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Abstract 18 

Dropwise condensation represents the upper limit of condensation heat transfer. Promoting 19 

dropwise condensation relies on surface chemical functionalization, and is fundamentally limited 20 

by the maximum droplet departure size. A century of research has focused on active and passive 21 

methods to enable the removal of ever smaller droplets. However, fundamental contact line 22 

pinning limitations prevent gravitational and shear-based removal of droplets smaller than 250 µm. 23 

Here, we break this limitation through near field condensation. By de-coupling nucleation, droplet 24 

growth, and shedding via droplet transfer between parallel surfaces, we enable the control of 25 

droplet population density and removal of droplets as small as 20 µm without the need for chemical 26 

modification or surface structuring. We identify droplet bridging to develop a regime map, 27 

showing that rational wettability contrast propels spontaneous droplet transfer from condensing 28 

surfaces ranging from hydrophilic to hydrophobic. To demonstrate efficacy, we perform 29 

condensation experiments on surfaces ranging from hydrophilic to superhydrophobic. The results 30 

show that near field condensation with optimal gap spacing can limit the maximum droplet sizes 31 

and significantly increase the population density of sub-20 µm droplets. Theoretical analysis and 32 

direct numerical simulation confirm the breaking of classical condensation heat transfer paradigms 33 

through enhanced heat transfer. Our study not only pushes beyond century-old phase change 34 

limitations, it demonstrates a promising method to enhance the efficiency of applications where 35 

high, tunable, gravity-independent, and durable condensation heat transfer is required.  36 
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Introduction 37 

Since James Watt’s revolutionary decision to physically separate the condenser from the piston of 38 

the Newcomen engine in the 17th century, condensation has been a key process governing the 39 

progress of humanity. Of particular, dropwise condensation has been the main pursuit of the 20th 40 

century due to its potential to enhance the efficiency of thermoelectric power generation1, water 41 

distillation2, and high heat flux thermal management3. The efficient removal of condensate is the 42 

key to improving performance due to condensate becoming thermal-conduction-limited at larger 43 

length scales4,5. Utilizing surface chemistry to transform the condensate morphology from a thin 44 

film (i.e., filmwise condensation) to discrete droplets (i.e., dropwise condensation) enhances heat 45 

transfer by up to 20X6. The enhancement arises from the presence of gravity-driven shedding and 46 

sweeping of droplets approaching capillary length scales (~1 mm for water)5. Further reduction of 47 

shedding droplet sizes via coalescence-induced droplet jumping6,7 leads to further enhancement (≈ 48 

2X), with efforts to minimize the averaged droplet sizes ongoing8,9.  49 

To decrease shedding droplet size, enormous effort has been spent on tuning condensate-50 

surface interactions via the use of hydrophobic10,11, superhydrophobic12-14, hybrid15-18, and slippery 51 

surfaces19-25. These approaches promote shedding with an increased population of small (~ 10 µm) 52 

droplets19-25. In spite of the success of developed laboratory-scale functional surfaces, lack of 53 

durability is the primary barrier to dropwise condensation application28. Weak adhesion, drainage 54 

of the lubricant layer29, physical and chemical instability30,31, and airborne volatile organic 55 

compound deposition32-34 all lead to significant deterioration of condensation performance within 56 

short timescales (~weeks). Furthermore, although enhancing droplet shedding is a prevailing 57 

strategy to enhance condensation, nucleation site density and condensate morphology play a 58 

significant role in determining the overall heat transfer35,36. Thus far, developed functional surfaces 59 
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remain incapable of addressing the conflicting need for enhanced nucleation and droplet growth 60 

(small droplet contact angle), and enhanced shedding (large contact angle and small hysteresis).  61 

Capillary-driven droplet transfer between surfaces37-39 provides an alternate path to effectively 62 

shed condensate from unmodified smooth surfaces. As observed daily, droplet transfer occurs 63 

when a tissue approaches a spilled water droplet residing on a surface. The droplet is sucked into 64 

the tissue upon contact due to the capillary forces, forming a liquid bridge which breaks up 65 

(Fig. S1). Similar phenomena are present during condensation on superhydrophobic surfaces, 66 

where small (~ µm) droplets nucleate and grow in micro-cavities beneath large (~ mm) Cassie-67 

Baxter state droplets (Fig. 1A)27, consuming them upon coalescence.  68 

To overcome fundamental dropwise condensation limits, we demonstrate ‘near field’ 69 

condensation as a method to control the maximum droplet size and population distribution on a 70 

wide variety of modified and unmodified surfaces. By confining the space between a hydrophilic 71 

surface and the condenser (Fig. 1B), passive removal is enabled with suppression of liquid bridge 72 

formation in the gap. This transfer mechanism enables droplet transition by rationally designing 73 

the wettability contrast of the surface pair. The dependence of the bridging states on wettability 74 

contrast is elucidated in the form of a regime map. To confirm the efficacy of near field 75 

condensation, we conduct experiments to show that droplet shedding can be achieved on surfaces 76 

having a wide range of apparent advancing contact angles, i.e., 𝜃  = 45-170º. Furthermore, we 77 

experimentally demonstrate effective control of maximum droplet size (down to ~ 10 µm) and a 78 

significant increase in the population of sub-20-µm droplets by up to 450%. Using dropwise 79 

condensation theory and direct numerical simulations, we show that near field condensation using 80 

unmodified and durable smooth surfaces enables regulation of heat transfer via the tuning of the 81 

surface gap, and a 100% enhancement in heat flux over dropwise condensation. Our study presents 82 
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a method for decoupling nucleation, droplet growth, and shedding from surface functionality to 83 

achieve enhanced and controllable condensation heat transfer while removing the need for 84 

durability-limited functional coatings and surface finishes. 85 

 86 

 87 
 88 

Figure 1. (A) Optical microscopy image showing shaded coalescence during hierarchical 89 
condensation. Small droplets growing underneath a large Cassie-Baxter droplet are sucked into the 90 
large droplet upon coalescence due to Laplace pressure contrast. (B) Schematic of near field 91 
condensation driven by wettability contrast between the condensing surface (bottom) and 92 
adsorbing surface (top). The surfaces are separated by a gap to allow condensate droplets to grow 93 
to their maximum size 𝑅  determined by the bottom surface contact angle 𝜃 and gap spacing 𝐻. 94 
  95 
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Results 96 

