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ABSTRACT
Superhydrophobic textured surfaces are known to maintain a nonwetted state
unless external stimuli are applied since they can withstand high wetting
pressure. Herein, we report a new category of tunable, one-dimensional (1D)
Cassie-to-Wenzel wetting transitions during evaporation, even on superhydro-
phobic surfaces. The transition initiates at the periphery of the evaporating drop,
and the wetting transition propagates toward the center of the drop. The
transitions are observed for surfaces with wetting pressures as high as ~ 7,568
Pa, which is much higher than the Laplace pressure, i.e., ~200 Pa. In situ high-
contrast fluorescencemicroscopy images of the evaporating drop show that the
transition is induced by preferential depinning of the air-water interface and
subsequent formation of air bubbles in the cavities near the three-phase contact
line. The evaporation-induced internal flow enhances the pressure within the
water droplet and subsequently causes a Cassie-to-Wenzel wetting transition.
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Introduction

Conservation and manipulation of water drops on superhydrophobic surfaces are important for both
biological and physical phenomena, including mass [1–6] and heat transfer [7–10]. Superhydrophobic
surfaces typically exhibit high wetting pressures. A droplet deposited on these surfaces rests on top of
the surface elements with air trapped underneath. This heterogeneous wetting regime is known as
a ‘Cassie state’. On the other hand, if the droplet fills the surface elements, it exhibits a homogeneous
wetting regime known as a ‘Wenzel state’. The transition from the Cassie state to Wenzel state occurs
when the drop experiences a threshold effective pressure [11] (wetting pressure) either due to excessive
Laplace pressure or external stimuli such as pressure [12, 13], vibration [14], voltage [15], or droplet
bouncing [16]. Furthermore, the air trapped below the drop acts as an ancillary factor in the wetting
transition [17]. On open cavity surfaces with protruding structures, such as pillars, a drop in the Cassie
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state traps air as a continuous layer, and the length of this layer is large relative to the structure
dimensions [17]. On closed cavity surfaces, air is completely confined within the structures [17], and
these structures are expected to have a greater resistance to the Cassie-to-Wenzel transition than the
protruding structures [15, 17, 18].

The wetting transition is mediated by the following mechanisms [11, 19] (Figure S1): (i) the contact line
at the edge of the interstices vertically propagating as the local contact angle (θ*) exceeds the equilibrium
contact angle (θe) [20], called as ‘depinning transition’ and (ii) the sag of the air-water interface reaching the
bottom of the cavity, called as ‘sag transition’ [21]. On engineered surfaces, the expected sag of the air-water
interface is usually small relative to the cavity depth, and thus, depinning is themain transitionmechanism.
A useful criterion for depinning transitions can be obtained by considering the surface energy barrier
between the Cassie and Wenzel states [11]. For square-shaped, closed microcavity surfaces, the wetting
transition occurs when the work performed by the effective pressure (ΔP) within the drop (Wp ~ΔPa2H) is
greater than the surface energy barrier of the Cassie-to-Wenzel transition (4aHσlg cosθe). Hence, we obtain
the following pressure criterion for the depinning wetting transition of microcavity surfaces:

ΔPdepin >
�4σlgcosθe

a
(1)

where σlg is the surface tension of water, a is the width and H is the depth of the cavity structures, and
θe is the equilibrium contact angle. Similarly sag transition occurs when the sag (S) of the air-water
interface contacts with the bottom of the cavity (Figure S1). The criteria of sag transition is given by

ΔPsag >
2σlg

a2
8H þ H

2

� � (2)

When a wetting transition occurs via external stimuli, previous studies have consistently shown that
the wetting transition is instantaneous and uniform across the base of the drop [22]. However,
recently, Bormashenko et al. [23, 24]. reported that a drop on a polymeric porous substrate is subject
to external vibration, and the Cassie-to-Wenzel transition is initiated near the contact line. Such
a transition phenomenon is termed a one-dimensional (1D) wetting transition. A similar 1D wetting
transition of a drop was also reported in electrowetting experiments [15]. These studies indicate that
the wetting transition is not always uniform at the drop-surface interface and suggest the existence of
other mechanisms for the 1D wetting transition.

