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ABSTRACT: Cassie−Baxter superhydrophobic surfaces repel
aqueous media by trapping a thin air layer known as plastron.
However, current methods to estimate plastron characteristics on
such surfaces, either directly through digital still imaging/confocal
microscopy or indirectly through contact angle goniometry, are
technically challenging and often imprecise. Previously, we
demonstrated that the solid−liquid area fraction, which quantifies
the fraction of the solid surface that is in direct contact with the
surrounding liquid, can be accurately measured by reflectance
optical microscopy, provided that the material surface has
approximately uniform local reflectivity. To eliminate the complex-
ity associated with optical reflectance measurements, we recently
demonstrated that the drop adhesion force correlates linearly with
the solid−liquid area fraction. In this study, we advance the drop adhesion force measurements obtained at different environments,
compression distances, and during pressurization-hold experiments to reveal whether the plastron sustains external pressure or
undergoes gradual collapse. Here, we demonstrate that measuring drop adhesion force is a robust, rapid, and technically simple
method for assessing plastron properties under a wide range of environmental and surface conditions. The proposed method
provides information on plastron stability within minutes and thus could aid in the design of ultrarepellent surfaces with long-term
stability in demanding applications.

■ INTRODUCTION
Inspired by nature, researchers have been designing nonwet-
table surfaces, such as superhydrophobic surfaces (SHSs) that
repel water, thereby enabling self-cleaning, inhibiting biofoul-
ing and corrosion, delaying icing, and enhancing water
collection.1 However, current achievements in this field fall
short of meeting industrial requirements.2 Generally, the
wetting of solid surfaces is characterized by two metastable,
macroscopically measured contact angles (CA), called
advancing and receding contact angles. The difference between
these angles, termed contact angle hysteresis (CAH), indicates
droplet dynamics.3 In practice, the apparent contact angles and
the contact angle hysteresis are measured by contact angle
goniometry.4 However, the interpretation of goniometric
measurements for nonwettable surfaces faces substantial
challenges due to difficulties in accurately measuring extremely
high contact angles and ultralow contact angle hysteresis,
issues with fitting nonspherical drop shapes,5 the unreliability
in the determination of the baseline location,6 and limitations
in assessing plastron characteristics. For example, Prado et al.
recently reported a 7 orders of magnitude variation in
corrosion resistance of superhydrophobic aluminum substrates
despite similar goniometric values.7

Not all superhydrophobic surfaces are resistant to wetting-
related phenomena, such as biofouling, corrosion, and icing,
but only those that can form continuous and stable plastron.
Currently, there is no standard method for characterizing
plastron, as existing microscopic8,9 and macroscopic10,11

measurement techniques lack lateral sensitivity and/or are
technically demanding. Optical reflectance microscopy is a
direct tool for measuring plastron on a macroscopic scale with
microscopic resolution,12,13 but the technique depends on the
optical properties of the material surface.
In recent years, research on surface wettability has shifted

toward the quantification of dynamic adhesion forces as a
higher precision alternative to traditional CA goniometry.14−18

This is because CA measurements represent an averaged
combination of the solid surface energy, sample geometry, size,
and characteristics of roughness and chemical heterogeneity of
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low-energy coating.19 A range of methodologies has been
demonstrated to characterize these interfacial interactions,
which can be fundamentally categorized into two types:
vertical adhesion (pull-off) force and lateral adhesion (friction)
force.20 Although force-based methods have provided deeper
insight into the pinning mechanisms of droplets on super-
hydrophobic substrates,19−26 the quantitative correlation
between adhesion forces and plastron dynamics has largely
been overlooked. Consequently, the relationship between the
solid−liquid area fraction and the resulting adhesion forces has
not been systematically determined. This leaves a fundamental
aspect of the stability of the Cassie−Baxter state unresolved.
Recently, we demonstrated a simple, rapid, but indirect

approach to assess the solid−liquid area fraction (SLAF) of
plastron developed on superhydrophobic surfaces by measur-
ing the drop adhesion forces (DAFs).27 Our findings
demonstrated a linear relationship between drop adhesion
forces and the solid−liquid area fraction. This study further
extends the drop adhesion force analysis to also assess plastron
uniformity, pressure, and long-term stability in ideal and real
environments. Because of its simplicity, robustness, and
predictive value, the method can help to identify the most
promising ultraslippery candidates for further evaluation in
wetting-repellent real-world applications.

