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ABSTRACT: Superhydrophobic surfaces have attracted considerable attention due to their
remarkable ability to repel aqueous media by trapping an air layer. However, estimating the
solid−liquid area fraction is challenging due to the complexity of their intrinsic properties and
the limited resolution of methods for assessing contact area. We demonstrated that solid−
liquid area fraction can be measured using reflectance optical microscopy, which provides a
millimeter field of view with a micrometer lateral resolution. However, this method depends
on the surface’s optical characteristics. To simplify these measurements, this study examines
the drop adhesive force as a means of quantifying solid−liquid area fraction. Utilizing a
controlled experimental setup, we investigated the relationship between drop adhesive forces and solid−liquid area fraction. After
considering various surface geometries obtained by laser and electrochemical treatments, we engineered 23 surfaces with solid−
liquid area fractions ranging from 0.1% to ∼50%. Our results show that the adhesive force exerted by droplets on these surfaces
increases linearly with the degree of air entrapment beneath the liquid. This provides a measurable indicator of their Cassie−Baxter
superhydrophobicity. This research advances our fundamental understanding of plastron on superhydrophobic surfaces, facilitating
the development of highly repellent, ultraslippery surfaces.

■ INTRODUCTION
Wetting is defined as the interaction between a liquid and a
solid surface.1 It is a complex phenomenon that poses
significant challenges and complexities across a broad range
of biological, ecological, and engineering processes.2 Regulat-
ing the wetting properties of surfaces is fundamental and has
profound implications for results in efficiency, safety, cost-
effectiveness, and performance in a variety of industries.
Wetting is characterized by two specific apparent contact
angles (CAs), which are the macroscopically measurable angles
between the droplet and the solid at the three-phase contact
line.3 The CAs can be calculated using the Laplace−Young
equation at the droplet edge and the baseline, which is the line
connecting the two three-phase contact points in a side-view
image of a droplet.4 These two specific angles represent the
advancing and receding metastable CAs on a given surface.
The difference between them is known as contact angle
hysteresis (CAH).5 In practice, wetting is described relative to
the surface’s hydrophilicity or hydrophobicity. The surface is
considered hydrophilic if the water contact angle is less than
90°. If the water CA is smaller than 10°, the surface is termed
superhydrophilic. A surface with a water CA greater than 90° is
considered hydrophobic, and when the water CA exceeds
150°, it is termed superhydrophobic.

Low-wettable surfaces, such as superhydrophobic surfaces
(SHS), have significant potential in various scientific and
technological domains.6,7 However, current advances in this
field have yet to align with industry requirements.8,9 A key

challenge is implementing CA measurements, which are known
to present certain difficulties.10 From an experimental
perspective, measuring these values for surfaces with CA
higher than >170°, and CAH lower than <1° is challenging.
The former is difficult because minor changes in the baseline
location result in unreliable CAs,11 while the latter is due to the
high mobility of drops and their tendency to rapidly roll off
from these surfaces. Additionally, the Laplace−Young equation
provides a satisfactory fit to the axisymmetric drop shape.
However, deviations from symmetry, such as asymmetry or
elongation resulting from gravity or substrate interactions, can
lead to substantial inaccuracies in fitting CA values.12 From a
conceptual perspective, conventional goniometric measure-
ments do not explicitly reveal the characteristics of the plastron
(e.g., a trapped air layer) or the stability of the wetting state of
solid surfaces. Due to variability in surface texture and/or
chemistry, multiple wetting regimes may exist on the same
surface. These include the Cassie−Baxter or Wenzel states,
some of which are stable and others are metastable.13

Not all superhydrophobic surfaces are resistant to wetting
and wetting-related phenomena, but those with plastron that
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effectively separates a liquid from direct contact with the solid
surface. We recently demonstrated that superhydrophobic
aluminum substrates with comparable CA and hysteresis values
exhibited a seven-order-of-magnitude difference in their
corrosion current density.14 Furthermore, when immersed in
artificial seawater, one set of samples substantially corroded
within the first 12 h, while the second set remained undamaged
after 415 days of continuous immersion. This significant
variation in corrosion resistance can be attributed solely to
plastron properties and their stability over time. However,
there is currently no standardized method for characterizing
the plastron of superhydrophobic surfaces. Previous attempts
to measure plastron at the microscopic scale (e.g., confocal
microscopy) have not provided sufficient lateral informa-
tion,15,16 while measurements at the macroscopic scale (e.g.,
still digital imaging17,18) have not been sensitive enough.14