Evaporation of a water drop ismediated by differential mass transfer regime over the drop surface which
induces vigorous flows inside the drop. Role of such evaporation-induced internal flows on wettability of
the drop was neglected previously. However, it was shown that flow inside an evaporating drop exhibits
spatio-temporally varying pressures which are up to an order of magnitude larger than the typical Laplace
pressure values. The understanding on the evaporation-induced pressure gradients is potentially useful to
tune the wetting characteristics on superhydrophobic surfaces. In this work, we demonstrate a new
directional wetting transition category based on the internal flow dynamics of an evaporating drop using
engineered microcavity structures. For this purpose, we monitored the time-dependent characteristics of
evaporating drops on carefully designed microcavity surfaces under a large range of wetting pressures
(250–30,000 Pa). We related the nature of the evaporative flux over the surface of these drops to the
spatiotemporal variation in the wetting state. The mechanisms of the wetting transitions at the individual
cavity level and drop level were studied using in situ fluorescence microscopy.

Experimental details

Fabrication of microcavity patterns

Microcavity patterns were fabricated on Si (100) wafers using photolithography and reactive ion etching
(RIE) techniques. In total, eight cavity surfaces were generated with varying cavity sizes but constant solid
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wall thickness of 2 µm (Figure 1(a)). A schematic of the detailed fabrication procedure is shown in Figure
S2(a). The roughness of the solid connected region of the patterns and the reference flat samples used for
the study was negligible relative to the dimensions of the cavity structures (Figure S2(b)). A plasma-
enhanced chemical vapor deposition technique was used to deposit thin layers (approximately 20 nm) of
fluorinated diamond-like carbon (FDLC) coatings. A polytetrafluoroethylene (PTFE) coating (approxi-
mately 20 nm) was obtained using plasma enhanced chemical vapor deposition (PECVD) as the first
stage of the BOSCH process.

Observation of wetting transition

The equilibrium static contact angles of the FDLC-coated and PTFE-coated flat surfaces were measured
using the sessile drop method to be approximately 92° and 108°, respectively. To determine the wetting
characteristics of the surfaces, a water droplet was allowed to evaporate on the microcavity surfaces, and
side-view and top-view images were obtained using a bright-field optical microscope. Changes in the
wetting characteristics were primarily determined based on changes in the optical contrast of the top-view
images. Side-view imaging was used to determine the drop shape characteristics over the evaporation time,
particularly at the time of the wetting transition. For all the evaporation experiments, a drop volume of 3 µL
was used. The temperature and relative humidity (RH) were maintained at 24 ± 1°C and 45 ± 5%,
respectively.

In situ fluorescence imaging

In situ fluorescencemicroscopy experiments were performed using a Zeiss Axioplan 2Upright fluorescence
microscope. For visualization, a 10 µM fluorescein sodium salt (Sigma-Aldrich) solution in deionized water
was prepared.

Results and discussion

1D wetting transition during water drop evaporation

We fabricated square microcavity structures with critical dimensions from 2 to 40 μm and a depth of 1 μm
(Figure 1 and Table 1). The surface energy of the microcavities was controlled by coating them with
polytetrafluoroethylene (PTFE) and fluorinated diamond-like carbon (FDLC). The PTFE coating on the
microcavities resulted in superhydrophobicity, while the FDLC coating induced hydrophobicity. The
specifications of the microcavity structures and chemical coatings on them were chosen such that the
water affinity of the experimental surfaces is varied from barely hydrophobic to superhydrophobic. Table 1

Figure 1. (a) Schematic illustration of a microcavity array. In this study, only the size of the microcavity was varied, while the width
of the solid region between the cavity structures and the depth were maintained at 2 μm and 1 μm, respectively. (b) Scanning
electron microscopy images of the fabricated microcavity surfaces.
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shows the equilibrium contact angles of the microcavity patterns along with the corresponding depinning
and sag wetting transition pressures obtained using Equation 1 and 2 respectively.