■ EXPERIMENTAL SECTION

Materials
Titanium alloy (Ti6Al4V) plates were procured from SELFAN Fine +
Metal GmbH (Germany) and cut to 40 × 50 × 0.8 mm dimensions.
Aluminum 1000-grade sheets of 1 mm thickness (99.5%, Al) were
purchased from Advent Research Materials, UK. Hydrochloric and
oxalic acids were purchased from Sigma-Aldrich, Germany, and used
as received. The following products were purchased from Carl Roth
(Germany): hydrogen peroxide, sodium hydroxide, acetone, and
ethanol. The phosphate ester of the mixed length of fluorinated alkyl
chain surfactant ((CF3-(CF2)5−9-(CH2)2−O)2-POOH, hereafter
abbreviated as FS) was purchased from Chemguard, USA. Micro-
filtered natural seawater was acquired from Meerwasseraquaristik-
Bartelt, Germany. Unless specified otherwise, all experiments were
carried out using deionized (DI) water (18.2 MΩ · cm, ELGA,
Purelab Ultra, UK).

Preparation of Aluminum Substrates
Aluminum (Al) sheets were cut into 20 × 20 × 1 mm samples for use
as substrates. The substrates were first ground with SiC grinding
paper up to 1200 grit. Then, the ground Al substrates were
ultrasonically degreased in acetone and ethanol for 10 min each,
followed by drying under a stream of N2. The ground Al samples were
pretreated in an aqueous solution of 1 M NaOH for 1 min, followed
by a desmutting treatment in an aqueous solution of 1 M HNO3 for 1
min at room temperature with stirring,28 rinsed with DI water, and
dried under a stream of N2. These samples are termed “bare Al” (B−
Al). The B−Al samples were etched stepwise in a 3 M hydrochloric
acid aqueous solution, first at 40 °C for 2 min, followed by a second
etching step at 80 °C for 1 min under stirring, rinsed with DI water,
and then dried under a stream of N2. The B−Al samples after the two-
step etching process are termed “etched Al” (E-Al). The E-Al samples
were further electrochemically anodized in an aqueous solution of 0.3
M oxalic acid at 1 °C for 30 s under an applied voltage of 60 V to
form a mesoporous Al oxide layer. A two-electrode cell was used with
Pt foil as the counter electrode. The distance between the counter
electrode and the working electrode was about 10 mm. After
anodization, the substrates were rinsed with DI water and dried under
a stream of N2. The anodized E-Al samples are termed EA-Al
thereafter.

Preparation of Ti Alloy Substrates
Before anodization, the Ti alloy substrates were thoroughly cleaned
using ultrasonication in acetone and ethanol for 10 min to ensure the
removal of any contaminants. The clean Ti alloy samples were then
electrochemically anodized. The electrochemical cell consists of a
stainless steel (AISI 316) counter electrode of comparable size to a Ti
alloy sheet. The Ti alloy sheet served as a working electrode, and a 1.5
M NaOH aqueous solution was used as the electrolyte. In total, 1 vol
% of H2O2 was added to the NaOH electrolyte just before
anodization. The counter and working electrodes were placed 20
mm apart. Anodization was carried out at an applied potential of 15 V
for 30 min. The anodized samples were then removed from the
electrolyte, rinsed with DI water, and dried under a stream of
compressed air.
Low-Surface-Energy Coating
The FS surfactant, which has a surface tension of γ = 15.3 ± 0.3 mN
m−1 (10 g), was dissolved in 1 L of 95:5 vol % ethanol:H2O solution
using ultrasonication. The solution was stored in a closed container
under ambient conditions. It is important to note that the FS solution
can be reused multiple times for at least 6 years without wasting
it.7,12,13,29,30 The rough Al and Ti samples were immersed in the
surface modifier solution, and a plastic cover was used to seal the
surfactant container to prevent ethanol evaporation. The container
with the high surface roughness samples was placed in a preheated
muffle furnace set at +60 °C for 30 min. The low-surface-energy
metallic substrates were then removed from the surface modifier
solution, rinsed with ethanol, and dried under a stream of compressed
air.
Physicochemical Characterization
We examined the surface morphology of the prepared samples using
field-emission scanning electron microscopy (FE-SEM, Zeiss Cross-
beam 550), equipped with energy-dispersive X-ray spectroscopy
(EDX, Oxford Instruments, UK). The chemical composition of the
samples was evaluated by using X-ray photoelectron spectroscopy
(XPS, PHI 5600, USA). The samples were mounted on the sample
holder and introduced into the ultrahigh vacuum chamber. Survey
and high-resolution scans were performed to obtain detailed spectra
of the core-level electrons for Al samples for C 1s, O 1s, Al 2p, F 1s,
and P 2p and for the Ti alloy samples, encompassing Ti 2p and V 2p.
The XPS spectra were calibrated with the C 1s peak at ≈285.2 eV for
Al samples31 and Ti 2p at 459.0 eV for Ti alloy samples. The XPS
peak fitting was performed with Multipak software (version 9.8.0.19).
The roughness was measured using a DCM3D confocal microscope
(Leica Inc., Germany) equipped with a white LED, which combines
confocal and interferometry technologies. Measurements were taken
with a 20× objective. The 201 slices were measured with a step size of
0.2 μm. Topography images were then characterized using Gwyddion
2.65 software to calculate the mean area roughness (Sa) and
dimensionless Wenzel roughness parameter (rW).
Contact Angle Measurements
Water contact angles were measured using a contact angle goniometer
(KRÜSS DSA25, Germany). A 5 μL drop was deposited on the
surface, and the water contact angle was obtained by using the
Laplace−Young fit for sessile drops. To calculate the contact angles
(CAs) during infusion and withdrawal of the drop volume, which
describes the dynamic wetting characteristics of a water drop on
Cassie−Baxter surfaces, a 20 μL water drop volume was first dispersed
on the surface. Then, the drop volume was infused to the final volume
between 35 to 50 μL (depends on the sample) and thus withdrawn at
a rate of 0.1 μL s−1 under video recording. However, it should be
noted that goniometric measurements have substantial limitations
when it comes to ultraslippery surfaces. First, in the context of static
contact angle measurements, the extreme mobility and negligible
pinning site density of these surfaces rendered standard droplet
deposition ineffective.32 The absence of a stable solid−liquid contact
line caused the droplets to spontaneously depart from the surface.
Second, the fitting of CAs was performed by the Ellipse method, using
KRÜSS ADVANCE analysis software. It is noteworthy that the
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calculated values obtained by the Ellipse fitting algorithm for CAs are
considerably lower than those calculated by the Laplace−Young fit
(Figure S1). Therefore, it is important to focus on the difference
between these CAs rather than on the calculated values themselves.
Third, although the limitations of the needle-in method are evident,
the extreme mobility and lack of pinning sites on ultraslippery surfaces
render tilting and stepwise drop build-up impractical. Therefore, the
infusion/retraction drop volume is the only viable method for
capturing goniometric data. All values given in the text are averaged
from at least three independent measurements.