Recently, we proposed using optical reflectance microscopy to
measure plastron on a macroscopic scale with microscopic
resolution.3,19 However, as we demonstrated, plastron shape,
size, and surface coverage can differ substantially on various
samples.3,14,19,20 Given the challenges associated with measur-
ing hierarchical surface roughness, CAs, and CAH, the wetting
community requires a straightforward, rapid, and efficient
approach to assess and characterize extremely low-wettable
surfaces.

In recent years, research on wetting low-wettable surfaces
has focused on measuring and understanding dynamic
adhesion forces.21−25 Several techniques have been developed
to characterize adhesive forces on superhydrophobic surfaces,
offering enhanced sensitivity compared to conventional
goniometric methods.10,26−32 These techniques can be
categorized into two approaches: one that measures vertical
adhesion (i.e., the force acting vertically on the contact surface)
and one that measures lateral adhesion (i.e., friction) when the
drop moves along the contact plane.26 However, to the best of
our knowledge, these techniques have not been used to
correlate plastron developed on superhydrophobic surfaces
with drop adhesive forces due to the challenges associated with
plastron measurements.

In this study, we explore the correlation between drop
adhesive forces33 and the solid−liquid area fraction of
superhydrophobic surfaces. Solid−liquid area fraction is
defined as the portion of a surface that is in direct contact
with liquid compared to plastron. To achieve a particular
solid−liquid area fraction, we modified the metallic surfaces of
the Ti6Al4V alloy by laser irradiation. This process formed
stripes, squares, or inverted pyramids on a scale of tens of
microns, with various peak-to-valley area ratios. Then,
electrochemical anodization was applied to create hierarchical
morphology. These treatments enabled the solid−liquid area
fraction to vary from 0.1% to around 50%. Notably, even at the
highest solid−liquid area fraction values, drops larger than 10
μL are completely retracted from the substrates (see Movies S1
and S2). Note that a 10 μL drop on a superhydrophobic
surface already introduces significant measurement errors due
to gravity, which distorts the shape of the drop, causing it to
deviate from a perfect sphere.12,34 As a result, the CA
measurements were impractical. Our findings suggest that
drop adhesive force increases linearly with the solid−liquid
area fraction. Consequently, analyzing drop adhesive force is a
quick way to assess the existence and coverage fraction of
plastron. This approach enables us to identify the most
promising ultraslippery candidates for further evaluation in

wetting-repellent applications. This can be done even before
measuring more complex surfaces and wetting parameters,
such as surface roughness, the most stable CA, CAH, and
solid−liquid area fraction.

■ MATERIALS AND METHODS

Materials
Titanium alloy (Ti6Al4V) plates were purchased from SELFAN Fine
+ Metal GmbH (Germany) and cut to dimensions of 40 × 50 × 0.8
mm. The following products were purchased from Carl Roth
(Germany): hydrogen peroxide, acetone, and ethanol. The phosphate
ester of the mixed length of fluorinated alkyl chains surfactant ((CF3−
(CF2)5−9−(CH2)2−O)2−POOH, hereafter abbreviated as FS) was
purchased from Chemguard, USA. All experiments were carried out
using deionized (DI) water (18.2 MΩ · cm, ELGA, Purelab Ultra,
U.K.).

Laser-Treated Surfaces
The as-produced Ti alloy plates were irradiated using a linearly
polarized picosecond laser (Cepheus, Photon Energy GmbH, A
Hitachi Group Company) with a wavelength of 1,064 nm and a pulse
duration of 12 ps. The output laser scanning strategy on the target
surface was controlled by a two-dimensional scanning galvanometer
system (SCANcube from Scanlab, Germany), which was mounted on
a one-coordinate Z translator. The F-theta objective lens ( f = 100
mm) was utilized to focus the laser onto the surface of the Ti alloy
plates mounted on a computer-controlled XY two-axis translation
stage. The focused diameter of the Gaussian-profile laser beam after
the lens was approximately 32 μm at 1/e2 of its maximum intensity.
The laser processing experiments were conducted in an ambient
atmosphere at the normal incidence of the laser beam.

