
 1 Copyright © 2012 by ASME 

Proceedings of the ASME 2012 10th International Conference on Nanochannels, Microchannels and Minichannels 
ICNMM2012 

July 8-12, 2012, Rio Grande, Puerto Rico 

ICNMM2012-73224 

EVAPORATION-INDUCED CASSIE DROPLETS ON SUPERHYDROPHILIC 
MICROSTRUCTURED SURFACES 

 

 

Solomon Adera
1
, Rishi Raj

1
, Ryan Enright

1,2
, and Evelyn N. Wang

1
 

1
Department of Mechanical Engineering  
Massachusetts Institute of Technology 

Cambridge, MA, 02139 USA 

2
Stokes Institute 

University of Limerick 
Limerick, Ireland 

 

 

ABSTRACT 

A droplet deposited on a rough, lyophilic surface satisfying the 

imbibition condition, results in complete wetting. However, in 

this work, we demonstrate that this behavior can be altered by 

superheating the substrate such that droplets can reside in a 

non-wetting Cassie state due to evaporation. Photolithography 

and deep reactive ion etching were used to fabricate a well-

defined silicon micropillar array with diameter, height, and 

center-to-center spacings of 5.3, 21.7 and 27.5 µm, 

respectively. Water droplets placed on this microstructured 

surface at room temperature demonstrated superhydrophilic 

behavior with liquid filling the voids between pillars resulting 

in a vanishing contact angle. However, when the 

microstructured surface was superheated above a critical value, 

the superhydrophilicity was lost and non-wetting Cassie 

droplets were formed. The superheat required to deposit a 

Cassie droplet (>75˚C) was found to be significantly higher 

than that required to sustain an already deposited Cassie droplet 

(<35˚C). Interestingly, the superheat required to sustain a 

Cassie droplet after the initial deposition was found to decrease 

with the square of the droplet radius. These observations where 

an inherently superhydrophilic structured surface turns into 

superhydrophobic at nominal superheats has implications for 

phase change based heat transfer applications where the loss of 

contact between the substrate and the heat transfer fluid can be 

detrimental to the device performance.  

 

NOMENCLATURE 

Symbols  

a capillary length (𝑎 = √𝜌𝑙𝑖𝑞𝑔/𝜎) (-) 

Bo Bond number (𝐵𝑜 = 𝑔(𝜌𝑙𝑖𝑞 − 𝜌𝑣𝑎𝑝)𝑅0
2/𝜎) (-) 

d pillar diameter (m) 

F force (N) 

g acceleration due to gravity (m/s
2
) 

H 

h 

hfg 

K 

sample thickness (m) 

pillar height (m) 

latent heat of vaporization (J/kg) 

permeability (m
2
) 

k 

l 

N 

P 

thermal conductivity (W/m-K) 

pillar center-to-center spacing  (m) 

number of pillars (-) 

pressure (N/m
2
) 

q” 

r 

rf 

R  

R0 

heat flux (W/m
2
) 

radial coordinate 

roughness ratio (𝑟𝑓 = 1 + 𝜋𝑑ℎ/𝑙2) (-) 

droplet base radius (m)  

droplet major radius (m) 

T 

ΔT 

u 

v 

V 

z 

Greek 

ε 

µ 

θ 

ρ 

σ 

ϕs
 

temperature (˚C) 

superheat, ( Ts - Tsat) (˚C) 

vapor radial velocity (m/s) 

vapor z-direction velocity (m/s) 

droplet volume (L) 

surface normal coordinate 

 

porosity (𝜀 = 1 − 𝜋𝑑2/4𝑙2) (-) 

dynamic viscosity (Ns/m
2
) 

contact angle (˚) 

density (kg/m
3
) 

surface tension (N/m) 

solid fraction (𝜙𝑠 = 𝜋𝑑
2/4𝑙2) (-) 