The depinning pressure (ΔPdepin) and sag pressures (ΔPsag) for the patterned surfaces were
much larger than the typical Laplace pressure values. Ideally, such surfaces are not expected to
show any wetting transitions unless external force or pressure is applied. Furthermore, the
dominant mechanism of wetting transition depends on the magnitudes of ΔPdepin and ΔPsag
for the corresponding surfaces. For all the FDLC-coated surfaces, ΔPdepin < ΔPsag (Table 1).
Whereas, for PTFE-coated surfaces, ΔPdepin < ΔPsag when microcavities were smaller than 20 µm.
For PTFE-coated P20 and P40 surfaces, ΔPdepin > ΔPsag. That is, except for PTFE-coated P20 and
P40 surfaces, for all the remaining surfaces depinning of the air-water interface at the sidewall of
the cavity is believed to be a main reason for the wetting transition (Figure S1). By comparing
the magnitudes of ΔPdepin and ΔPsag for each of the surface, the threshold pressure at which
cavities on them are expected to exhibit wetting transition is clearly indicated in Table 1. From
here on, this threshold pressure for wetting transition is referred to as ‘wetting pressure’ of the
corresponding surface.

As expected, the drops deposited on the microcavity surfaces were initially in the Cassie state and
did not show a wetting transition. However, when the drop was allowed to evaporate, wetting
transitions were observed at the end of the evaporation process on the surfaces with wetting pressures
up to 7,568 Pa. Figure 2 shows representative images of the water droplets that exhibited wetting
transitions and those that did not exhibit wetting transitions at the end of the evaporation process. We
found that both the size of the microcavity and the surface energy affect the wetting transition during
the evaporation of a water droplet. As shown in Table 1, on the FDLC-coated microcavity surfaces, all
water droplets exhibited a wetting transition, whereas on the PTFE-coated substrate surfaces, the water
droplets only showed a transition when the microcavities were larger than 6 μm (Figures 2 and S3). The
PTFE-coated P2, P4, and P6 surfaces with very large wetting pressures of 30,272 Pa, 15,136 Pa, and
10,091 Pa, respectively, showed no wetting transitions (Table 1). These results show that a water drop
does not experience a Cassie-to-Wenzel wetting transition during the evaporation process when the

Figure 2. Representative optical microscope images of a water droplet at the end of the evaporation process. (a) FDLC surfaces. (b)
PTFE surfaces. The images highlighted by a red solid line are of the evaporation of a water drop exhibiting a 1D wetting transition.
In these cases, the wetting transition begins at the periphery of a water drop and propagates toward its center. The images
highlighted in the dashed blue lines are of evaporation of a water droplet without a wetting transition. See the Supplementary
material for the time-lapse videos showing wetting characteristics of a(i) and b(i) respectively.

NANOSCALE AND MICROSCALE THERMOPHYSICAL ENGINEERING 279



drop is on sufficiently small microcavities with low surface energy, implying small feature size and low
surface energy have synergistic roles in long-term wetting stability.

To demonstrate the time-dependent evolution of the wetting transition, we conducted a live-
imaging experiment from the droplet deposition until the evaporation process was complete.
Figure 3 shows the time-lapse images of evaporating drop on FDLC-coated and PTFE-coated P6
surfaces. FDLC-coated P6 surface exhibited significant optical contrast at the cavities showing that
the cavities are impaled due to the wetting transition. It can be seen that the wetting transition on
FDLC-coated P6 was not homogeneous and random, but directional. The transition began at the
periphery of the drop and propagated toward the center. On the other hand, the PTFE-coated P6
surface did not exhibit any change in optical contrast showing that cavities are not impaled during
the evaporation. In this case, evaporation residue surrounding the three-phase contact line of the
drop presented the only significant optical contrast. In the case of microcavities having feature size
larger than 6 µm, once the wetting transition initiated, the transition phenomenon on FDLC-
coated and PTFE-coated surfaces showed no significant differences in terms of its initiation and
propagation. Because the wetting transition progressed from the periphery to the center in the
r-direction, this phenomenon during evaporation is called the ‘1D wetting transition’.