Electrochemical Anodization Treatment
Prior to anodization, the substrates were thoroughly cleaned using
ultrasonication in acetone and ethanol for a duration of 10 min to
ensure removal of any contaminants. The electrochemical cell consists
of a stainless steel (316 grade) counter electrode of comparable size to
a Ti alloy sheet. A Ti alloy sheet was used as a working electrode, and
a 1.5 M NaOH aqueous solution as 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 air.

Low-Surface-Energy Coating
The FS surfactant, characterized by a surface tension of γ = 15.3 ± 0.3
mN m−1 (10 g), was meticulously dissolved in 1 L of 95:5 vol %
ethanol:H2O using ultrasonication. The solution was stored in a
closed container under ambient conditions. Either bare laser-treated
or laser-treated and anodized samples were immersed in the surface
modifier solution, and a plastic cover to prevent ethanol evaporation
was used to seal the surfactant container. The container containing
the high surface roughness samples was placed in a preheated muffle
furnace set at +60 °C for a duration of 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 air.

Drop Adhesive Force Measurements
In an r - θ type liquid bridge system, the meridian interface contour is
governed by the general Young−Laplace equation, which accounts for
the balance between gravitational, interfacial, and adhesion forces.22,35

By fitting experimental coordinate data {xi, zi} to the equation,
physical parameters such as the contact angle θ, contact radius r, and
capillary pressure ΔP can be determined with high precision. These
values are then used to calculate the tensile adhesion force, or Drop
Adhesion Force (DAF), denoted as f t. DAF results from the force
balance between interfacial tension (Fγ) and capillary pressure (FΔP)
and is defined as follows

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.5c05888
Langmuir 2026, 42, 8269−8279

8270

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c05888/suppl_file/la5c05888_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c05888/suppl_file/la5c05888_si_003.wmv
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c05888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


f F F r P r2 sint P z 0
2= = · · ·= (1)

where f t is the drop adhesion force, γ is the interfacial tension, and 2r
is the contact diameter. ΔPz=0 is the capillary pressure difference at
given z = 0, i.e., at the solid surface. Depending on whether the liquid
bridge exerts a pulling or pushing force on the solid surface, the DAF
value can be positive or negative. To standardize this force across
different bridge sizes and geometries, it is normalized to the contact
circumference, yielding the “drop adhesion force per unit length, f u

f
f

r2u
t=

(2)

See the corresponding section in the Supporting Information for more
details.

The LSA 60 surface analyzer (Lauda Scientific, Germany),
equipped with a lifting stage, was used to measure the drop adhesive
force. A 30 μL drop was dispersed on the needle with a diameter of
1.8 mm. The automatic stage with the sample was moved up to
approach the sample surface with the drop. The stage was then
advanced at a rate of 0.016 mm s−1 to a distance of 1 mm, which
resulted in force drop compression. This position was maintained for
1 s to achieve maximum compression. The stage was then retracted at
a rate of 0.016 mm per second until the drop was completely detached
from the surface. At least three independent measurements were
performed on each surface treatment. The process was video recorded
by a CCD camera at a rate of 1 frame per second. The drop shape was
then calculated using the Laplace−Young fit with SurfaceMeter
software provided by the manufacturer to acquire the drop adhesive
force.21,36,37