Subscripts  

amb 

app 

ambient 

apparent 
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INTRODUCTION 

Fundamental understanding of solid-liquid interactions is 

important for wettability control and the design of surfaces with 

functional properties. For some applications, it is desired that a 

droplet deposited on a solid surface spreads spontaneously 

making a thin film. Anti-fogging surfaces utilize this behavior 

to mitigate the formation of light-scattering droplets in order to 

maintain transparency [1]. Heat pipes, where wicking of 

condensate is required for better thermal management, is 

another example that utilizes the affinity of liquids to wet a 

surface. On the other end of the spectrum, dropwise 

condensation requires the drops to be non-wetting to minimize 

thermal resistances. Non-wetting droplets are also desired in 

chemical and biological applications where contamination of 

the solid surface is undesirable. Other applications include low-

friction hydrodynamic surfaces where apparent hydrodynamic 

slip improves performance [1]. 

Wettability of solid surfaces can be tuned by introducing 

roughness [1-3]. This effect has been demonstrated since the 

1940’s [4-5] whereby texturing increases the degree of 

hydrophilicity (hydrophobicity) of an inherently hydrophilic 

(hydrophobic) flat surface and can be understood in terms of 

energy minimization [1, 6]. Depending on the history and the 

deposition technique, a droplet typically demonstrates one of 

two states on a rough surface: Wenzel or Cassie [3, 7]. In the 

Wenzel state a droplet wets the entirety of the droplet basal area 

by filling the surface asperities whereas a droplet in the Cassie 

state sits on top of the rough structure with air trapped between 

the asperities [1,3,7]. The wetting state with the lowest free 

energy is generally favored. However, metastable states are also 

possible [7]. Cassie and Wenzel drops exhibit significantly 

different wetting characteristics and have been extensively 

studied in the past with special emphasis on understanding the 

transition between the two states [8-10].  

The Cassie-to-Wenzel transition can be induced by 

applying external stimuli such as vibration, pressure, electric 

fields, or thermal excitation. Vibration-induced Cassie-to-

Wenzel transition on rough surfaces was studied by 

Bormashenko et al. [11, 12]. They reported that the resulting 

force per unit length on the triple line is responsible for the 

Cassie-to-Wenzel wetting transition and that the apparent 

contact angle is dictated by the interactions occurring at the 

three-phase contact line. Han et al. [13] investigated Cassie-to-

Wenzel transition for a superhydrophobic CNT-based 

nanocomposite surfaces by applying a potential difference 

between the water droplet and the solid surface 

(electrowetting). In another work, Krupenkin et al. [14] 

investigated both theoretically and experimentally the fully 

reversible wetting-dewetting transitions of droplets on 

electrically tunable superhydrophobic nanostructured surfaces. 

Liu et al. [15] reported the transition of water droplets from 

Wenzel-to-Cassie state on a hydrophobic microstructured 

surface either by heating the substrate or by directly heating the 

droplet using a pulsed laser.  The water infiltration dynamics 

during evaporation triggered wetting transition of a droplet 

from non-wetting to wetting state on transparent hydrophobic 

microstructured surfaces was studied by Tsai et al. [16]. They 

demonstrated that a natural evaporation process can drive the 

wetting transition in hydrophobic miscrostructured surfaces if 

the droplets are below a few hundreds of micron in radius. 

Zhang et al. [17] experimentally studied the effect of 

temperature on the wetting transition of droplets from 

spreading (wetting) to bouncing (non-wetting) on micro- and 

nanostructured surfaces. 

A smooth, flat silicon surface is inherently hydrophilic. Its 

wettability is further improved through structuring and can 

exhibit superhydrophilic behavior at room temperature i.e. 

droplets instantaneously spread on the rough surface with 

vanishing contact angle demonstrating complete wetting, 

provided that the imbibition condition is satisfied [1, 2]. 

