𝜃)
+

𝑅𝜃
4𝑘 sin𝜃

 , (S26) 

where 𝑇  and 𝑇  are the vapor and substrate temperature, respectively; 𝜎, 𝜌, ℎ , and 𝑘  are the 321 

condensate liquid-vapor surface tension, density, latent heat of vaporization, and thermal 322 

conductivity, respectively; ℎ  is the liquid-vapor interfacial heat transfer coefficient14. 𝑅  is the 323 

radius of the nucleation embryos14:  324 

𝑅 =
2𝑇 𝜎

ℎ 𝜌(𝑇 − 𝑇 )
 . (S27) 

𝑅  is dependent on the droplet shedding mechanisms14,15,17. For dropwise condensation 325 

on a vertically-oriented surface, 𝑅  is governed by surface wettability14,15,17, typically 326 

approaching the capillary length scale of the working fluid (~ mm)14:  327 

𝑅 =
𝜎

𝜌𝑔

6𝑐(cos 𝜃 − cos 𝜃 ) sin 𝜃

𝜋(2 − 3 cos 𝜃 + cos 𝜃)
 . (S28) 

 where 𝜃  and 𝜃  are the advancing and receding contact angles, respectively. For near field 328 

condensation, 𝑅  is determined geometrically by: 329 

𝑅 =
𝐻

1 − cos 𝜃
 . (S29) 

The radius when droplets start to coalesce, 𝑅 , is determined by the nucleation site density 330 

𝑁  via 𝑅 ≈ 1 4𝑁⁄ 14. The functions 𝑛(𝑅, 𝜃) and 𝑁(𝑅, 𝜃) are the droplet size distributions for 331 

small droplets (𝑅 < 𝑅 ) and large droplets (𝑅 ≥ 𝑅 ). 𝑁(𝑅, 𝜃) can be determined by the Glicksman-332 

Rose model18:  333 
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𝑁(𝑅, 𝜃) =
1

3𝜋𝑅 𝑅

𝑅

𝑅
 . (S30) 

𝑛(𝑅, 𝜃) was obtained by solving the population balance equation with the boundary condition 334 

𝑛(𝑅 ) = 𝑁(𝑅 )14,15,18: 335 

𝑛(𝑅, 𝜃) =
1

3𝜋𝑅 𝑅

𝑅

𝑅

𝑅(𝑅 − 𝑅 )

𝑅 − 𝑅

𝐴 𝑅 + 𝐴

𝐴 𝑅 + 𝐴
exp(𝐵 + 𝐵 ), (S31) 

where 𝐴  and 𝐴  are the thermal resistance-related parameters14,15,18:  336 

𝐴 =
𝜃(1 − cos 𝜃)

4𝑘 sin𝜃
 , (S32) 

𝐴 =
1

2ℎ
. (S33) 

𝐵  and 𝐵  are parameters related to droplet growth and sweeping14,15,18:  337 

𝐵 =
𝐴

𝜏𝐴

𝑅 − 𝑅

2
+ 𝑅 (𝑅 − 𝑅) − 𝑅 ln

𝑅 − 𝑅

𝑅 − 𝑅
 , (S34) 

𝐵 = 𝑅 − 𝑅 − 𝑅 ln . (S35) 

where 338 

𝐴 =
𝑇 − 𝑇

2ℎ 𝜌
 . (S36) 

𝜏 is the sweeping period: 339 

𝜏 =
3𝑅 (𝐴 𝑅 + 𝐴 )

𝐴 (11𝐴 𝑅 − 14𝐴 𝑅 𝑅 + 8𝐴 𝑅 − 11𝐴 𝑅 )
. (S37) 

For the classical dropwise condensation, we assumed a low contact angle hysteresis (𝜃 −340 

𝜃  = 5º) to determine the shedding sizes via Eq. S28. For near field condensation, we assumed no 341 

interaction of transferred droplets with surrounding droplets and therefore the exponential decay 342 

term exp(𝐵 + 𝐵 ) was absent in Eq. S31. No water retention was taken into account during 343 

droplet transfer.  344 

To evaluate the role of small droplets in condensation heat transfer, we calculated the 345 

accumulative heat transfer contribution 𝑝(𝑅 ), defined as the heat transfer contributed by droplets 346 

having radii smaller than 𝑅 , normalized by the overall heat transfer (Eq. S38). Here 𝑅  is the cut-347 
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off radius and 𝑅 ∈ (𝑅 , 𝑅 ). For classical dropwise condensation (𝜃 = 120º, 𝑇 =25℃, 𝑅  348 

= 10-3 m, 𝑇 = 20℃, 𝑁 =1012 m-2), ≈ 80% of the overall heat transfer is contributed by sub-20-µm 349 

droplets (Fig. S12). 350 

 351 

𝑝(𝑅 ) =

⎩
⎪⎪
⎨

⎪⎪
⎧ ∫ 𝑞(𝑅)𝑛(𝑅)d𝑅

∫ 𝑞(𝑅)𝑛(𝑅)d𝑅
 ,                                               𝑅 <  𝑅 ;

∫ 𝑞(𝑅)𝑛(𝑅)d𝑅 + ∫ 𝑞(𝑅)𝑁(𝑅)d𝑅

∫ 𝑞(𝑅)𝑛(𝑅)d𝑅 + ∫ 𝑞(𝑅)𝑁(𝑅)d𝑅
 , 𝑅 ≥  𝑅 .