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, forcing them to sink to the bottom. The solid−liquid area
fraction was obtained using a Zeiss Axio Imager 2 light microscope
using an ×5 objective in bright-field reflectance mode (see Scheme 1).
This fraction was analyzed using the MIPAR image analysis software
(version 4.5.0) using the obtained optical reflectance microscopy
images. To determine the boundaries of the solid−liquid area fraction
and its subsequent segmentation, the adaptive threshold script was
used. This script facilitates selecting pixels based on their intensity
relative to the statistics of the surrounding neighborhood. Pixel values
are then compared to their local average gray scale value, which ranges
from 0 to 255. After comparing the software-separated solid−liquid
fractions for several images at different pixel-to-local mean value
threshold ratios, a ratio of 0.92 was chosen as optimal because it most
accurately represents the boundary between the solid and liquid
fractions. Since the optical images were acquired under the same
illumination and exposure conditions, the threshold ratio of the pixel
value to the local mean value remained constant. Consequently, if a
pixel value is less than 92% of the average gray scale value in a window
centered around it, the pixel will be selected as part of the solid−
liquid area fraction. Window sizes were selected according to the size
of the structures created (e.g., strips or squares). A minimum of three
independent measurements were performed for each surface treat-
ment to ensure statistical analysis.
Physicochemical Characterization
We investigated the surface morphology using field-emission scanning
electron microscopy (FE-SEM, Zeiss Crossbeam 550), which was
equipped with energy-dispersive X-ray spectrometry (EDX, Oxford
Instruments, U.K.). The chemical composition of the samples, both
with and without the FS coating, was evaluated 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 C 1s, O 1s, Ti
2p, N 1s, V 2p, F 1s, and P 2p. Note that the spectra were calibrated
with the C 1s peak at 284.8 eV, and the peak fitting was performed in
the Multipak software (version 9.9.0.19). The roughness of the laser-

ablated Ti alloy samples was measured using a DCM3D confocal laser
microscope (Leica Inc., Germany), which combines confocal and
interferometry technologies. Measurements were taken with the ×20
objective. The 201 slices were measured with a step size of 0.2 μm.
The topography images were then characterized using Gwyddion 2.65
software to calculate the mean area roughness (Sa) and the
dimensionless Wenzel roughness parameter (rW) over a 0.64 × 0.48
mm2 area. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was performed using an Agilent Cary 600
FTIR spectrometer. FTIR spectra were recorded between 1500−700
cm−1 with 16 scans and at a resolution of 4 cm−1. The free IR beam in
air was measured after the sample and used as a background. We used
the quantum cascade laser micro-IR spectrometer Spero-QT 340 and
ChemVision software (version 3.4.0, Daylight Solutions, USA) for IR
imaging. The instrument covers a spectral range of 1,900 to 958 cm−1

with a spectral resolution of 2 cm−1 using the ×4 objective (0.3 NA)
and produces an image with a pixel size of 4.25 μm × 4.25 μm.

■ RESULTS AND DISCUSSION

Physicochemical Characterization of Laser-Treated Ti
Alloy Surfaces
Figure 1a−k shows scanning electron microscopy (SEM)
images of laser-treated titanium alloy surfaces and their
corresponding cross-sectional topographies. Figure S1 in-
dicates higher-magnification SEM images. Figures 1l1 and S1l
display typical images of the as-manufactured Ti-6Al-4V alloy
surface for comparison. The mean surface roughness (Sa) of
the as-manufactured Ti substrates was 1.0 μm, as determined
by a confocal laser microscope. In addition to Sa, we provide
the dimensionless Wenzel roughness parameter, which is used
in theoretical calculations of plastron and Cassie−Baxter
wetting state stability.13,38 Thus, it must be determined for
any superhydrophobic surface to allow for further comparison.

Scheme 1. Schematic Representation Illustrates the Solid-
Liquid Area Fraction Measurement Experiment
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The dimensionless Wenzel roughness parameter for the bare
Ti alloy surfaces was ∼1.0 (Figure 1l3).

The as-produced Ti alloy surfaces are flat. Thus, the surfaces
were treated with picosecond laser pulses to increase their
roughness. This versatile technique allows for the creation of
various structures in the order of tens of micrometers with high
lateral resolution. The prepared patterns fall into three main
categories: (i) parallel stripes (Figure 1a−d, i), (ii)
corresponding squares (Figure 1e−h, j), and (iii) inverse
pyramids (Figure 1k). The following laser irradiation
parameters were employed and kept constant for all treat-
ments: repetition rate ( f) was set to 200 kHz; output laser
power (P) was 4 W; and scanning speed (ν) was 40 mm s−1.
To decrease the solid−liquid area fraction in a controlled