However, in this work, we demonstrate that when the same 

silicon surface is heated above a critical superheat, it exhibits 

superhydrophobic behavior with apparent contact angles as 

high as 150˚. This observed behavior might be a disadvantage 

for heat transfer applications that rely on actual contact between 

the heated surface and the working fluid. Such applications that 

utilize the latent heat of vaporization of the fluid include spray 

cooling of hot metals during metallurgical processes, cooling of 

nuclear reactors during emergency shutdown, heat exchangers, 

and cooling of overheated components in high-power-density 

thermal applications. Of central concern in these applications is 

whether an impinging droplet will wet the heated surface or 

will it bounce back without wetting. The effectiveness of these 

cooling applications relies on understanding the wetting 

behavior of droplets and their transition from one form to 

another. Understanding the Cassie-to-Wenzel transition with 

superheat would help formulate design guidelines for texturing 

surfaces with special wetting characteristics as desired for the 

specific phase-change based heat transfer applications. 

 

EXPERIMENT 

To explore the behavior of droplets deposited on hydrophilic 

microstructured surfaces, photolithography and deep reactive 
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ion etching were used to fabricate well-defined silicon pillar-

arrays shown schematically in Fig. 1.  

 

 
FIGURE 1: Schematic (not to scale) of (a) side and (b) top 

view of the microstructured surface used in the experiment 

showing the pillar diameter d, pillar height h, pillar center-to-

center spacing l, and sample thickness H. 

 

We studied a square array of pillars with d = 5.3 µm, h = 

21. 7 µm, l = 27.5 µm, roughness ratio 𝑟𝑓 = 1.48, and solid 

fraction ϕs = 0.03. An SEM image of the microstructured 

surface at 30
o
 inclination is shown in Fig. 2a. The geometry 

was chosen such that the imbibition condition as defined by Eq. 

1 was satisfied [1, 2],  

 

cos 𝜃𝑖𝑚𝑏 =
1 − 𝜙𝑠
𝑟𝑓 − 𝜙𝑠

, 
 

(1) 

                                         

 

where θimb is the critical angle below which the droplet spreads 

filling the void between pillars (wicking) following the surface 

asperities. For the microstructured surface under investigation, 

the imbibition angle θimb was calculated to be 48˚ while the 

intrinsic Young contact angle for smooth silicon surface was θSi 

= 38˚suggesting that a droplet should spread upon touching the 

structured surface.  

 

FIGURE 2: (a) SEM image of a microstructured surface (b) 

Image of front and back side of a typical surface used for the 

experiment, showing the microstructured surface and the back 

side gold resistive heater respectively. 

 

A gold resistive heater (Fig. 2b) was patterned onto the 

backside of the silicon sample using ebeam evaporation. A DC 

power source was used to heat the sample and the temperature 

was measured at a rate of 10 Hz using a T-type thermocouple 

(TC) attached to the backside of the sample using thermal 

grease (3G Cool Silver, AI Technology) and Kapton tape. 

Before each experiment, the samples were cleaned with 

acetone, methanol, isopropanol and deionized (DI) water; dried 

with nitrogen gas; and then oxygen plasma treated for 30 

minutes to remove organic contaminants. After the plasma 

cleaning procedure, the surface was observed to be 

superhydrophilic and droplets spontaneously spread upon the 

surface with near zero contact angle. Thoroughly degassed DI 

water was used for all experiments to avoid gas bubble 

nucleation. A pipette was used to gently dispense droplets with 

volumes between 15 and 25 µL on the heated substrate. A 25 

µm diameter gold wire, functionalized in a 1 mM ethanol 

solution of 1H, 1H, 2H, 2H-perfluorodecanethiol (Sigma-

Aldrich), was used to keep the highly mobile droplets in 

position for visualization. The thiol coating made the 

intrinsically wetting gold wire hydrophobic, minimizing the 

component of surface tension acting in the vertical direction. 

Nonetheless, assuming the worst scenario (complete wetting of 

the gold wire), the force pulling the droplet up would be two 

orders of magnitude smaller than the other key forces involved 

in the evaporation-induced wetting transition phenomenon 

reported in this work. 