Solid−Liquid Area Fraction Measurements
A 10 cm diameter polystyrene Petri dish was filled with DI water to a
height of ∼1 cm. The low-energy samples were then immersed
underwater and forced to sink to the bottom. The solid−liquid area
fraction was obtained using a Zeiss Axio Imager M2m light
microscope with a 5x objective in bright-field reflectance mode. The
solid−liquid area fraction was analyzed using MIPAR image analysis
software (Version 4.5.0) with the obtained optical reflectance
microscopy images. To determine the boundaries of the solid−liquid
area fraction and its subsequent segmentation, Adjust Contrast and
Smart Cluster Segmentation scripts were applied. The Adjust
Contrast tool enhances image brightness and contrast by setting
new white and black grayscale levels and then scaling the other levels
accordingly. However, the E-Al/FS surface exhibits nonuniform
coloration characterized by light areas with metallic luster and darker
areas devoid of such shine. This results in challenges during the
identification of the liquid fraction from the heterogeneous solid
fraction, which comprises multiple colors. To solve this issue, smart
cluster segmentation was utilized. Smart cluster segmentation assigns
each pixel to one of the specified classes using k-means
clustering.33−36 The result is a grayscale image, where each class is
colored according to the specified statistics of the underlying pixels.
To fill each cluster, the darkest class is set to black, the brightest class
is set to white, and the scale between classes is accordingly. Each
cluster is filled with the mean values of the underlying pixels. In this
case, three classes were selected to distinguish the liquid phase class
from the two solid phase classes. For more details, we refer the reader
to Section S2 in the Supporting Information. A minimum of three

independent measurements were performed for each surface treat-
ment to ensure statistical analysis.

Drop Adhesion Force Measurements

The drop adhesion forces were measured using a Tensiíó force
tensiometer equipped with a camera system and integrated with
ADVANCE software (KRÜSS GmbH, Hamburg, Germany). A drop
of deionized (DI) water was manually deposited onto the probe tip,
and its mass was determined by reading the force sensor after
deposition. The drop mass was adjusted to 5 μL, and the estimated
standard deviation was ±3%. Given a water density of 0.997 g/cm3 at
20 °C, the estimated standard deviation for the drop volume was 3%.
The probe was brought into contact with the surface and stabilized for
0.25 s. Next, the drop was compressed by 0.4 mm at a rate of 0.01 mm
s−1. After achieving maximum compression, the probe was held in
place for one second. Then, it was withdrawn at the same rate until
the drop was fully detached from the surface or until the drop
ruptured in cases of high adhesion. CAs were fitted by using the
Tangential method in KRÜSS ADVANCE software. To ascertain the
plastron stability, the drop of DI water was held at maximal pressure
for 5 min prior to withdrawal. Here, the pressing distance was set to
0.6 mm to increase the drop footprint on the surface, thereby
compensating for the drop’s partial evaporation. To obtain pressure
stability of plastron, the maximal compressing distance was changed
between 0.2 and 0.4 mm. To determine plastron stability in a variety
of environments, filtered natural seawater was utilized instead of DI
water.