Wettability-Contrast Induced Droplet Transfer 97 

Though a liquid bridge usually forms to fill gaps between surfaces37,40-42, we demonstrate here that 98 

liquid bridges can be suppressed when the droplet exists between surfaces having wetting contrast. 99 

To study droplet bridging, we visualized bridging dynamics between surfaces with differing 100 

wettabilities, defined as the difference between the apparent receding contact angle of the bottom 101 

surface 𝜃 ,  and the apparent advancing contact angle of the top surface 𝜃 ,  (𝜃 , − 𝜃 , ). Here, 102 

𝜃 ,  and 𝜃 ,  are used since the top surface governs spreading, while the bottom surface governs 103 

receding during liquid bridging. To grow a target droplet, we used a frequency-controlled 104 

piezoelectric dispenser to dispense monodisperse droplets on the bottom surface43,44. The 105 

accumulation of the dispensed microscale droplets allows for the continuous growth of a target 106 

droplet to a desired size until the dispenser is turned off. A top surface residing above the bottom 107 

surface is then moved downwards steadily at ~ 10 µm/s to approach the target droplet by tuning 108 

an independent 3-axis stage until it touches the top interface of the target droplet. Bridging 109 

dynamics are captured with a high-speed camera at 25X magnification (see Methods and Section 110 

S3, Supplementary Information).  111 

As wettability contrast (𝜃 , − 𝜃 , ) increases, the droplet state between the surfaces transitions 112 

from bridging to non-bridging (Fig. 2). Specifically, a stable liquid bridge is formed between the 113 

surface pair having low wettability contrast (𝜃 ,  = 71 ± 1°, 𝜃 ,  = 93 ± 3°, Fig. 2A). Upon 114 

contacting the top surface, the droplet spreads, accompanied by the advancing of the contact line 115 

and decrease of the dynamic contact angle. Simultaneously, the dynamic contact angle, defined by 116 

the extent of the droplet base, starts to decrease followed by a slight receding of the contact line 117 

on the bottom surface. The balance between the upper advancing and bottom receding of the 118 
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droplet results in the formation of a liquid neck bridging the surfaces. However, the liquid neck is 119 

broken when wettability contrast is increased by decreasing the apparent advancing contact angle 120 

of the top surface (𝜃 ,  = 38 ± 1°, 𝜃 , = 93 ± 3°, Fig. 2B). In contrast to bridging, the droplet spreads 121 

faster on the more hydrophilic top surface while the droplet base shrinks until the neck pinches 122 

off. After neck breakup, a small satellite droplet remains on the bottom surface while the droplet 123 

on the top surface continues to spread. To confirm that bridging is primarily governed by 124 

wettability contrast, we performed experiments with varying droplet sizes and surface gaps (𝐻), 125 

showing that the bridging dynamics and final liquid states are independent of 𝐻 in the range of 0.5 126 

to 1.7 mm (Fig. S3). All experimental cases correspond to Bond numbers Bo = ∆𝜌𝑔𝐷 /𝛾 < 0.4, 127 

where ∆𝜌 is the density difference across the liquid vapor interface, 𝑔 is the acceleration due to 128 

gravity, 𝐷 is the droplet diameter, and 𝛾 is the liquid-vapor surface tension of water, implying the 129 

negligible role of the gravitational forces in our experiments. 130 

The wettability contrast not only determines the bridging state, it also affects the equilibrium 131 

shape of the bridge. As the wettability contrast increases, the liquid bridge shows differing 132 

morphologies ranging from convex (Inset I, Fig. S6A) to concave (Inset II-IV, Fig. S6A). 133 

Consistent with the observation of morphology development for non-bridging droplets, the 134 

concave shape of the bridge in the high-wettability-contrast case is necessary to achieve thinning 135 

of the liquid neck that leads to eventual neck breakup.   136 

Although we show that large wettability contrast prevents bridging, incomplete droplet 137 

transfer or water retention may exist once the liquid neck breaks up. To study water retention, we 138 

examined the water retention ratio, defined as the remnant water volume on the bottom surface 139 

compared to the original droplet volume, as a function of wettability contrast. As shown in 140 

Figure S7A, the water retention ratio is < 7% and decreases with wettability contrast. In addition 141 
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to wettability contrast, the water retention ratio also shows dependence on the bottom surface 142 

contact angle hysteresis. Indeed, superhydrophobic and slippery bottom surfaces having small 143 

hysteresis (𝜃 , − 𝜃 ,  < 10º) result in negligible water retention when paired with a hydrophilic 144 

top surface (Fig. S7B).  145 

 146 

 147 
Figure 2. Wettability-contrast-dependent droplet states between parallel surfaces. (A) 148 
Bridging state showing the formation of a stable liquid bridge between surfaces having low 149 
wettability contrast (𝜃 ,  / 𝜃 ,  = 71 ± 1° / 93 ± 3°). (B) Non-bridging state showing liquid bridge 150 
breakup between parallel surfaces having large wettability contrast (𝜃 ,  / 𝜃 ,  = 38 ± 1° / 93 ± 3°). 151 
Spreading, receding, and pinch-off are identified with red arrows. The gap between the parallel 152 
surfaces is 𝐻 = 850 ± 70 µm. Gravity points downwards towards the bottom surface. See video S1. 153 
 154 