 

 
FIGURE 3: Schematic of the experimental setup (not to scale) 

that is used to study evaporation induced Cassie-to-Wenzel 

transition of water droplets. Junctions a-b-c-d represent 

thermocouples while 1-2-3-4-5-6-7-8-9 represent electrical 

wires and connections. The TC reading coming through a-b 

splits at junction b and c goes to the PID controller while d goes 

to the data acquisition. 

 

As discussed previously, the superheat required to suspend 

a Cassie droplet on top of the structured surface was higher 

than that required to sustain the wetting state of an already 
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deposited droplet. This required a strategy (Fig. 3) that would 

allow the substrate to be maintained at two distinct steady state 

temperatures: a higher temperature initially and a relatively 

lower temperature after droplet deposition. As shown in Fig. 3, 

the substrate was initially heated directly (PID bypassed, 1-2-3-

4, Fig. 3) such that a high superheat required for depositing a 

Cassie droplet was maintained. Once the droplet was deposited 

on the substrate, the superheat was lowered by toggling the 3-

way switch from 2 to 5 such that the PID was brought into the 

loop (1-5-6-7-8-9-3-4, Fig. 3). The PID sensed the temperature 

through the thermocouple a-b-c and the SSR was shut-off 

allowing the substrate to cool down. Once the substrate cooled 

down and the temperature was lower than the set point on the 

PID (corresponding to the lower superheat required), a pulse 

was sent to SSR closing the circuit (through connection 8-9, 

Fig. 3) and the substrate was heated. The temperature from this 

point onwards was maintained at a steady value until the 

droplet transitioned to a Wenzel state or evaporated completely. 

In order to visualize the droplet behavior and understand the 

mechanism involved during transition, images were acquired at 

10 fps during each of the experiments. The image and 

temperature data were later synchronized to closely investigate 

the wetting dynamics of droplets deposited on superheated 

substrates. The droplet volume, diameter and apparent contact 

angle were calculated by processing the captured images and 

temperature data through a custom analysis routine written in 

MATLAB®. A typical image of a droplet suspended on top of 

the micropillar array under superheated conditions is shown in 

Fig. 4. The apparent contact angle (θapp) as measured from the 

inset image was 149˚ ± 2˚. 

 

 

FIGURE 4: Image of an evaporating water droplet suspended 

on top of an array of pillars. The inset image shows the 

micropillar array and apparent contact angle, θapp = 149˚ ± 2˚ 

measured from the acquired image. 

RESULTS AND DISCUSSION 

Owing to improved surface wettability due to microstructuring, 

droplets were observed to wet the surface completely (Fig. 5a) 

at low superheats. However, a non-wetting Cassie droplet on 

top of the microstructured surface was observed at a superheat 

of 90˚C (Fig. 5b). This critical superheat above which a non-

wetting Cassie droplet formed was very sensitive to the droplet 

deposition technique and volume. As a result, ten experiments 

were performed at each superheat to investigate the 

repeatability of dispensing a non-wetting Cassie droplet and to 

obtain the range within which either of the two states existed. 

This result is shown on Fig. 6 where the percentage of Cassie 

droplets obtained out of ten experiments is shown at each 

superheat. All droplets deposited below 63˚C superheat wetted 

the surface (Wenzel state) while a non-wetting Cassie droplet 

was formed at all times if the superheat was higher than 75˚C. 

Between 63˚C and 75˚C superheat, a droplet could be in either 

state (Wenzel or Cassie) depending on how gently it was placed 

on the surface [7]. However, the probability of depositing a 

non-wetting Cassie droplet monotonically increased as the 

superheat increased.  

 

FIGURE 5: (a) Wetting (Wenzel) droplet boiling at low 

superheat (ΔT = 19˚C) (b) Non-wetting (Cassie) droplet (ΔT = 

90˚C, V ≈ 24 µL droplet) suspended on top of the pillars on a 

heated microstructured surface. 