manner, linear and square patterns with five distinct size ratios
between the ablated and nonablated areas were created. The
distance between adjacent scan lines (hatch, H) and the
number of rescans in the same area (N) were varied to achieve
this (Figure S2). These parameters were varied as follows: (i)
Stripe 1 and square 1, patterns were created with a hatch
spacing of 100 μm and 13 repetitions of the line (Figures
1a1,e1, S1a,e, and S2a,e). The mean surface roughness of these
substrates is 12.5 and 15.1 μm, with corresponding
dimensionless Wenzel roughness parameters of 1.6 and 2.0,
respectively, for stripe 1 and square 1 (Figure 1a3,e3). (ii)
Stripe 2 and square 2 patterns were created with a hatch
spacing of 50 μm and 13 repetitions (Figures 1b1,f1, S1b,f, and
S2b,f). The mean surface roughness of these substrates is 10.0

Figure 1. (a−k) Scanning electron microscopy (SEM) images and corresponding cross-sectional topography of laser-ablated titanium (Ti) alloy
surfaces produced by infrared (IR) laser pulses. The structures vary from stripes (a−d, i), squares (e−h, j), and inverse pyramids (k). There are two
surface treatments: (a1−k1) bare laser-treated samples, (a2−k2) laser-treated samples followed by electrochemical anodization, and (a3−k3)
corresponding cross-sectional topography profiles. (l1) SEM image of the as-manufactured Ti alloy surface. (l2) An SEM image of an anodized Ti
alloy surface without laser treatment. (l3) Cross-sectional profile of the as-manufactured Ti alloy samples.
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μm for stripe 2 and 10.4 μm for square 2. The corresponding
dimensionless Wenzel roughness parameters are 2.2 and 2.4,
respectively (Figure 1b3,f3). (iii) A more complex laser-
processing scheme was used to create stripe 3 and square 3.
The laser scanning lines were arranged in groups of three with
16 μm of spacing between neighboring lines within each group.
Each line was rescanned ten times consecutively before moving
on to the next line in the group. The spacing between the
outermost lines of neighboring groups was 44 μm, defining the
interval between adjacent scan regions (Figures 1c1,g1, S1c,g,
and S2c,g). The mean surface roughness of these substrates is
20.7 μm and 25.9 μm, respectively, with corresponding
dimensionless Wenzel roughness parameters of 2.1 and 2.7
for stripe 3 and square 3 (Figure 1c3,g3). (iv) Stripe 4 and
square 4 undergo laser processing similar to the previous case.
However, the laser scanning lines are arranged in groups of 7,
with 16 μm spacing between neighboring lines within each
group. Each line was scanned ten times consecutively before
moving on to the next line in the group (Figure 1d1,h1, S1d,h,
and S2d,h). The spacing between the outermost lines of
neighboring groups and the interval between adjacent scan
regions remain similar to the previous case. The mean surface
roughness of these substrates is 15.4 and 51.7 μm, respectively,
with dimensionless Wenzel roughness parameters of 1.9 and
3.4 for stripe 4 and square 4 (Figure 1d3,h3). (v) In the laser
processing of stripe 5 and square 5, scanning lines are grouped
into sets of 7, with each line spaced 16 μm apart. Each line in
the group is produced sequentially with 10 scans. The distance
between the outermost lines of neighboring groups is 44 μm,
defining the group spacing (Figures 1i1−j1, S1i−j, and S2i−j).
The mean surface roughness of these substrates is 21.1 and
28.9 μm, respectively, with dimensionless Wenzel roughness
parameters of 1.8 and 2.2 for stripe 5 and square 5 (Figure
1i3−j3). Finally, (vi) each inverse pyramid was formed by
sequentially producing four overlapping squares with a single
center of symmetry. The largest square had dimensions of 100
μm × 100 μm. Each subsequent dimension decreased by 20
μm until the final square’s dimensions were 40 μm × 40 μm.
The hatch distance for all squares was set to 10 μm, which is
smaller than the laser spot radius. This ensured the uniform
removal of the material inside the squares to a certain depth.
Starting with the largest square, each square was scanned 4
times before moving on to the next smaller square. When
spaced 150 μm apart along the x and y axes, the centers of the
resulting neighboring inverse pyramids formed an array of
inverted pyramids (Figures 1k1, S1k, and S2k). These
substrates have a mean surface roughness area of 21.0 μm
and corresponding dimensionless Wenzel roughness parame-
ters of 2.2 (Figure 1k3).