Note that the horizontal shift of the force−time curves between
repeated measurements is due to the sample stage being raised just
below the drop on the probe tip. The distance between the drop apex
and the solid sample was visually controlled. Data recording begins
during the instrument’s automatic surface detection; however, these
data are not automatically corrected to the actual contact point of 0
mm. Consequently, the distance between the drop apex and the
sample surface changes by a few millimeters, causing a horizontal shift
between runs.

Figure 1. (a1−d1) Scanning electron microscopy (SEM), (a2−d2) 3D reconstruction of confocal microscopy, and (a3−d3) energy-dispersive X-ray
spectroscopy (EDS) images of (a) ground Al (B−Al/FS), (b) etched Al (E-Al/FS), (c) etched/anodized Al (EA-Al/FS), and (d) anodized Ti alloy
(A-Ti/FS) modified with the fluorinated surfactant self-assembly monolayer. The scale bar is equal for all of the EDS images.
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■ RESULTS AND DISCUSSION

Physicochemical Characterization of the Formed
Superhydrophobic Surfaces

We have developed several ultraslippery Cassie−Baxter
superhydrophobic surfaces (SHSs) with comparable gonio-
metric values, such as an apparent contact angle (CA) and
contact angle hysteresis (CAH), but with substantially different
plastron. Figure 1 summarizes the chemical and morphological
characteristics of the developed SHS made of aluminum (Al)
and titanium (Ti) alloy. In both cases, the surfaces were
created by using chemical etching and/or electrochemical
anodization. Figure 1a1−3 shows scanning electron microscopy
(SEM) images, a 3D reconstruction of laser scanning
microscopy images, and energy-dispersive X-ray (EDS)
chemical maps of coarsely ground Al surfaces (i.e., hereafter
referred to as “bare Al”, B−Al) that were used for further
surface treatments. The dimensionless Wenzel roughness
parameter (rW) and arithmetic mean height (Sa) of the B−Al
samples were calculated by using laser scanning microscopy
images and found to be 1.1 and 0.7 ± 0.1 μm, respectively
(Figure 1a2). The B−Al surfaces were then modified with a
fluorinated phosphate ester surfactant (FS) to reduce their
surface energy. These modified surfaces are referred to as B−
Al/FS. EDS was used to characterize the surface composition
of the FS-modified samples, and the results are summarized in
Figures 1a3 and S3; Table S1. As expected, the B−Al/FS
samples consist of a thin native oxide layer,30 while the FS
reacts with the hydroxyl-terminated native Al oxide to form a
self-assembled monolayer on the surface (Figure 1a3). As
shown in Figure 1a3, the FS coating is patchy and not uniform.
This is due to the low number of hydroxyl groups that react
with the phosphate ester headgroup of the FS, as confirmed by
high-resolution X-ray photoelectron spectroscopy (XPS). The
O 1s peak shows lower overall intensities, while peak fitting

reveals the binding energies of the native oxide at ≈530.5 eV,
the P�O groups at ≈532.1 eV (can overlap with C�O and
−OH groups), C−O−P groups at ≈533.0 eV, and adsorbed
H2O at 534.2 eV (Figure S4 and Table S2), which are
consistent with literature.37−39

Goniometric and optical reflectance microscopy measure-
ments were performed to evaluate the wetting properties and
performance of the B−Al/FS surfaces. As expected, substantial
plastron formation was not observed in these samples, while
goniometric measurements revealed CA values of 139.5° ±
5.5° (Figure S5). Therefore, these surfaces are only hydro-
phobic due to their relatively low roughness and insufficient
oxide content (native oxide only). This results in low surface
coverage by the FS (Table S1). Thus, we applied several steps
to create (i) hierarchical micro- and submicrometer Al surface
roughness, followed by (ii) the formation of mesoporous
anodic Al oxide layers to create superhydrophobic surfaces.
Here, the B−Al samples were first chemically etched stepwise
in hydrochloric acid followed by electrochemical anodization
in oxalic acid. This process was previously described by us, but
used here with small modifications (see the Experimental
Section).7 A two-step process is required to form micro- and
submicrometer structures (Figure 1b1−2). Electrochemical
anodization results in the formation of a uniform mesoporous
anodic Al oxide layer, introducing nano porosity and thus
creating a hierarchical surface morphology (Figure 1c1−2).