 

 
 

FIGURE 6: Percentage of successfully deposited Cassie 

droplets (V ≈ 15 - 25 µL) as a function of superheat on a 

microstructured inherently hydrophilic surface. 
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A sample experiment detailing the experimental 

methodology is shown in Fig. 7. A superheat of 94˚C was 

required initially to deposit a Cassie droplet. This implies that 

the forces involved during droplet deposition are larger than the 

forces involved after deposition. During deposition, as the 

droplet contacts the substrate, the center of gravity decelerates 

rapidly initiating a shock wave that generates an enormous 

pressure when water is compressed behind the shock wave 

envelope [18]. This pressure, referred to as the water hammer 

pressure, scales with the time derivative of the inertia term in 

the Navier-Stokes equation [18, 19]. The rapid deceleration of 

the droplet and the resulting force due to the water hammer 

effect along with the weight of the droplet, the surface tension 

force, and the force due to the dynamic pressure act downward 

to induce wetting. The only forces acting to prevent wetting and 

suspend the droplet on top of the pillar array structure is that 

due to the high pressure region created by the viscous 

resistance to the radially escaping vapor within the tiny gap 

between the pillar-top and pillar-base. Of the four wetting 

forces, water hammer and dynamic pressure act only during the 

initial stages and dissipate quickly after droplet deposition. The 

effect of dynamic pressure can be avoided to a great extent by 

gently depositing the droplet. However, it is very difficult to 

avoid the effect of water hammer in practical experiments. 

Moreover, water hammer (~ 𝑂[𝜌𝑢𝑐]) is usually significantly 

larger in magnitude than all the other forces (e.g. dynamic 

pressure (~ 𝑂[𝜌𝑢2])  involved in the process [18, 19]. We 

believe that it is this short-lived water hammer pressure 

generated during droplet deposition on the surface that required 

an initially higher superheat at the start of the experiment. The 

reduction in the downward wetting force after deposition (only 

surface tension and weight remain) consequently lowered the 

superheat requirement to maintain an already deposited Cassie 

droplet. 

 

FIGURE 7: (a) Typical superheat as a function of time for a droplet deposited on a superheated microstructured surface, (b) 

Corresponding droplet volume as a function of time, (c) Time lapse images of an evaporating droplet at 5 s intervals (steady state 

temperature was reached 17 s after deposition, and the transition from the Cassie to the Wenzel state occurred at t = 35.1 s 

corresponded to ΔT = 26˚C, and V = 6.4 µL). The 25 µm gold wire used to keep the droplet in position during the experiment is visible 

in some (out of focus for the rest) of the images. 
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The droplets at high superheats (94˚C) were very dynamic 

and difficult to image. Moreover, the water hammer effect is 

not clearly understood and hence it was difficult to quantify the 

forces acting on the droplet at deposition. To counter these 

shortcomings, once deposited, the 3-way switch was toggled 

and the substrate was allowed to cool down (3-18 sec) to attain 

a steady state at a lower superheat of 26˚C as shown in Fig. 7a. 

The superheat was then maintained at this value as the droplet 

evaporated until transition occurred at 35.1 seconds (Fig. 7a 

and 7c). A plot of droplet volume measured from the acquired 

images (Fig. 7c) is shown in Fig. 7b. The volume of the droplet 

at transition to the Wenzel state was ~ 6.4 µL. This 

experimentally observed transition temperature is much lower 

than the Leidenfrost temperature reported for smooth flat 

surfaces [20]. 

 

MODELING 

To explain the observations, we developed a simple quasi-

steady 1-D lubrication model which is valid after the dynamic 

and water hammer pressures have dissipated and a steady state 

temperature was achieved (>18 s on Fig. 7a). A schematic of 

the evaporating Cassie droplet on top of the structured surface 

is shown on Fig. 8. The temperature at the droplet base (or 

pillar top) is assumed to be the saturation temperature of water 

at ambient pressure. Uniform evaporation throughout the 

droplet base was assumed. The apparent contact angle of the 

droplet was estimated using the Cassie-Baxter equation for 

composite surfaces [21, 22], silicon pillars and water vapor in 

this case.  