Note that the intense laser irradiation rapidly heats the metal
at the contact point. This leads to localized melting and
vaporization of the material.39 The vaporized metal and other
debris produced during the laser processing are removed from
the surface due to the pressure created by the rapid heating
and expansion of the vapor. The removed material may consist
of fine solid and liquid particles or a vapor plume. As the laser
moves, the molten metal resolidifies on the surface, forming
micrometer-rough grooves with round micro- and submi-
crometer features. These features are molten metal particles
that partially coalesce before solidifying (Figure S1). To
introduce nanoscale roughness and form hierarchical struc-
tures, the laser-treated surfaces (LTS) underwent electro-
chemical anodization in an aqueous electrolyte solution of

NaOH/H2O2.19 The surface morphologies of the anodized
LTS samples are presented in Figures 1a2−k2 and S3a−k. As
shown in (Figure 1a2-k2, and 1a3-k3), the anodized LTS
samples preserve their LTS morphology and introduce
randomly oriented, irregularly shaped, micrometer-scale
protrusions. These protrusions have a subtle, nanoscale
rough surface of anodized titanium oxide, which increases
the overall surface roughness. The Wenzel roughness
parameter increases from 1.6 to 2.0 for stripes 1 (Figures 1a
and S3a), from 1.9 to 2.3 for squares 1 (Figures 1e and S3e),
and from 2.2 to 2.9 for the inverse pyramid (Figures 1k and
S3k). Note that measuring such hierarchically rough surfaces
with high resolution remains challenging. A total of 23 surfaces
with various hierarchical morphologies were produced and
evaluated based on their solid−liquid area fraction and
correlation with drop adhesive force.
Surface Functionalization Creates Cassie−Baxter Surfaces

Superhydrophobic surfaces require simultaneously increased
surface roughness and a hydrophobic coating. Since laser-
treated surfaces are hydrophilic due to the extensive presence
of titanium oxide, the surfaces were exposed to a fluorinated
phosphate ester surfactant (FS). Note that poly- and
perf luoroalkyl substances are subject to regulation due to their
chemical stability, which may result in their bioaccumulation.40

Consequently, to minimize the waste of fluorinated com-
pounds, the FS solution was utilized multiple times without
any noticeable deterioration in coating performance for over 6
years.29 The plain, anodized, and laser-treated Ti alloy samples
were immersed in the FS solution at 60 °C for 30 min in an
ambient atmosphere. Then, the samples were removed, washed
with ethanol, and dried under a stream of compressed air. The
resulting FS self-assembled monolayer was analyzed on the
anodized and laser-treated samples using Fourier transform
infrared (FTIR) spectroscopy, energy-dispersive X-ray spec-
troscopy (EDS), and X-ray photoelectron (XPS) spectroscopy
(Figure 2).

We qualitatively analyzed the self-assembly of the FS
surfactant using attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy on anodized Ti alloy
samples (Figure 1l2). Figure 2a presents the typical ATR-FTIR
spectrum within the wavenumber range of 700−1500 cm−1.
Distinct peaks at 1,144 and 1,198 cm−1 are indicative of
CF2,41,42 and the peak at 1,074 cm−1 is attributed to CF3
stretching vibrations.43 The shoulder at 1,237 cm−1 is
attributed to P�O stretching vibrations of the FS molecule,44

while the peak at 1006 cm−1 is assigned to the O−P−O bonds
of the phosphate ester.45 FTIR mapping and the corresponding
spectra confirm the uniform chemical distribution of the FS
monolayer on both the anodized and laser-treated Ti alloy
surfaces (Figure 2b).