40

The as-etched and etched/anodized Al samples are termed E-
Al and EA-Al, respectively. Morphological parameters were
calculated from laser scanning microscopy images, which
demonstrate Wenzel roughness parameters of 2.1 and 2.2 and
arithmetic mean values of 5.4 ± 0.5 and 3.1 ± 0.1 μm for E-Al
and EA-Al, respectively. It is important to note that the
dimensionless (Wenzel) roughness parameter is a key value
because it is used in thermodynamic frameworks to determine
the stability of the developed plastron.41−43 The arithmetic

Figure 2. (a1−c1) Typical water CA and (a2−c2) slipperiness of the water drop is observed during the infusion and subsequent withdrawal of the
drop volume. The measured CAs for E-Al/FS (a1), EA-Al/FS (b1), and A-Ti/FS (c1) samples are 169.7°, 171.8°, and 175.6°, respectively. The CA
values in (a1−c1) were calculated by using the Laplace−Young fitting algorithm. An error of at least ±5° should be added to these values,
corresponding to the uncertainty associated with the baseline identification.6 The CA values calculated in (a2−c2, blue dots) were obtained using
the Ellipse fitting algorithm due to the drop’s asymmetric shape and the needle inserted to increase or decrease the drop volume (red dots). Optical
reflectance microscopy images (a3−c3) in air and (a4−c4) in water of (a) E-Al/FS, (b) EA-Al/FS, and (c) A-Ti/FS samples. The masked area in
(a5−c5) is the solid−liquid area fraction calculated on the samples shown in (a4−c4).
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mean value is also important, because it ensures the formation
of continuous plastron. Therefore, it is important to present
these parameters for any developed SHS.
The E-Al and EA-Al samples were FS-treated to reduce the

surface energy. These samples are termed hereafter E-Al/FS
and EA-Al/FS, respectively. EDS analysis revealed a subtle
increase in oxygen content in E-Al/FS from 3.1 to 7.3 atomic
percent (atom %), while after anodization, the oxygen content
in EA-Al/FS increased sharply to 49 atom % (Figure S3a and
Table S1). Note that the oxygen content of Al oxide in these
samples overlaps with the phosphate ester headgroup of the
FS. EDS analysis reveals nonuniform, patchy FS coverage of
the E-Al/FS surface, comparable to that on B−Al/FS. This
occurs because the etching process breaks down the protective
oxide layer, while chloride ions stabilize Al complexes and
prevent repassivation.44 Thus, the etching process does not
yield a sufficient amount of Al oxide, while the increase in the
oxygen content is attributable to the rise in the overall surface
area. In contrast, the EA-Al/FS samples demonstrate a uniform
FS distribution due to an anodically formed mesoporous Al
oxide layer (Figure 1b3−c3). The XPS analysis confirms the FS
surface coverage in both samples. A slight increase in the FS
coating is observed in the EA-Al/FS samples (see spectra for C
1s, F 1s, O 1s, and atomic percentages in Figure S6 and Table
S3).
The wetting properties of E-Al/FS and EA-Al/FS were

examined by goniometric and optical reflectance microscopy
imaging techniques. The E-Al/FS and EA-Al/FS have
comparable apparent CAs of 168.2° ± 7.2° and 170.7° ±
7.0°, respectively (Figure 2a1−b1). They also demonstrate
slipperiness throughout the infusing and withdrawal drop
volume steps (Figure 2a2−b2). Note that 5° was added to the
standard deviation of the CA measurements, as suggested by
Liu et al.,6 indicating an inaccuracy in identifying the triple-
phase baseline in superhydrophobic surfaces. Additionally, the
CA values obtained through the infusion and withdrawal of the
drop volume were fitted using the Ellipse fit rather than the
Laplace−Young (L−Y) fit due to the asymmetric shape of the
drop and the inserted needle. Since the Ellipse-fitted CAs do
not accurately represent the values obtained by the L-Y fit
(Figure S1), the first derivative (ΔCA) was calculated (Figure
2a2−b2, bottom plots). The latter denotes the relative change
in the fitted CAs between subsequent frames through the
infusing and withdrawing drop volumes, distinguishing
between pinned or sliding drops. As shown in Figure 2a1−
b1,a2−b2, both Al superhydrophobic surfaces exhibit com-
parable apparent CAs and drop slipperiness.
Although the goniometric measurements are substantially

similar, the plastron shape and coverage differ considerably
(Figure 2a3−b3,a4−b4). In the case of E-Al/FS, the plastron has
an irregular, worm-like shape with a solid−liquid area fraction
as high as 57 ± 3% (Figures 2a3−a5 and S7). The presence of
nonuniform background coloration in the E-Al/FS samples
complicates plastron identification. Conversely, the EA-Al/FS
samples show a continuous plastron shape (bright gray color
area) with randomly distributed pinning points, i.e., dark round
spots (Figure 2b4). The solid−liquid area fraction in the EA-
Al/FS samples was measured using optical reflectance
microscopy imaging, yielding a result of 9 ± 2%, i.e., a 6-fold
decrease compared to the E-Al/FS samples. In this case, the
nonuniform background does not overlap with plastron
measurements because the latter is continuous, and the

microscope is focused on the water−air interface rather than
the air−solid interface (Figures 2b5 and S8).
Finally, since neither of the Al superhydrophobic surfaces