 

cos 𝜃𝑐 = −1 + 𝜙𝑠(1 + cos  𝜃𝑓), (2) 

 

Here, θf and θc are the intrinsic contact angle on a flat surface 

and the apparent contact angle on the composite surface, 

respectively. The apparent contact angle for the current 

geometry was calculated to be θc = 161
o
 using an intrinsic 

contact angle of 38
o
 for a smooth flat silicon surface and solid 

fraction of ϕs = 0.03. The calculated apparent contact angle 

from the Cassie-Baxter equation is different from the 

experimentally measured apparent contact angle θapp of 149˚ 

(Fig. 4). The difference between the experimental and the 

predicted values of the apparent contact angle can be attributed 

to measurement uncertainties and the fact that Eq. 2 is valid for 

a sessile droplet in equilibrium while the droplets in the current 

study are evaporating and hence a receding contact angle. 

Based on the apparent contact angle defined by Eq. 2, a relation 

between the base radius R and droplet major radius Ro can be 

established from geometry as, 

 

𝑅 = 𝑅0 sin 𝜃𝑐 . (3) 

 

The effect of gravity on the shape of the droplet can be ignored 

since the Bond number is less than unity at transition (Bo 0.2, 

for the particular case shown on Fig. 7 where the droplet 

transitioned at 6.4 µL, which corresponds to a droplet radius of 

1.2 mm). 

We further assume that the conducted heat is completely 

utilized to induce uniform evaporation at the liquid/vapor 

interface of the droplet basal area. The vapor escapes from the 

droplet base with velocity v in the z-direction and could be 

related to the heat conduction through the composite media as 

 

𝑣 =  −
𝑘𝑒𝑓𝑓∆𝑇𝑝

𝜌𝑣𝑎𝑝ℎ𝑓𝑔ℎ
, 

 

(4) 

 

where ρvap and hfg are the density of vapor and the latent heat of 

vaporization respectively,  ΔTp is the temperature difference 

between the pillar top and the pillar base, and keff is the 

effective thermal conductivity of the porous media composed of 

the silicon pillars and the water vapor and is estimated by Eq. 5 

from [23] 

 

𝑘𝑒𝑓𝑓 = (1 − 𝜙𝑠)𝑘𝑣𝑎𝑝 + 𝜙𝑠𝑘𝑠𝑖 , (5) 

 

where kvap and kSi are the thermal conductivities of water vapor 

and Silicon at saturation conditions (ksi at 100˚C is ~ 105 W/m-

k)  [24].  

 
FIGURE 8: Schematic of a non-wetting Cassie droplet on a 

superheated microstructured surface. The apparent contact 

angle is θc, droplet major radius is R0, and the base radius is R. 

Heat is conducted through the substrate and the porous pillar-

vapor medium to induce evaporation at the three-phase contact 

line. As the vapor escapes out radially (r = 0 to r = R) through 

the porous medium, a pressure gradient is created that supplies 

the anti-wetting force required to suspend the droplet on the 

pillar top. The force due to the pressure gradient balances the 

surface tension force and the weight of the droplet that act to 

induce wetting. 

 

Considering that h / R << 1, it is assumed that the vapor 

velocity v in the z-direction is small compared to the radial 

vapor velocity u (i.e., v/ u << 1, here v is constant because of 
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the previous assumption of uniform evaporation). The 

continuity equation at any radial position r under the droplet 

base can then be written as 

 

∫ 𝑢
ℎ

0

(2𝜋𝑟)𝑑𝑧 = π𝑟2𝑣. 
 

(6) 

 

Combining Eqs. 4 and 6, we obtain a relation between the 

velocity and temperature difference between the pillar base and 

pillar top as 

 

∫ 𝑢
ℎ

0

𝑑𝑧 = −
𝑘𝑒𝑓𝑓∆𝑇𝑝

2𝜌𝑣𝑎𝑝ℎ𝑓𝑔

𝑟

ℎ
. 