At the onset of transition, the ratio of the microcavity size (a) to the radius of the water droplet at
that time (rt) was in the range of 0.04–0.2 (Figure S5). It can be observed that when a/rt is small (≪ 0.1),
the 1D transition was symmetric and uniform (Figure S3). Whereas, when a/rt was large (>0.1), the
transition was asymmetric and non-uniform. This may be because, when the drop radius at the time of
1D transition especially for larger cavity surfaces is on the order of the cavity size, the drop shape and
tortuousness of its three-phase contact line are highly influenced by pinning ability of the cavity edges.
Furthermore, the local physicochemical changes inside the drop may also be critically influenced by
the individual cavity structures (Figure S3).

Figure 3. Time-lapse optical microscopy images of an evaporating water drop on a (a) FDLC-coated P6 surface and (b) PTFE-coated P6
surface. At a certain time point toward the end of the evaporation process, the FDLC surface exhibited a Cassie-to-Wenzel wetting transition
at the periphery of the droplet (see a(ii)) that propagated toward the center (see a(iii)), showing 1D progression in the r-direction. The PTFE-
coated P6 surfaces did not exhibit a wetting transition. See the Supplementary material for the corresponding time-lapse videos.
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Mechanism of the 1D wetting transition

In situ fluorescence microscopy
To monitor the filling of individual microcavities, we conducted in situ evaporation experiments
using high-contrast fluorescence microscopy (Figure 4). This fluorescence imaging technique con-
tributed to clarification of the 1D wetting transition mechanism. To visualize the dynamics within
a water drop, we added fluorescein sodium salt (concentration of 10 µM) to deionized water. In the
fluorescence microscopy experiments, we detected small, flash-like bright spots around the three-

Figure 4. (a) Time-lapse fluorescence microscopy images of an evaporating drop on the FDLC-coated P8 surface. (b) Time-lapse
fluorescence microscopy images of evaporating drops on FDLC-coated P20 surfaces. (c) Schematics showing the imaged areas of
the drops shown in a(i)-a(iii) and b(i)-b(iii). (d) Time-lapse fluorescence microscopy images showing the filling of a cavity on the
FDLC-coated P40 surface. a(i)-a(iii) show how the transition region moves from the region near the contact line (right-hand side) to
the center for the drop (left-hand side). b(i)-b(iii) show how the transition region moves from near the contact line to the center of
the drop. d(i)-d(iii) show the stages of the cavity (highlighted using an arrow) undergoing a transition. As shown in the
corresponding schematics, the air-water interface at the cavity depins, leading to liquid filling the cavity. The air displaced from
the cavity forms a bubble. The images show that the air bubble was stuck to the edges of the cavity and dissolved over time. See
the Supplementary material for the corresponding time-lapse videos of a(i)-a(iii) and b(i)-b(iii) respectively.
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phase contact line. These bright spots are due to enhanced contrast of the fluorescence signals at the
surface of air bubbles [25, 26]. As the three-phase contact line moved due to evaporation, new bright
spots appeared in advance of the receding three-phase contact line. As shown in Figure 4(d),
a detailed analysis of the experiments on surfaces with large cavities showed that the bright spots
represent air bubbles that form due to depinning of the air-water interface and subsequent filling of
individual cavities.

To detect tiny air bubbles, fluorescence microscopy experiments on surfaces with smaller cavities
(P8) were performed at higher magnification, and only a small portion of the drop was imaged
(Figure 4(a,c(i))). On surfaces with larger cavities (P20), the air bubbles were large, and therefore, the
air bubbles in the entire water drop could be imaged at lower magnification (Figure 4(b,c(ii))).
Figure 4 shows the time-lapse fluorescence images of the evaporating drops on the FDLC-coated P8
and P20 surfaces. On the P8 surface, a sequential emergence of air bubbles from the periphery to the
center of the water drop was visible over time. On the P20 surface, air bubbles were visible in
a peripheral, ring-like pattern along the three-phase contact line. Similarly, new air bubbles formed
around the periphery as the three-phase contact line receded due to evaporation.