 155 

Bridging Dynamics 156 

The final state of the droplet in the gap is governed by the interplay between droplet spreading on 157 

the top surface and receding on the bottom surface. To study droplet dynamics between the parallel 158 

surfaces, we captured the dynamic contact angles and contact radii for both bridging and non-159 

bridging cases (Fig. 3A and 3B). To enable bridging, a small wettability contrast was achieved by 160 

pairing a hydrophilic top surface (𝜃 ,  = 33 ± 1°) with a less hydrophilic bottom surface (𝜃 ,   = 72 161 

± 1°). To achieve non-bridging, the same hydrophilic top surface (𝜃 ,  = 33 ± 1°) was paired with 162 



9 

 

a hydrophobic bottom surface (𝜃 ,  = 93 ± 3°). For the bridging case, as the droplet interface 163 

touches the top surface, the dynamic advancing contact angle on the top surface undergoes a sharp 164 

decrease followed by a gradual decline (Fig. 3A). Meanwhile, the droplet on the bottom surface 165 

shows a rapid decrease in the dynamic receding angle followed by a steady recession governed by 166 

a constant receding contact angle (Fig. 3A). Corresponding to the dynamic contact angle evolution, 167 

the spreading radius on the top surface shows a sharp increase during early stages followed by a 168 

slowed growth later on, while the receding radius on the bottom surface initially remains 169 

unchanged until the droplet base reaches the receding contact angle, after which it decreases 170 

steadily (Fig. 3B). Similar wetting dynamics were observed in the non-bridging case, with 171 

differences existing at and after initial pinch-off. Due to the larger wettability contrast, the 172 

spreading radius grows faster with an accelerated decrease of the receding radius as the droplet 173 

neck approaches pinch-off. Immediately after pinch-off, the released droplet on the top surface 174 

shows a sharp increase of the dynamic contact angle and spreading radius due to the rapid recoil 175 

of the broken liquid filament before it starts to freely spread on the top surface (Fig. 3A and 3B). 176 

To determine the droplet transfer time scale, we analyzed the droplet receding behavior prior 177 

to pinch-off, which starts with an inertial stage followed by a steady receding stage (Fig. 2B and 178 

3B). During the inertial stage, the droplet base remains unchanged until it senses the capillary wave 179 

initiated from the top interface. The duration of the inertial stage scales as ∆𝑡  ~ 𝜏𝐻/𝑅 , where 𝜏 = 180 

𝜌𝑅 𝛾  is the inertial/capillary time, 𝑅  is the radius of the spherical cap, and 𝜌 is the liquid 181 

density. Following the inertial stage, the droplet base recedes with a nearly constant velocity 𝑣  182 

(Fig. 3B). The timescale of receding is ∆𝑡  ~ 𝑅 /𝑣 , which is a function of wettability contrast, i.e., 183 

∆𝑡  = 𝑓(𝜃 , , 𝜃 , ) (Eq. S7, Section S4, Supplementary Information). The total time required for 184 
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droplet transfer prior to pinch-off, ∆𝑡 , is expected to scale with the sum of ∆𝑡  and ∆𝑡 , which is 185 

consistent with our experimental results as demonstrated in Fig. 3C.  186 

 187 

 188 
 189 
Figure 3. Wetting dynamics of bridging and non-bridging droplets. (A) Apparent contact angle 190 
on the top ( 𝜃 ) and bottom ( 𝜃 ) surface as a function of dimensionless time ( 𝑡/𝜏 ). 191 
(B) Dimensionless spreading radius on the top surface (𝑅∗) and receding radius on the bottom 192 
surface (𝑅∗) as a function of dimensionless time (𝑡/𝜏). Wettability contrast of the bridging case: 193 
𝜃 ,  / 𝜃 ,   = 33 ± 1° / 72 ± 1°. Wettability contrast of the non-bridging case: 𝜃 ,  / 𝜃 ,   = 33 ± 1° /  194 
93 ± 3°. The inertial stages prior to droplet base recession are shaded. The pinch-off moment for 195 
the non-bridging cases is identified with arrows. (C) Experimental pinch-off time (∆𝑡 ) as a 196 
function of the semi-analytical pinch-off time ∆𝑡  + ∆𝑡  defined as the sum of the inertial time ∆𝑡  197 
and receding time ∆𝑡 .  198 
 199 
 200 
 201 

Droplet Bridging Regime Map 202 

Figure 4 shows the regime map demarking conditions for droplet bridging as a function of surface 203 

wettability contrast. Top surfaces having smaller apparent advancing contact angles with bottom 204 

surfaces having larger apparent receding contact angles suppress liquid bridging. In particular, 205 

superhydrophilic top surfaces (𝜃 ,  ≈ 0°) efficiently transfer droplets from almost all bottom 206 

surfaces regardless of the apparent receding angle of the bottom surface. In addition, 207 
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superhydrophobic bottom surfaces (𝜃 ,  > 150°) efficiently transfer droplets for almost all top 208 

surfaces regardless of the apparent advancing contact angle of the top surface (𝜃 ,  < 150°). 209 

To show the effects of wettability contrast and to predict final droplet states (bridging or non-210 

bridging), we performed an energy analysis of the droplet-surface system. We begin by 211 

considering the case where the droplet on the bottom surface transfers to the top surface, with a 212 

fraction (𝜀 ) of volume retained on the bottom surface. By examining the interfacial energy 213 

associated with the initial state where the spherical cap droplet rests on the bottom surface and the 214 

final state where the droplet resides on the top surface, we obtained the surface energy difference 215 