 

(7) 

 

Since h / R << 1, further assumptions can be made that 

simplify the analysis as follows: (1) the viscous loss is 

dominated by velocity gradients in the z-direction i.e., the 

radial velocity is a function of z-direction only, u (z), (2) 

momentum changes in the axial direction can be neglected, and 

(3) the pressure depends only in the radial direction, ∂p/∂z = 0. 

Using these assumptions, the classical momentum equation for 

porous media can be simplified to Brinkman equation [25],  

 

𝜕2𝑢

𝜕𝑧2
=
𝜀

𝜇

𝑑𝑃

𝑑𝑟
+
𝜀𝑢

𝐾
, 

 

(8) 

 

where ε is the porosity and K is the permeability of the porous 

media. The permeability was calculated using an asymptotic 

expression valid for flow through dilute pillar arrays, ϕs ≤ 0.25 

[26]. Equation 8 is then solved by applying the no-slip 

boundary conditions (u = 0) at the pillar base (z = 0) and pillar 

top (z = h). An average radial velocity, which depends only on 

r, can then be found by integrating the velocity profile u (r, z), 

obtained from Eq. 8 in the z-direction from the base (z = 0) to 

the tip (z = h) of the pillar. This average radial velocity is then 

equated with the average velocity obtained previously from Eq. 

7 using energy balance to find the pressure profile along the 

radial direction, 

 

𝑃(𝑟) − 𝑃𝑎𝑚𝑏 =
𝜇𝑣𝑎𝑝𝑘𝑒𝑓𝑓∆𝑇𝑝(𝑅

2 − 𝑟2)

4𝜀ℎ𝜌𝑣𝑎𝑝ℎ𝑓𝑔

(

 
 
2tanh (

ℎ
2
√
𝜀
𝐾
)

(
𝜀
𝐾
)
3/2 −

ℎ𝐾
𝜀

)

 
 

 
 

 

(9) 

 

where Pamb is the ambient pressure and P (r) is the pressure at a 

radial distance r from the center of the droplet base (r = 0). The 

upward anti-wetting force on the droplet Fup was calculated by 

integrating the pressure profile from Eq. 9 over the droplet base 

area from r = 0 to r = R, 

 

𝐹𝑢𝑝 =
𝜋𝜀𝜇𝑣𝑎𝑝𝑘𝑒𝑓𝑓∆𝑇𝑝

8𝜌𝑣𝑎𝑝ℎ𝑓𝑔

(

 
 
2tanh (

ℎ
2
√
𝜀
𝐾
)

(
𝜀
𝐾
)
3/2

−
ℎ𝐾

𝜀

)

 
 

−1

𝑅4

ℎ
. 

 

 

(10) 

 

As can be seen from Eq. 10, the upward force which resists the 

droplet from wetting the substrate is dependent on fluid 

properties (which in turn depend on the temperature and 

pressure of the droplet), the geometry of the microstructured 

surface including the porosity and permeability, the effective 

thermal conductivity of the composite porous media, and the 

droplet base radius. This strong dependence on droplet base 

radius (Fup ∝ R
4
) is important in explaining the experimental 

results. After dynamic and water hammer pressures have 

dissipated, the downward wetting force on the droplet Fdown due 

to the weight of the droplet and the surface tension force is 

given by 

 

𝐹𝑑𝑜𝑤𝑛 = 𝜌𝑙𝑖𝑞𝑉𝑔 + 𝑁𝜋𝑑𝜎cos𝜃𝑓 , (11) 

 

where V is the droplet volume, ρliq is the density of liquid water 

at saturation temperature, d is the pillar diameter, and 𝑁 =
𝜋𝑅2/𝑙2 is the number of pillars in contact with the droplet base. 