The fluorescence and bright-field microscopy experimental results prove that the 1D wetting
transitions occur due to preferential depinning of the air-water interface in the cavities near the
three-phase contact line. According to Equation 1 and 2, the transition only occurs when the
effective pressure above the microcavity is higher than the wetting pressure of the cavities. Hence,
for 1D transition to occur, at some time point during evaporation, the pressure in the peripheral
regions of the drop should become larger than the wetting pressure of the cavities. Furthermore,
since the transition gradually progressed toward the center of the drop, the pressure distribution
should be spatially and temporally varying. During evaporation, the mass flow within a drop is the
most important temporally and spatially varying parameter. In the following section, we show that
the evaporative mass transfer-induced internal flow within a water drop is responsible for the spatio-
temporally varying pressure distribution which causes 1D wetting transition.

Evaporative flux and internal flow characteristics
The evaporative mass flux (J) from a sessile drop with a spherical cap is not uniform [27], and the flux
(J) depends on the various physico-chemical characteristics of the drop and the surface. If the steady-
state vapor concentration is ϕ at the surface of a drop (Figure 5), evaporation can be described by the
steady-state diffusion equation �2ϕ ¼ 0 [27]. The derivative of this equation at the surface gives the
evaporative flux J ¼ �D�ϕ, where D is the diffusivity of the vapor in air. Assuming the shape of
a spherical cap and a sharp wedge-shaped boundary, the evaporative flux (J) scales as [28]

J , �ρβ�1 (3)

where β ¼ π=2π � 2θ, �ρ¼ ρ=r, θ is the contact angle, and r is the drop radius (see Figure 5). That is,
when θ > 90° and β > 1, the evaporation rate near the top of the surface is high, while the evaporation
rate near the contact line is larger when θ < 90°. The nonuniform evaporative flux along the drop
surface and the contact line dynamics determine the characteristic internal flow inside a drop.

Furthermore, since the drop-surface area continuously decreases with the evaporation time and
the evaporation rate is constant (Figure 5(c)), the same liquid volume must be transported through
a decreasing area based on simple mass balance considerations [29]. Since the evaporative flux near
the contact line is large, a radially diverging flow is generated over time, irrespective of the pinning
characteristics of the contact line (Figure 5(a)) [29, 30].

Gelderblom et al. [28]. described the internal flow characteristics in an evaporating drop with
a pinned contact line as having a diverging flux, as shown in Equation 4. For their analysis, they
modeled the liquid-substrate interface using a no-slip boundary condition. They showed that below
a critical angle θc less than ~133.4°, the evaporative flux determines the fluid flow near the contact
line, and the velocity (Uf) and pressure (Pf) scale as [28]
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Uf ,
1

θ tð ÞG�ρ
β�1 (4)

Pf,
1

θ tð Þ
ηG
R tð Þ

� �
�ρβ�1 (5)

where G ¼DvaΔc=rρl in which Dva is the diffusion constant for vapor in air, Δc is the vapor
concentration difference between the surface of the drop and its surroundings, and ρl is the liquid
density. A diverging evaporative flux gives rise to spatially diverging pressures and velocity fields
near the contact line.