∆𝐸   (Eq. S9-S21, Section S5, Supplementary Information) that is eventually dissipated by viscous 216 

dissipation 𝛿𝐸 . The total dissipation associates with viscous dissipation in the bulk liquid, contact 217 

line, and boundary layer45. To estimate the viscous dissipation components during bridging and 218 

breakup, we first performed finite element method (FEM) fluid dynamics simulations, showing a 219 

large velocity gradient near the advancing and receding contact lines with small velocity gradients 220 

in the liquid bulk (Fig. S10B, Section S6, Supplementary Information). The FEM simulations 221 

imply that significant viscous dissipation occurs at the contact lines. Viscous dissipation at the 222 

contact line, 𝛿𝐸 , which accounts for the dominant portion of the total viscous dissipation45 can 223 

be estimated by:   224 

 𝛿𝐸 ≈ 2𝜋 𝜆 𝑟 𝑣 d𝑟

,

 , (1) 

where the subscript 𝑖 = 1 denotes the case where the droplet spreads on the top surface and 𝑖 = 2 225 

denotes droplet receding on the bottom surface. 𝜆  is the friction coefficient depending on the 226 

specific surface and surrounding phase45. 𝑟  and 𝑣  are the radius and velocity of the contact line, 227 

respectively (Eq. S1-S4, Section S4, Supplementary Information).  228 
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The droplet bridging regime was estimated by comparing the excess surface energy with 229 

total viscous dissipation. Bridging is preferred when ∆𝐸 ≤ 𝛿𝐸 ≈  𝛿𝐸 , implying that excess 230 

surface energy exceeds the viscous dissipation energy barrier. To account for the variation of 𝜆  231 

(0.03-0.105 Pa·s)46,47 and 𝜀 (0-7%, Fig.S7) for varying surface pairs, we calculated the envelope 232 

lines corresponding to the most favorable (𝜆  = 0.03, 𝜀 = 0%) and unfavorable (𝜆  = 0.105, 𝜀 = 7%) 233 

cases for non-bridging. The predicted bridging bound agrees well with our experimental data 234 

despite the neglected bulk viscous dissipation associated with bridge pinch-off (Fig.S10B). 235 

 236 

 237 
Figure 4. Droplet bridging regime map as a function of top surface apparent advancing 238 
contact angle 𝜽𝐭,𝐚 and bottom surface apparent receding contact angle 𝜽𝐛,𝐫.  The light green 239 
region represents the predicted bridging bound accounting for the variation of friction coefficient 240 
𝜆  (0.03-0.105) and water retention ratio 𝜀 (0-7%). 241 
 242 
 243 

 244 
 245 
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Condensate Shedding and Heat Transfer Performance 246 
 247 
To characterize the efficacy of droplet transfer during condensation as a means to enhance heat 248 

transfer, we performed condensation experiments on hydrophobic (𝜃 / 𝜃  = 106 ± 1º / 97 ± 249 

1º) and hydrophilic (𝜃 / 𝜃  = 87 ± 2º / 43 ± 4º) copper (Cu) surfaces. A superhydrophilic 250 

nanostructured copper oxide (CuO) mesh (𝜃  ≈ 0º) was used as a receptor surface and was 251 

stacked on top of the Cu substrates using two fine metal wires to form a gap (diameter 𝐷 = 50-252 

200 µm) (see Methods for fabrication details). The formed gap allowed droplets condensing on 253 

the Cu substrate to grow until they contact the CuO mesh. A CuO mesh was used due to its good 254 

wickability arising from the highly roughened CuO nanostructures (roughness factor, 𝑟 ≈ 10)6. 255 

Furthermore, the microscale openings6 enabled optical access for observation to study bridging, 256 

and high vapor permeability to access the condensing Cu surface. The bottom Cu substrates were 257 

placed horizontally on a Peltier cold plate having a surface temperature 𝑇  = 1 ± 0.5℃ and the 258 

condensation process was captured via top-view optical microscopy (see Methods).  259 

In contrast to a regular dropwise condensing hydrophobic Cu surface, where spherical 260 

condensate droplets grow and coalesce to form large droplets that occupy the entire field of view 261 

(Fig. 5A), near field condensation in the presence of the CuO mesh effectively confined the 262 

maximum droplet size. This was shown by the sudden disappearance of droplets followed by re-263 

nucleation of sub-10-µm droplets in the cleared areas (𝑡 > 10 min, Fig. 5B). Differing from single-264 

droplet transfer, droplet-mesh contact was triggered by the coalescence of two or multiple droplets, 265 

followed by a wave-like propagation of droplet transfer (𝑡 = 12 min, Fig. 5B). The multiple droplet 266 

transfer results from the liquid spreading on the CuO mesh, similar to cascading coalescence of 267 

condensate in grooves50.  268 
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Condensate droplet transfer was also observed on CuO mesh-covered hydrophilic Cu surfaces, 269 

regardless of the irregular film-like droplet shape (Fig. 5C-D). The results were consistent with the 270 

regime map in Figure 4, further confirming the robustness of droplet transfer enabled by wettability 271 

contrast. Unlike the hydrophobic Cu surface (Fig. 5B), condensation on the hydrophilic Cu showed 272 

higher nucleation site density, as observed on the cleared Cu area immediately after droplet transfer 273 

( 𝑡  = 50 min, Fig. 5E). The enhanced nucleation density and reduced thermal conduction 274 

resistance36 due to the low contact angle result in rapid condensation cycling starting from 275 

nucleation, droplet growth, coalescence, transfer, and re-nucleation again (Fig. 5E, Video S2). 276 

To further probe the extremes of substrate wettability enabling near field condensation, we 277 

performed experiments on a smooth hydrophilic mirror-finished Si wafer (𝜃 / 𝜃 = 45 ± 3º / 278 

27 ± 5º), and a superhydrophobic nanostructured CuO surface (𝜃 / 𝜃  = 170 ± 6º / 167 ± 8º). 279 