exhibit SLAFs less than ∼10%, we prepared superhydrophobic
Ti alloy surfaces according to previously published liter-
ature.12,13 Here, the Ti alloy underwent one-pot anodization in
an aqueous electrolyte of NaOH/H2O2, yielding a sponge-like
morphology with hierarchical micro/nanostructures (Figure
1d1). Morphological parameters, calculated from laser scanning
microscopy images, demonstrate a Wenzel roughness param-
eter of ∼2.5 and an arithmetic mean value of 0.7 ± 0.1 μm
(Figure 1d2). The latter value is substantially lower than that of
the Al samples. The as-anodized Ti alloy samples (A-Ti) were
subsequently FS-treated to reduce the surface energy. EDS
analysis revealed the presence of Ti, Al, and V from the
Ti6Al4V alloy, as well as increased oxygen content resulting
from electrochemical anodization (Figure S3b and Table S1).
Additionally, the analysis shows higher concentrations of
fluorine and phosphorus from the FS coating, attributed to the
increased surface roughness. The EDS analysis also reveals a
uniform coverage of the FS on the A-Ti/FS samples (Figure
1d3). XPS measurements confirm the EDS results, demonstrat-
ing FS surface coverage on the A-Ti/FS substrate comparable
to that on Al (Figure S6 and Table S3).
The goniometric measurements of the A-Ti/FS samples

show CA values of 171.5° ± 8.5°, with CA values during both
infusion and withdrawal of the drop volume comparable to
those of the Al samples (Figure 2c1−2). The as-anodized Ti
alloy samples exhibit a brown color in air (Figure 2c3).
However, when immersed in water, these samples show
mirror-like reflectance. The plastron in the A-Ti/FS samples is
continuous with a few randomly distributed pinning points,
with a solid−liquid area fraction of less than 1% (Figure 2c4−5).
Thus, as all samples demonstrate comparable goniometric
parameters, identifying the most promising superhydrophobic
surfaces is difficult. Concurrently, direct imaging of plastron
using optical microscopy is feasible, primarily on continuous
plastron. However, this method may interfere with the
substrate’s optical properties, as evidenced by the E-Al/FS
case, complicating direct plastron analysis.
To overcome the complexity of analyzing plastron by optical

reflectance microscopy, we employed the drop adhesion force
(DAF) method to indirectly measure plastron characteristics.
This simple and effective method detects the presence of
plastron and evaluates its stability and uniformity. It also
calculates the advancing and receding CAs, enabling a rapid
assessment of the Cassie−Baxter surfaces. Furthermore, the
DAF method can evaluate the extent to which plastron can
retain its structural integrity under diverse external forces and
in different environments. We recently demonstrated a linear
relationship between drop adhesion force and the solid−liquid
area fraction.27 The latter enables the identification of the most
promising superhydrophobic surface candidates for their
plastron characteristic evaluation in minutes.
Basic Drop Adhesion Force Setup for Plastron Assessment

Figure 3a summarizes the basic experimental setup used to
correlate the plastron developed on the E-Al/FS, EA-Al/FS,
and A-Ti/FS substrates with DAF. The B−Al/FS samples,
which have Wenzel wetting, were used as a control. The basic
DAF setup consists of several steps. First, the drop of a known
volume is brought into contact with the surface and left to rest
for 0.25 s. Then, the drop is pressurized at a constant rate until
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it reaches a predefined distance. The process ends with pulling
off the drop at a constant rate until full recovery or tear-off.
Figure 3b summarizes the calculated CA values at the

maximum pressing distance and maximum force, i.e., the point
of maximal drop elongation, along with the drop contact line
length at the maximum force. As shown, the B−Al/FS samples
exhibit elevated DAF values of 152.8 ± 5.8 μN, attributed to
the Wenzel-type wetting, i.e., conformal wetting without
plastron. The E-Al/FS and EA-Al/FS samples exhibited
noticeably lower DAF values of 34.3 ± 3.8 and 2.8 ± 1.9
μN, respectively. Meanwhile, the A-Ti/FS samples yielded
negative values of −2.4 ± 0.8 μN, indicating that water drops
do not adhere to these surfaces (Figure 3a). It should be noted
that negative values of the maximum drop adhesion force are
not physically meaningful. They can be attributed to the loss of
test liquid due to evaporation over the course of the
experiment. The discrepancy between the missing drop weight
and the nearly zero pulling-off force results in an apparent
negative force. Comparative analysis of the SHS samples
revealed comparable dropline length at maximum force,
ranging from 0.3 to 0.5 mm (Figure 3b). The results of the
DAF analysis confirm the previously measured plastron by
optical reflectance microscopy, thereby suggesting that an
increase in the SLAF values is associated with a corresponding
rise in DAF.27