The downward wetting force due to the surface tension is 

usually more than one order of magnitude higher than that due 

the weight. As a result, the downward force can be roughly 

approximated to depend on the square of droplet base radius 

(Fdown ∝R
2
). Therefore, as the droplet shrinks in size, the anti-

wetting force due to pressure decreases at a faster rate (Fup ∝R
4
) 

than the opposing wetting forces (Fdown ∝R
2
) as shown in Eqs. 

10 and 11. Comparing the two forces together, it is clearly 

evident that the anti-wetting (upward) force dominates at larger 

volumes requiring lower superheat. The temperature difference 

required to sustain a droplet in the Cassie state is obtained by 

equating the wetting and anti-wetting forces, 

 

∆𝑇𝑝 =
𝜌𝑙𝑖𝑞𝑉𝑔 + 𝜎𝜋𝑁𝑑𝑐𝑜𝑠𝜃𝑓

 
𝜋𝜀𝜇𝑣𝑎𝑝𝑘𝑒𝑓𝑓
8𝜌𝑣𝑎𝑝ℎ𝑓𝑔

 

(

 
 
2tanh (

ℎ
2
√
𝜀
𝐾
)

(
𝜀
𝐾
)
3/2  −  

ℎ𝐾
𝜀

)

 
 

−1

  
𝑅4

ℎ

 
 

 

(12) 

 

Equation 12 estimates the temperature difference between the 

pillar base and pillar top that is required to maintain a Cassie 

droplet. An additional temperature drop between the pillar base 

and the backside of the substrate is required to match the 

experimentally measured wall temperature with the model 

prediction. Incorporating this additional temperature drop 

across the sample thickness (~ 620 µm thick silicon), the 

overall temperature drop from the backside of the sample to the 

pillar top is 
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∆𝑇 = ∆𝑇𝑝 (1 +
𝐻𝑘𝑒𝑓𝑓

ℎ𝑘𝑆𝑖
). 

 

(13) 

 

Equation 13 provides an estimate for the overall superheat 

ΔT required for suspending a Cassie droplet. The superheat 

increases as the droplet gets smaller in size (∆𝑇 ∝R
-2

), 

consistent with experimental observations. The experimentally 

measured superheats and the model prediction are shown in 

Fig. 9. The solid black line is the model prediction based on the 

apparent contact angle as obtained from the Cassie-Baxter 

equation (161˚) while the dotted blue line is the model 

prediction based on the experimentally measured contact angle 

(149˚, Fig. 4). As can be seen, estimating the apparent contact 

angle correctly is key in predicting the correct superheat 

required for the Cassie-to-Wenzel transition. Nonetheless, the 

simple 1-D lubrication model qualitatively captures the 

transition mechanism, showing good agreement with the trend 

in the experimental data. 

 
FIGURE 9: Relationship between superheat and transition 

volume of a droplet deposited on the superheated 

microstructured surface shown in Fig. 2a. 

CONCLUSIONS 

Evaporation-induced Cassie-to-Wenzel transition of water 

droplets on super-heated superhydrophilic microstructured 

surfaces have been investigated. We demonstrated that a 

superhydrophilic surface at room temperature can take on the 

characteristics of a superhydrophobic surface if the substrate is 

superheated. Experiments performed at steady state 

temperatures have shown that a relatively smaller superheat is 

required to sustain an already suspended droplet in the Cassie 

state on a superhydrophilic surface than that required when 

initially depositing the droplet. The relatively higher superheat 

required for the initial deposition of a Cassie droplet is 

hypothesized to be the result of a transient water hammer 

pressure that develops during the droplet deposition process. 

We have shown that a single surface can exhibits both extremes 

of wettability (superhydrophilicity and superhydrophobicity) 

and that an increasing superheat is required to maintain a 

Cassie droplet as the droplet radius decreases. A model was 

developed to understand this steady-state behavior at capillary 

length scales and shows good agreement with the experiments.  

This work offers new insights into the design of structured 

surfaces for phase-change heat transfer applications.  
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