However, a freely moving three-phase contact line will lead to an additional velocity field with
a mean flow directed away from the contact line [31]. As shown by Gelderblom et al. [28], the
velocity solution for the moving contact line problem could be superimposed on the evaporation-
driven solution mentioned above. However, the velocity field due to evaporation dominates near the
contact line since velocity diverges at that point for θ < 90°. A crossover length [28, 31] at which the
flux solution vanishes is shown to be at a distance ld from the contact line, which is given by [30, 31]

ld ,
G

ffiffiffi
R

p

Vθ

� �2

(6)

where V is the velocity of the moving contact line. When the velocity of the moving contact line is on
the order of 10 µm/s, ld is on the order of 100 µm. Hence, at the time of the 1D transition, the flux

Figure 5. (a) The evaporative flux at the air-water interface. Irrespective of the contact line pinning, the evaporation flux is larger
near the contact line. (b) Schematic illustrating the internal flow-induced wetting transition phenomenon near the three-phase
contact line. (c) Change in the normalized volume of a water droplet in response to the normalized evaporation time. The volume
of the water droplet deposited on the P6 surface decreases linearly upon evaporation.
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solution dominates for all our experimental cases. Therefore, a general expression for the effective
pressure near the cavity can be written as

Peff θ tð Þ; r tð Þ; xð Þ ¼ Pf θ tð Þ; r tð Þ; xð Þþ 2γ
RðtÞþρlgh (7)

where R is the curvature radius of the drop, γ is the surface tension of the liquid, and g is the acceleration
due to gravity. In the above equation, Pf is the pressure due to evaporation-induced internal flow, and the
remaining two terms are due to the Laplace pressure (Pγ) and gravity, respectively. For a water drop with
a very small contact angle (β ~ 0.5–0.6) and G = 10−6 m/s, η = 10−3 Pa s, and R = 10−3–10−4 m, the
pressure due to the internal flow, very close to the contact line (ρ = 10−9 m), scales as Pf ~ 103/θ, which is
large compared to the Laplace pressure (~100–200 Pa).

Calculation of effective pressure over the course of water droplet evaporation

The magnitudes of Pγ and Pf (calculated using Equation 5 for ρ = 10−9 m) were obtained for drops
evaporating on microcavity surfaces. Figure 6 shows the magnitudes of Pγ, Pf, and Peff for FDLC-coated
and PTFE-coated P6 microcavity surfaces. As described in Equation 7, when the effect of gravity is
neglected, the effective pressure, Peff, is the sum of the pressure due to the evaporation-induced flow (Pf)
and the Laplace pressure (Pγ). At the end of the evaporation process, Pf increases rapidly, measuring
more than an order of magnitude larger than Pγ. Hence, Peff is completely dependent on Pf. This is the
region where all the 1D wetting transitions (Figure 6(a)) were observed. In the cases where a 1D
transition occurred, the Peff values estimated at the time of the 1D transition were comparable to the
wetting pressures of the corresponding surfaces (Figure 6(a)). For water droplet evaporation without
a wetting transition, the Peff at the end of the evaporation process was smaller than the threshold wetting
pressure (Figure 6(b)). The threshold wetting pressure for the nontransition case was much higher than
that of the 1D wetting transition case due to the small size of the microcavities and low surface energy of
the coating.

A plot of the contact angle (θ) vs. the curvature radius (R) for various values of the drop base
radius (r) is shown in Figure 7. For visualization purposes, the plot is divided into four regions based
on the magnitude of Pf (obtained using Equation 5) for the corresponding drop parameters. It can be
seen that Pf increases with increasing R, increasing r, and decreasing θ. The plot shows that Pf is
comparable to Pγ (~200 Pa) for θ values as large as 40° with a drop radius of 750 µm. Pf values are
greater than 3,000 Pa for contact angles as large as 15° and 25° with a base radius of 50 µm and 750
µm, respectively. Further, to estimate Pf values on arbitrary substrates, experimental data for the
drop parameters of a 1D transition were superimposed on the above plot. Most of the experimental
data were located in region 3 and region 4, where the Pf values are greater than 1,000 Pa and 3,000
Pa, respectively. Few of the data points fell in the higher end of region 2, where Pf is ~1,000 Pa.