The basic DAF setup already reveals substantial differences
between the Wenzel and Cassie−Baxter surfaces, i.e., the
existence of plastron and its SLAF coverage. For super-
hydrophobic surfaces to be applicable across a range of
applications, however, they must exhibit resistance to specific
environmental conditions while maintaining their performance

over the designated lifetime of the application. In other words,
plastron on Cassie−Baxter surfaces should be thermodynami-
cally stable to sustain significant perturbations in the
surrounding environmental conditions.12 Previously, optical
reflectance microscopy was used to measure plastron for
stability frameworks.13 Yet, the overall measurements, which
encompass the roughness of highly rough/porous surfaces and
the solid−liquid area fraction, continue to present challenges.
Young’s CA, estimated by the most stable CA, is barely
accessible. It is subsequently replaced by advancing and
receding CAs. In most cases, however, these measurements do
not allow for an unambiguous determination of plastron
stability.12 The aforementioned challenges resulted in lengthy
measurements, while goniometric measurements are simply
insensitive and do not yield the required information. Thus, we
extend the basic DAF setup to determine the sustainability of
plastron characteristics under diverse environmental condi-
tions.
Drop Adhesion Force Setup for Assessment of Long-Term
Stability of Plastron
Figure 4 demonstrates the plastron for long-term stability
experiments. In these experiments, the water drop was

maintained at its maximum pressing distance of 0.6 mm for
5 min before being pulled off. During that delay, the drop
underwent partial evaporation, indicating a decrease in its
mass/force. As expected, the DAF values of the B−Al/FS
samples increased considerably after a 5 min delay, reaching
212.2 ± 4.6 μN (a 39% increase compared to the basic setup
value), despite substantial water drop evaporation during the
experiment. The increase in DAF can be attributed to the
larger contact drop footprint on the surface, because a greater
compression distance was applied to offset water drop
evaporation.
The DAF values of the E-Al/FS and EA-Al/FS samples

increased by 34 and 335%, reaching 45.9 ± 6.0 and 9.4 ± 1.9
μN, respectively. This substantial increase in DAF is due to the
relative decrease in SLAF of the E-Al/FS samples, which is
considerably smaller than that in the EA-Al/FS samples. Both
increases in drop adhesion forces occur due to (i) the enlarged
contact footprint of the drop on the surface, and more
importantly, (ii) the metastability of plastron on those surfaces.

Figure 3. (a) Drop adhesion force was measured on the B−Al/FS, E-
Al/FS, EA-Al/FS, and A-Ti/FS substrates by using DI water. The
pressing distance was set to 0.4 mm. The inset images are digital
images of the drop at the maximum compression distance (bottom
left image) and maximum force distance (right images). The rim color
of the inset images corresponds to the measured data. (b) CA values
were measured at the maximum force and maximum pressing distance
along with the drop contact line. Note that B−Al/FS is the Wenzel
(control) surface, while others are Cassie−Baxter surfaces.

Figure 4. Drop adhesion force was measured on the B−Al/FS, E-Al/
FS, EA-Al/FS, and A-Ti/FS substrates with deionized (DI) water.
The drop was held in place for an additional 5 min at a maximum
pressing distance. The pressing distance was set to 0.6 mm to
compensate for the drop’s partial evaporation. Note that the B−Al/FS
is the Wenzel (control) surface, while the others are Cassie−Baxter
surfaces.
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Meanwhile, the A-Ti/FS samples displayed no alteration in
their DAF values, maintaining a negative value of −2.4 ± 1.7
μN. This is attributed to plastron stability, as evidenced by
optical reflectance microscopy, particularly in the case of
continuous plastron, as observed in the EA-Al/FS and A-Ti/FS
samples. Snapshots of plastron that developed on the EA-Al/
FS and A-Ti/FS surfaces were captured by the optical
reflectance microscopy imaging at 1 min intervals for a total
duration of 5 min (see Movies S1 and S2). As shown in Movie
S1, the EA-Al/FS plastron experiences temporal dissolution,
thereby exposing new pinning points wetted by water.
Concurrently, the A-Ti/FS samples exhibited stability without
plastron degradation (Movie S2). Thus, this simple and rapid
experiment already demonstrates substantial differences in
plastron performance between the EA-Al/FS and A-Ti/FS
samples, despite both possessing continuous plastron.
Drop Adhesion Force Setup for the Pressure Stability
Assessment of Plastron
Plastron pressure stability was examined by increasing the
compressing distance from 0.2 to 0.4 mm while keeping the
drop volume constant. This resulted in applied pressures of 21
and 30 Pa, respectively (Figure 5a−c). These experiments were

conducted for durations ranging from 1.8 to 2.5 min for
pressure distances of 0.2 and 0.4 mm, respectively. As shown,
the increase in pressure distance led to a 40% increase in DAF
values of the E-Al/FS samples, ranging from 44.9 ± 7.5 to 62.7
± 17.1 μN (Figure 5a). The DAF values of the EA-Al/FS and
A-Ti/FS samples did not substantially change, ranging from
2.7 ± 1.3 to 2.9 ± 3.3 μN for EA-Al/FS and −0.5 ± 0.6 to
−2.5 ± 2.0 μN for A-Ti/FS. The latter indicates that, under