Consistent with the regime map (Fig. 4), wettability-contrast-induced condensate transfer was 280 

observed in both surfaces (Section S7, Supplementary Information). Specifically, similar to 281 

condensation on hydrophilic Cu surfaces, rapid droplet growth, cascading droplet transfer, and 282 

enhanced re-nucleation were observed on the hydrophilic Si surface (Fig. S11A, Video S2). On 283 

the superhydrophobic surface, while small droplets (10-50 µm) spontaneously jumped out of plane 284 

via surface to kinetic energy transfer6, larger droplets (~100 µm) progressively accumulated on the 285 

horizontal surface due to droplet size mismatch43, after which droplets transferred upon contact 286 

with the superhydrophilic CuO top mesh (Fig. S11B).  287 
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 288 
Figure 5. Wettability-contrast-induced droplet shedding during near field condensation on 289 
hydrophobic and hydrophilic surfaces. Time-lapse optical microscopy images of condensation 290 
on a hydrophobic (𝜃 / 𝜃  = 106 ± 1º / 97 ± 1º) Cu surface (A) without and (B) with a 291 
superhydrophilic CuO mesh (𝜃   ≈ 0º) placed on top. Time-lapse images of condensation on a 292 
hydrophilic Cu surface ( 𝜃 / 𝜃  = 87 ± 2º / 43 ± 4º) (C) without and (D, E) with a 293 
superhydrophilic CuO mesh placed on top. The nucleation-growth-coalescence-shedding-re-294 
nucleation cycle is shown with a higher magnification (50X) in (E). Droplet shedding with multi-295 
coalescence is identified in dotted enclosed regions. Insets in (B) and (E) show the zoomed-in view 296 
of re-nucleation after droplet transfer from the hydrophobic and hydrophilic surfaces, respectively. 297 
See Video S2. Condensation experiments performed with air temperature 𝑇  = 25 ± 1℃, relative 298 
humidity Φ = 40 ± 5%, and surface temperature 𝑇  = 1℃. See Methods.  299 
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To characterize near field condensation heat transfer, we examined the droplet growth rate 300 

and droplet size distribution on a hydrophobic Cu surface covered with a superhydrophilic CuO 301 

mesh (Fig. 5B). As droplets grow to a height (𝐻 ≈ 60 µm) or radius (𝑅  ≈ 50 µm) via direct 302 

condensation or coalescence, they are transferred to the top CuO mesh upon contact, resulting in 303 

a sharp decrease in droplet radii, after which the droplets grow again (Fig. 6A). When the surface 304 

gap is decreased further (𝐻 ≈ 20 µm), the maximum droplet radius is constrained to 𝑅  ≈ 15 µm 305 

(Fig. 6A), approaching the jumping droplet size on superhydrophobic surfaces6. In contrast, 306 

droplets on the mesh-free hydrophobic Cu surface grew steadily to reach much larger sizes 307 

(≈120 µm) during the same period. Compared to the mesh-free hydrophobic Cu surface (dropwise 308 

condensation, 𝐻 ≈ ∞), near field condensation with 𝐻 ≈ 60 µm and 𝐻 ≈ 20 µm results in a ≈ 100% 309 

and ≈ 450% larger number density of sub-20-µm droplets (Fig. 6B), respectively, which contribute 310 

≈ 80% to the overall heat transfer of classical dropwise condensation (Fig. S12, Section S8, 311 

Supplementary Information)26.  312 

To quantify the near field condensation heat transfer, we calculated the overall surface heat 313 

flux as a function of the gap distance, 𝐻. The overall heat flux is obtained by integrating the heat 314 

transfer through individual droplets over the droplet size range51-53:  315 

𝑞 = 𝑞(𝑅, 𝜃)𝑛(𝑅, 𝜃)d𝑅 + 𝑞(𝑅, 𝜃)𝑁(𝑅, 𝜃)d𝑅 , (2) 

where 𝑞(𝑅, 𝜃) is the heat transfer through a single droplet with a radius 𝑅 on a surface having an 316 

apparent advancing contact angle 𝜃  (Section S8, Supplementary Information). The nucleation 317 

radius 𝑅  is determined using classical nucleation theory and 𝑅  is dependent on the droplet 318 

shedding mechanisms51-53. The radius when droplets start to coalesce, 𝑅 , is determined by the 319 

nucleation site density 𝑁  via 𝑅 ≈ 1 4𝑁⁄ 51. The functions 𝑛(𝑅, 𝜃) and 𝑁(𝑅, 𝜃) are the droplet 320 
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size distributions for small droplets (𝑅 < 𝑅 ) and large droplets (𝑅 ≥ 𝑅 ), respectively51,54. For 321 

dropwise condensation on a vertically-oriented surface, 𝑅  is governed by surface wettability51, 322 

typically approaching the capillary length scale of the working fluid (~ mm, Section S8, 323 

Supplementary Information). For near field condensation, 𝑅  is determined geometrically by 324 

(Fig. 1B): 325 

𝑅 =
𝐻

1 − cos 𝜃
 . (3) 

To enable a fair comparison, the nucleation site density 𝑁  for all surfaces were identical in 326 

our analysis. As shown in Figure 6D, as 𝐻  decreases, 𝑞  increases regardless of the surface 327 

wettability. Compared to dropwise condensation, a 200% enhancement in 𝑞  can be achieved 328 

when 𝐻  ≈ 100 µm. The substrate contact angle plays an important role in heat transfer. A 329 

hydrophobic surface having 𝜃 = 110º outperforms surfaces having 𝜃 = 70ºand 90º for a constant 330 

nucleation site density and identical gap. It should be noted that lower apparent advancing contact 331 

angle reduces the thermodynamic energy barrier to heterogeneous nucleation, thus leading to 332 

higher nucleation site density55 (Insets in Fig. 5B and 5E), which is not incorporated in the current 333 

analytical calculations, and stands to only enhance the efficacy of near field condensation. 334 