Figure 7 is useful for qualitatively estimating the wetting states by experimental drop shape para-
meters. However, it is noted that, we have used apparent contact angle values obtained from side-view
measurements for estimation of pressure values shown in Figures 6 and 7. However, in reality, contact
angle near to the three-phase contact line tends to accommodate to the local wettability. For a drop on
the patterned surfaces, the severity of this deviation from the bulk behavior is shown to be related to the
a/rt ratio of the drop [32]. For a drop with a/rt > 0.06, the contact angle tends to be dominantly influenced
by local physicochemical factors. Most of the surfaces used in the study exhibited 1-D transitions when
a/rt ~0.04 to 0.2. In such cases, the internal flow and pressure distribution near to the contact line may be
different from that predicted using side-view measurements (Figures 6 and 7). Furthermore, role of
surface patterning on the pressure and velocity distributions of the flow in the drop needs to be carefully
considered. Hence, for quantitative prediction of 1D transition, improvement to drop measurement
techniques and drop internal flow models is desirable.
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Figure 6. The flow pressure (Pf) at a microcavity as a determinant of an evaporation-induced wetting transition. The total pressure
(Peff) is the sum of the Laplace pressure (Pγ) and the pressure due to evaporation-induced flow (Pf). (a) Pressure characteristics on
the FDLC-coated P6 surface. (b) Pressure characteristics on the PTFE-coated P6 surface. (c) Schematics detailing the pressure
characteristics during evaporation for surfaces exhibiting a 1D wetting transition and for those not exhibiting wetting transitions.
For the case of a drop exhibiting a 1D wetting transition, the total pressure exceeds the threshold of the wetting transition before
complete evaporation of a droplet, thereby exhibiting a wetting transition. For the drop not exhibiting a wetting transition,
although the evaporation-induced flow increases, the total pressure is low relative to the threshold pressure required for the
wetting transition. Therefore, the wetting transition does not happen upon the evaporation of the water droplet.
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Overall, the experimental and analytical results relate the mass transfer characteristics over the
water droplet surface to the wetting characteristics at its base. This relationship will help the future
design of processes for controlled deposition and transport of materials through differential mass
transfer via evaporation on patterned and flat superhydrophobic surfaces. Furthermore, we envision
that understanding of the characteristics of the 1D wetting transition via evaporation-mediated
internal flow can be utilized in various applications, such as lab-on-a-chip technology, by altering the
surface geometry, surface chemistry, drop geometry, and drop evaporation conditions. In addition,
nonwetting superhydrophobic surfaces designed for engineering applications have wetting pressures
higher than the typically expected Laplace pressures. Our results showed that the design of such
surfaces should also consider the large pressures encountered when a drop is allowed to evaporate.

Conclusion

We demonstrated a new category of 1D Cassie-to-Wenzel wetting transitions based on the internal
flow within a water droplet during evaporation. For this purpose, microscale cavity surfaces with
a large range of wetting pressures (~250 Pa to 30,000 Pa) were generated by varying the cavity size
and surface energy. The wetting transitions initially initiated near the contact line and then gradually
progressed toward the center of the drop. The directional wetting transitions were observed on
surfaces with wetting pressures of up to ~7,568 Pa. In situ evaporation experiments with
a fluorescence microscope confirmed preferential depinning of the air-water interface in individual
cavities near the three-phase contact line. We showed that the internal flow of the evaporating drop,
which was previously neglected, controls the 1D wetting transition during evaporation. The esti-
mated pressure due to the internal flow at the time point of the 1D wetting transition was high and
comparable to the theoretical wetting pressure. Our results showed a direct relationship between the
wetting characteristics of an evaporating drop and the nature of mass transfer during evaporation.
This finding will help design differential mass transfer-based evaporative processes for controlled
transport of small amounts of material on superhydrophobic, patterned surfaces.

Figure 7. Plot of the contact angle vs. the curvature radius for various drop base radii. The plot is divided into four regions for visualization
purposes according to the Pf values estimated using Equation 5 for the corresponding drop parameters. Experimental data show the
parameters of the evaporating drop at the time point of the 1D transition on the experimental microcavity surfaces. Since the plot will help
qualitatively estimate the effective pressures within a drop using only the drop shape parameters, it is useful for identifying the wetting
states on a superhydrophobic surface with known wetting pressures.
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