applied conditions, plastron remains stable despite the drop’s
enlarged contact footprint on the surface (Figures 5b,c and
S9).
Drop Adhesion Force Setup for Assessing Plastron
Stability in Seawater
Due to the negligible presence of charge carriers (e.g., ions)
and other impurities (e.g., organic molecules), deionized (DI)
water serves as a benchmark liquid used in goniometric
measurements to evaluate wetting characteristics of a surface,
providing consistent surface tension. However, the situation is
considerably different in real aquatic environments. Fresh and
seawater contain dissolved salts, ions, and organic matter that
affect surface tension.45,46 These constituents result in more
diverse chemical and biological interactions with surfaces than
DI water does. The latter influences the wetting performance.
Thus, it is important to characterize superhydrophobic surfaces
using real aquatic media.43 Here, we used filtered natural
seawater as an aquatic medium to evaluate the plastron on the
developed superhydrophobic surfaces, and the results are
summarized in Figures 6a−c and S10. Surface tension of

seawater was measured using the Wilhelmy plate method and
found to be 68.9 ± 0.1 mN m−1. As shown, the E-Al/FS
samples exhibit an approximately 50% increase in adhesion
forces as compared to DI water, from 35.8 ± 2.6 to 53.8 ± 16.5
μN. This can be attributed to the high solid−liquid area
fraction, which does not protect the Al surface from aggressive
media, such as seawater, with a high halide ion content. Both
substrates with continuous plastron demonstrate comparable
adhesion forces in both DI and seawater during the
experiments. However, the standard deviation was consid-

Figure 5. Drop adhesion force was measured on the E-Al/FS (a), EA-
Al/FS (b), and A-Ti/FS (c) superhydrophobic samples as a function
of increased compressing distance from 0.2 to 0.4 mm. The inset
images were taken at a maximum compression distance.

Figure 6. Comparison of the drop adhesion force on the E-Al/FS (a),
EA-Al/FS (b), and A-Ti/FS (c) Cassie−Baxter samples between
deionized water and seawater.
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erably higher in seawater (Figure S10). In the absence of
definitive evidence regarding the precise cause and considering
the slight reduction in seawater surface tension, it is reasonable
to hypothesize that the widespread presence of corrosive ions
in seawater may already induce corrosion events on the Al
surface.
These results highlight the significant impact of the chemical

composition of aqueous media on the adhesive properties and
the challenges posed by real aquatic environments due to
halide ions and other constituents that disrupt the wetting
performance. The consistent performance of continuous
plastron substrates in both types of aquatic media suggests
their robustness in diverse conditions, making them promising
candidates for biomimetic antifouling and anticorrosion surface
applications.

■ CONCLUSIONS
This research presents a simple and rapid method for analyzing
the stability of air plastron developed on Cassie−Baxter
surfaces through drop adhesion force measurements. Current
characterization techniques for superhydrophobic surfaces
primarily rely on goniometric wetting parameters such as
contact angle (CA) and CA hysteresis. Though these
parameters are easily obtainable, interpreting them poses
significant challenges. This is significant because our studies
show that superhydrophobic surfaces with comparable
goniometric characteristics exhibit remarkably different wetting
performances.7,13 Such ambiguity in characterizing super-
hydrophobic surfaces limits their practical application sub-
stantially.
We recently proposed to measure plastron on Cassie−Baxter

surfaces directly by optical reflectance microscopy.12,13 The
technique provides a high field of view (e.g., millimeters) with a
micrometer lateral resolution. However, as demonstrated in
this study, the method faces challenges on surfaces with
nonuniform coloration, where plastron can interfere with
surface reflectance. To further simplify plastron measurements
and make them independent of solid surface conditions, we
propose using the drop adhesion force (DAF) method as an
indirect measure.27 This method enables the rapid evolution of
Cassie−Baxter surfaces, which helps predict plastron coverage.
This study further advances plastron characteristics,

quantifying their stability and longevity across various aquatic
environments. Here, we demonstrate that, by simple
modifications of the basic DAF setup, all of these particle
parameters can be obtained within minutes and even before
measuring more complex parameters such as surface roughness
and various CAs. The proposed DAF setups will assist the
wetting community in identifying the most promising
candidates for wetting-repellent applications. Overall, this
study circumvents the limitations frequently associated with
measuring the wetting properties of superhydrophobic surfaces
and plastron estimation. A key implication of this study is the
necessity of evaluating surface interactions in realistic environ-
ments to better understand and optimize surfaces for their
intended applications in the field of aquatic science and
technology. This is crucial because superhydrophobic surfaces
depend on a plastron for various applications, including
corrosion and biofouling resistance, ice adhesion, and friction-
free floating. However, for the DAF-SLAF method to be widely
adopted, it must be standardized. This is due to the variety of
tip geometries and experimental conditions.
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