To enhance the fidelity of the theoretical calculations, and to enable better insights into near 335 

field condensation mechanisms, we developed a numerical simulation by incorporating 336 

condensation multi-scale physics and simulating the entire process56,57. A superhydrophilic top 337 

surface was employed to adsorb condensate from the condensing surface once the droplets reached 338 

the top surface. As shown in Figure 6D, droplet nucleation, growth, coalescence, and shedding 339 

dynamics were successfully captured, reproducing the near field condensation observations shown 340 

in Figure 5. The dependence of condensation heat fluxes on surface gap was obtained, and was 341 

shown to be consistent with the theoretical results (Fig. 6C). 342 



18 

 

 343 
 344 

Figure 6. Characterization of near field condensation. (A) Near field condensation droplet 345 
radius 𝑅 as a function of time 𝑡 on the hydrophobic Cu surface (𝜃 / 𝜃  = 106 ± 1º / 97 ± 1º) 346 
for differing surface gaps 𝐻. The 𝐻 = ∞ represents the case of dropwise condensation (no mesh). 347 
(B) Near field condensation droplet number density 𝑁 as a function of droplet radius 𝑅 on the 348 
hydrophobic Cu surface with differing surface gaps 𝐻. Bars are stacked to facilitate comparison. 349 
See Methods for condensation experiment details. (C) Theoretically (solid lines) and numerically 350 
simulated (data points) overall heat fluxes 𝑞  as a function of surface gap 𝐻  for near field 351 
condensing substrates having varying apparent advancing contact angles 𝜃 . The star symbols 352 
represent classical dropwise condensation. Inset: schematic showing near field condensation. For 353 
theory and simulation parameters, see Sections S8 and S9 of the Supplementary Information. 354 
(D) Time-lapse images of the numerical simulation results for near field condensation. The top 355 
surface (black) is partially removed to facilitate visualization of condensation on the bottom (white) 356 
surface. Droplet shedding is shaded in red. See Video S3.  357 
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Discussion 358 

Near field condensation uses wettability-contrast induced droplet transfer between parallel 359 

surfaces as a means to break the fundamental heat transfer limitations of dropwise condensation.  360 

Liquid dewetting and spreading dynamics along with thermodynamic analysis illuminates the 361 

importance of wettability contrast on droplet bridging. Although we experimentally demonstrate 362 

that capillary forces dominate droplet transfer for droplet sizes ranging from ~ 10 µm to 1 mm, 363 

viscous forces can alter bridging dynamics and resist liquid bridge pinch-off, hindering transfer 364 

for highly-viscous liquids or nanoscale water droplets having Ohnesorge numbers Oh > 0.1, where 365 

Oh = 𝜇/ 𝛾𝜌𝐷 where 𝜇 is the dynamic viscosity of the condensing fluid58. Furthermore, due to the 366 

negligible role of gravitational forces on the droplets studied here (𝑅 < 1.7 mm and Bo < 0.4), 367 

droplet transfer is independent of orientation. For larger droplets (Bo > 0.4), gravitational forces 368 

may begin to affect droplet transfer. Future theoretical, simulation, and experimental work is 369 

needed to examine the effects of liquid viscosity and gravitational forces and explore droplet size 370 

limitation beyond which the demonstrated droplet transfer mechanism fails.  371 

The droplet length scales studied here are significantly (> 100X) larger than the surface 372 

roughness length scale (< 1 µm). For surface structures comparable to droplet sizes, contact line 373 

spreading and receding differs from smooth or nanostructured surfaces59-61. Thus, structure-374 

dependent viscous dissipation needs to be incorporated when predicting bridging behavior (Eq. 1). 375 

For instance, structures on the bottom surface may affect droplet receding, liquid neck 376 

development, and water retention due to the enlarged surface area, structure-induced pinning, and 377 

altered local flow fields. Incorporation of rationally designed diverging microstructures such as V-378 

grooves or conical-channels on the condensing surface to enable droplet self-transport27 is likely 379 

to further promote droplet transfer during near field condensation. In addition to condensing 380 
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surface structures, spreading and pinch-off of the liquid bridge on the receptor surface can be 381 

altered with structures. For a surface pair having a superhydrophilic droplet receptor (top), the 382 

effects of surface wickability governed by intrinsic wettability, structure length scale, and porosity 383 

need further investigation. Highly-wicking surfaces are preferred to enhance capillary action 384 

during droplet spreading62,63, thus promoting pinch-off of formed liquid bridges.  385 

Near field condensation offers significant advantages when compared to conventional 386 

dropwise or jumping droplet condensation. Rather than optimizing for a single process on a single 387 

substrate, near field condensation enables enhanced nucleation and droplet growth on hydrophilic 388 

substrates, while simultaneously allowing dropwise-like shedding with extreme control of the 389 

droplet distribution. Dropwise condensation on hydrophobic substrates trades low nucleation 390 

density for efficient droplet shedding. Superhydrophobic surfaces enable even more efficient 391 

droplet shedding at the cost of even lower nucleation density and droplet growth rate36,55. In 392 

addition to nucleation limitations, hydrophobic and superhydrophobic surfaces suffer from 393 

flooding and poor durability due to the need for chemical modification. Near field condensation 394 

does not rely on condensing surface chemistry, and hence can overcome the barriers associated 395 

with longevity. Unlike the functional surfaces which rely on the ultra-thin and physically31,64 and 396 

chemically30,32 unstable coatings with complex coating procedures, wettability contrast can be 397 

achieved by pairing raw materials such as metals and metal oxides. The elimination of coatings 398 

enables the long-term durability and fabrication-simplicity of near field condensation. In addition 399 

to optimizing heat transfer and enabling durability, near field condensation enables continuous 400 

regulation of the heat transfer rate (> 2) via tuning of the surface gap (Fig. 6C). Along with 401 

directionally independent performance, tunable heat transfer is promising for thermal diode65, 402 

vapor chamber66,67, and thermal regulator applications68.  403 
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Efficient shedding of condensate from a variety of surfaces (Fig. 5 and Fig. S11) demonstrates 404 