 (S38) 

 352 

 353 

Figure S12. Accumulative heat transfer contribution 𝑝(𝑅 ) as a function of cut-off radius 𝑅 . 354 
 355 

  356 
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S9. Numerical Simulations of Near Field Condensation 357 

We performed direct numerical simulations of near field condensation starting from nucleation to 358 

droplet growth, coalescence, and departure19-21.  359 

Nucleation sites were randomly assigned to the condensing surface, following the Poisson 360 

distribution22. Droplets grew on the nucleation sites from the nucleation size 𝑅 . Droplet growth 361 

rate (d𝑅/d𝑡) due to direct condensation was determined by calculating the thermal resistance and 362 

implementing the energy balance14. Binary droplet coalescence was triggered when two 363 

neighboring droplets contacted: 364 

𝑥 − 𝑥 + 𝑦 − 𝑦 + 𝑅 cos 𝜃 − 𝑅 cos 𝜃 ≤ 𝑅 + 𝑅 , (S39) 

where 𝑥  (or 𝑥 ) and 𝑦  (or 𝑦 ) are the coordinates of the center of mass of droplet 𝑖 (or 𝑗), 𝑅  (or 𝑅 ) 365 

and 𝜃  (or 𝜃 ) are the radius and contact angle of droplet 𝑖 (or 𝑗), respectively. For multi-droplet 366 

coalescence, we allowed the nearest binary droplets to coalesce first and then handled the 367 

coalescence between the newly merged droplet and the next nearest droplet. The merged droplet 368 

was relocated at the center of mass of the coalescing droplets on the condensing surface, and the 369 

radius of the new droplet was updated via the volume conservation during coalescence. In each 370 

simulation time step, the coalescence process was implemented repeatedly until no further 371 

coalescence occurred. 372 

To simulate the droplet shedding via the suck by the hydrophilic top surface, droplets 373 

growing beyond a height limit due to direct condensation or coalescence were immediately cleared 374 

from the condensing surface. Complete droplet transfer was assumed given the small liquid 375 

retention ratio (< 7%) demonstrated in Figure S7. Immediately after droplet shedding, a new round 376 

of nucleation was initiated on the refreshed areas. Given the dominantly large droplet growth 377 

timescale, we neglected the timescale of nucleation, droplet coalescence, and droplet transfer.  378 

Simulations were performed at a pure steam pressure 𝑝  = 3.17 kPa (𝑇  = 25°C) and a 379 

surface temperature 𝑇  = 20°C. Time-dependent droplet size distributions were monitored to 380 

ensure that a steady state was reached when data analysis was performed. To ensure the time step 381 

and condensing surface dimension independence, we conducted multiple simulations with varying 382 

time steps and surface length scales. The optimal time step (∆𝑡 ≤ 1×10-4
 s) and surface length 383 

scale (𝐿/𝑅  ≥ 20, where 𝐿  is the length of the square condensing surface and 𝑅  is the 384 

maximum shedding droplet size determined by Eq. S29) were used to ensure the independence of 385 
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steady-state droplet size distributions on ∆𝑡  and 𝐿 /𝑅  and to achieve computational cost-386 

effectiveness (Fig. S13).  387 

 388 

Figure S13. Simulated droplet size distribution 𝑛(𝑅) or 𝑁(𝑅) as a function of droplet size 𝑅 for 389 
varying (A) simulation time steps and (B) simulation domain dimensions relative to the 390 

maximum shedding droplet sizes (𝐿/𝑅 ).  391 
 392 

As seen in Figure S14, the simulations well reproduced the condensation process starting 393 

from nucleation, droplet growth, coalescence, shedding, and re-nucleation. To validate the 394 

simulation results, we analyzed the droplet size distribution and compared it with the well-395 

validated semi-empirical Glicksman-Rose correlation (Eq. S30) for large droplets (𝑅 > 𝑅 ). We 396 

showed good consistency between the simulations and analytical results (Fig. S15). 397 

 398 

 399 
Figure S14. Time-resolved images showing direct numerical simulation of near field 400 

condensation from nucleation to droplet growth, coalescence, and wettability-contrast-induced 401 
droplet shedding. 402 
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 403 
Figure S15. Simulated droplet size distribution 𝑛(𝑅) or 𝑁(𝑅) as a function of droplet radius 𝑅. 404 

The semi-analytical Glicksman-Rose model (red line, Eq. S30) is presented. Simulation 405 
parameters: 𝐻 = 500 μm, 𝑇  = 25℃, 𝑇  = 20℃, 𝑁  = 1010 m-2, 𝜃 = 90º, pure steam. 406 

 407 

 408 
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