robustness and versatility of near field condensation. However, to ensure the long-term efficacy, 405 

the adsorbed liquid on the receptor surface needs to be drained. For atmospheric condensation 406 

where the heat transfer rate is low (< 0.1 W/cm2)69 due to gas diffusion effects70, the absorbed 407 

water spreads rapidly on the wicking receptor surface, leading to a high evaporation rate due to 408 

increased contact line area. Thus, water accumulation or flooding was not observed during 409 

condensation experiments lasting multiple hours in our study (Fig. 5). For pure-fluid condensation 410 

having higher heat fluxes (> 10 W/cm2, for steam), surface area, surface spatial arrangement, and 411 

micro/nanostructures need to be rationally designed to facilitate liquid transport and drainage via 412 

gravitational forces, pressure forces, or evaporation. This is particularly important when 413 

considering thermal management applications such as thermal diodes, vapor chambers, and 414 

thermal spreaders, where thin-film evaporation or boiling on the high-temperature top side presents 415 

an efficient way of returning the adsorbed condensate to the condenser and spreading the heat.  416 

Our study provides new insights into the governing mechanisms of dropwise and filmwise 417 

condensation. Previous studies have shown that gravitational-shedding based dropwise 418 

condensation is governed by the surface wettability5 and contact angle hysteresis20. Near field 419 

condensation breaks these paradigms by enabling the equivalent of dropwise condensation on 420 

hydrophilic substrates not requiring extremely low hysteresis. Differing from liquid transport via 421 

capillary flows71 or droplet jumping65,67 in existing thermal management devices, near field 422 

condensation provides a method for direct and rapid liquid return to the evaporator, reducing 423 

condensation thermal resistance due to elimination of porous wicking structures or functional 424 

chemical coatings on the condensing surface.  425 

  426 
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Methods 427 

Surface Fabrication 428 

The superhydrophobic CuO surface (Fig. 1A and S11B) was fabricated with chemical oxidation 429 

followed by hydrophobic silane deposition6. Specifically, mirror-finish Cu plates (99.9% purity, 430 

McMaster) were first ultrasonically cleaned with acetone (Sigma, CAS # 67-64-1) for 5 min and 431 

rinsed with ethanol (Sigma, CAS # 64-17-5), isopropanol (Sigma, CAS # 67-63-0), and deionized 432 

(DI) water (Sigma, CAS # 7732-18-5) and dried with a clean nitrogen stream. To remove the native 433 

oxide, the samples were then immersed in a hydrochloric acid solution (HCl, 2M, Sigma, CAS # 434 

7647-01-0) for 30 s, and then rinsed with DI water and dried with a clean nitrogen stream. To 435 

synthesize the CuO nanoblade structures, the cleaned samples were immersed into a hot (96 ± 3 °C) 436 

alkaline solution composed of NaClO2 (Sigma, CAS # 7758-19-2), NaOH (Sigma, CAS # 1310-437 

73-2), Na3PO4·12H2O (Sigma, CAS # 10101-89-0), and DI water (3.75:5:10:100 wt %). The 438 

oxidation process lasted ≈ 10 min, after which the samples were removed from the solution, rinsed 439 

immediately with DI water, and dried with a clean nitrogen stream. The oxidized CuO surfaces 440 

were then functionalized with heptadecafluorodecyltrimethoxy-silane (HTMS) (TCI America, 441 

CAS #: 83048-65-1) via vapor phase deposition6. The surface samples were placed in a beaker 442 

with a vial of 1 mL HTMS toluene (Sigma, CAS # 108-88-3) solution (5% v/v). A lid was placed 443 

on top to seal the container, followed by heating in an atmospheric pressure oven (Thermo 444 

Scientific, Lindberg Blue M) at 90 ± 5°C for 3 hours.  445 

The superhydrophilic CuO meshes (Fig. 5) were fabricated via the same chemical oxidation 446 

method (without HTMS deposition) described above using commercially available Cu meshes 447 

(TWP Inc.). The wire diameter, opening, and spacing of the meshes are 50, 75, and 125 µm, 448 
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respectively. Before chemical oxidation, the CuO meshes were cut into ≈ 10×10 mm2 pieces and 449 

pressed to be flat using a compressor (MTS1-DFS, Nextech).   450 

The mirror-finished Cu (Fig. 5C-E) and Si (Fig. S11A) surfaces are commercially available 451 

and were cleaned with acetone, isopropanol, ethanol, and DI water, then dried with clean nitrogen 452 

before used in the experiments. The hydrophobic Cu surface (Fig. 5A and 5B) was fabricated by 453 

coating the cleaned mirror-finished Cu plate with HTMS via chemical vapor deposition as 454 

described above. 455 

To control the wettability of the top and bottom surfaces (Fig. 2, 3, and 4), various materials 456 

with or without coatings including Cu, Al, Si, stainless steel, Teflon, Si with slippery omniphobic 457 

covalently attached liquids (SOCAL)6, and lubricant-infused CuO surfaces (SLIPS) were used. All 458 

surfaces were smooth with negligible wettability heterogeneity induced by roughness. To achieve 459 

highly hydrophilicity, the smooth surfaces were cleaned using air plasma (PDC-001-HP, Harrick 460 

Plasma) at a medium power setting for 5-10 min. For all surfaces, the contact angles remained 461 

almost unchanged and the effects of adsorption of volatile organic compounds (VOCs) on the 462 

surface could be neglected given the short duration of surface atmospheric exposure before and 463 

during experiments32,34. Table S1 and Section S3 of the Supplementary Information contains 464 

detailed characterization of the surfaces. 465 

 466 

Surface Characterization 467 

Water contact angles of the surfaces were measured using a piezoelectric micro-goniometer 468 

(MCA-3, Kyowa Interface Science) with voltage and frequency control. To measure the advancing 469 

contact angle, monodisperse water droplets with radii of ≈ 18 µm were dispensed by the 470 

piezoelectric nozzle operating at 7 V and 30-60 Hz. The droplet on the surface was grown to 471 
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≈ 100 nL by accumulating the dispensed droplets and the advancing of the droplet contact line was 472 

recorded at 1 fps by an integrated camera and custom optics. For droplets smaller than 100 nL, 473 

potential droplet resonance due to the addition of small dispensed droplets, which may introduce 474 

a water hammer-type pressure and cause droplet wetting transition, was not present, thus allowing 475 

for accurate measurements of contact angle during droplet dispensing. The receding contact angle 476 

was measured by stopping dispensing droplets and letting the droplet shrink via evaporation. The 477 

advancing and receding contact angles were extracted by commercial software (FAMAS, Interface 478 

Measurements & Analysis System, Kyowa) via the ellipse fit method. Measurements were 479 

repeated on 3 - 5 different locations on the surface to obtain the averaged advancing or receding 480 

contact angles. 481 

 482 

Visualization of Liquid Bridging Dynamics 483 

To grow a droplet and visualize liquid bridging dynamics between parallel surfaces (Fig. 2, 3, and 484 

4), we interfaced a high-speed camera (Phantom v711, Vision Research) with the micro-485 

goniometer (MCA-3, Kyowa Interface Science) (Fig. S2). The piezoelectric dispenser was placed 486 

above a surface (referred to as bottom surface herein) with a spacing of 5-10 mm, and turned on 487 

to dispense monodisperse microscale droplets having radii of ≈ 18 µm43. The target droplet grew 488 

in size due to the addition of the dispensed monodisperse microscale droplets until it reached a 489 

desired size and the dispenser was removed. Droplet dispensing was carried out at 6-7 V and 10-490 

500 Hz, depending on the required growth rate of the droplets. A top surface parallel to the bottom 491 

surface was then slowly approached to the target droplet by tuning a 3-axis stage until it contacted 492 

the topmost interface of the droplet. Droplet bridging dynamics between the top and bottom 493 

surfaces were captured with the high-speed camera. Imaging was performed with a ≈ 25X 494 
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magnification lens with a capture rate of up to 13,000 fps. Illumination was supplied by an LED 495 

source (TSPA22x8, Aitecsystem). All experiments were performed in ambient conditions with a 496 

temperature of 24 ± 1 °C and a relative humidity of 40 ± 5%. 497 

 498 

Condensation Experiments 499 

Droplet behavior during near field condensation (Fig. 5, 6A-B, and S11) was observed using a 500 

customized top-view microscopy setup consisting of an upright optical microscope (Eclipse 501 

LV100, Nikon) interfaced with a high-resolution camera (Qi2, Nikon). Samples were mounted 502 

horizontally on a Peltier cold stage (TP104SC-mk2000A, Instec) which was cooled to 1 ± 0.5°C 503 

to condense water vapor from the laboratory ambient air. To construct the near field condensation 504 

system, a square piece of superhydrophilic CuO nanostructured mesh was placed on top of the 505 

condensing surface with a gap between the two surfaces, which was controlled by two straight Cu 506 

wires having diameters (𝐷 = 50 - 200 µm, Mcmaster). Condensation behavior was recorded at 1-507 

10 fps with 5-50X objectives (TU Plan Fluor EPI, Nikon). Illumination was supplied by an LED 508 

light source (SOLA SM II Light Engine, Lumencor). The LED light source was specifically chosen 509 

for its high intensity and low power consumption (2.5 W) to minimize heat generation due to light 510 

absorption. Furthermore, by manually reducing the condenser aperture diaphragm opening size 511 

and increasing the camera exposure time, we were able to minimize the amount of light energy 512 

needed for illumination and hence minimize local heating effects during condensation 513 

experiments8. The condensation experiments were performed in laboratory ambient air having a 514 

temperature of 24 ± 1°C and relative humidity of 40 ± 5% (RO120, Roscid Technologies). To 515 

measure the droplet size distributions (Fig. 6B), we allowed the condensation to proceed for 15 516 

minutes to reach a quasi-steady state, and measured droplet sizes using ImageJ (NIH Image) in a 517 
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field of view of 1440 × 957 µm. Due to spatial resolution limits, droplets having 2𝑅 < 1.5 µm were 518 

not counted. 519 

 520 

Numerical Simulations of Near Field Condensation 521 

To optimize the design of the near field condensation system, we performed direct numerical 522 

simulations of the condensation process starting from nucleation to droplet growth, coalescence, 523 

and departure (Fig. 6C-D)56,57. The nucleation sites were randomly assigned to the condensing 524 

surface, using a Poisson distribution73. Droplet growth rate was determined by calculating the 525 

thermal resistance and implementing an energy balance. To simulate droplet shedding via transfer 526 

to the top surface, droplets growing beyond a height limit due to direct condensation or coalescence 527 

were immediately cleared from the condensing surface. Complete droplet transfer was assumed 528 

given the small liquid retention ratio (Fig. S7). Immediately after droplet shedding, a new round 529 

of nucleation sites was initiated on the refreshed areas. Time-dependent droplet size distributions 530 

were monitored to ensure that steady-state was reached when the data analysis was performed. To 531 

ensure the time step and condensing surface area independence of the simulation results, we 532 

conducted multiple simulations with varying time steps and surface length scales. Simulations 533 

were performed with pure steam at a temperature 𝑇  = 25°C and a surface temperature 𝑇  = 20°C. 534 

See Section S9 of Supplementary Information for additional simulation details. For a freely 535 

available Matlab version of the numerical code, please see the Supplementary Information of Ref. 536 

56.  537 

 538 

 539 

 540 
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Data availability 541 

All data needed to evaluate the conclusions in the paper are present in the paper and/or the 542 

Supplementary Information. Additional data related to this paper may be requested from the 543 

authors. 544 

 545 
  546 
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