We further used EDS to analyze the chemical composition
of the plain and FS-coated laser-treated samples. Figure 2c−e
shows the typical EDS spectra and mapping for the laser-
treated stripes before and after coating with the FS. Table S1
summarizes the results for all bare and anodized LTS surfaces.
As Figure 2d, e shows, both samples are composed of the
Ti6Al4V alloy, consisting of titanium (Ti), vanadium(V), and
aluminum (Al). A pronounced oxygen peak is evident in the
laser-treated samples with atomic concentrations higher than
49%, which is attributed to the laser treatment at ambient
atmosphere (Table S1). Additionally, a distinct carbon peak
with an atomic concentration ranging from 2.5% to 4.3% is
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evident. The presence of phosphorus (P) and fluorine (F)
peaks is also evident in the FS-coated bare and anodized laser-

treated samples, even with a monolayer of FS (Figure 2c and
Table S2). This is due to the increased surface area
characteristic of the laser-treated sample morphology.

Prospective applications of SHS require long-term wetting
performance in both air and water. Several recent studies have
reported the fabrication of metallic superhydrophobic surfaces
exclusively through laser treatment.46,47 It was observed that
the as-formed laser-treated samples were initially super-
hydrophilic but became superhydrophobic upon aging in air.
This phenomenon was attributed to a chemical interaction
between the surface and ambient CO2, which was amplified by
nanostructures. An accumulation of carbon and its compounds
resulted in the laser-treated surfaces.48 However, this
hypothesis was largely speculative as the wetting characteristics
were not supported by chemical analysis. Therefore, XPS was
used to quantitatively analyze the elemental composition and
chemical state of the elements present on the laser-treated
surfaces.

Survey and high-resolution XPS spectra of Ti alloy laser-
treated samples in stripe or square configurations exhibit
characteristic peaks for C, O, N, Ti, Al, and V (Figures 3a−e,
S4, and Table S3). The aged laser-treated samples exhibit a
higher C 1s peak intensity (Figure 3b). The C 1s peak is
centered at ≈284.8 eV in both cases, which indicates
adventitious carbon (C−C and C−H bonds) adsorbed on
the surface (Figure 3b).49 Note that the aged laser-treated
samples have an increased C 1s peak intensity, corresponding
to a 2-fold increase in the C atomic concentration (Figure 3b
and Table S3). To determine whether these findings are due to

Figure 2. Chemical composition of the anodized and laser-treated Ti
alloy samples. (a) ATR-FTIR spectrum of the FS self-assembled
monolayer on the anodized Ti alloy sample. (b) Representative FTIR
mapping and the corresponding spectra of the FS coverage of the
anodized and LTS stripe surfaces at a wavenumber of 1,210 cm−1. (c−
e) EDS pattern and corresponding maps of the as-formed (blue line in
(c)) and FS self-assembled monolayer (red line in (c)) of laser-
treated stripe samples.

Figure 3. (a) Survey and (b−e) high-resolution XPS spectra of the as-formed, in an ambient atmosphere aged, and FS-coated laser-treated samples
with striped and square morphologies: (b) C 1s, (c) O 1s, (d) Ti 2p, and (e) F 1s peaks. (f−h) Fitting of the C 1s peak for the (f) as-formed, (g)
aged, and (h) FS-coated laser-treated samples.
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contamination, we fitted the C 1s peak for the as-formed and
aged laser-treated samples (Figure 3f,g). The results confirm
the following: (i) the as-formed LTS samples possess a small
amount of carbon contamination (with C−C/C-H at 285.5
eV, C−O at 285.9 eV, C�O at 287.4 eV, and O−C�O at
289.3 eV),50,51 and (ii) aging leads to additional carbon uptake
from the environment as evidenced by the absence of a C−Ti
bond at 281 eV.52 This suggests that there is no obvious
chemical interaction between the laser-treated surface and
ambient CO2, and that washing in ethanol effectively removes
physisorbed contaminants, thereby restoring the aged laser-
treated samples to their original hydrophilic wetting state.53

Thus, to ensure long-term wetting-repellent performance, the
as-formed laser-treated surfaces should be chemically modified
with a low-energy compound, such as FS.

Following the FS treatment, a high-intensity C 1s peak
centered at 291.0 eV and a prominent shoulder at 293.0 eV are

observed in the spectra, which are indicative of CF2 and CF3

bonds, respectively. Additionally, a clear F 1s peak is observed
at 688.5 eV (Figure 3b) as well as a P 2p peak at 134.3 eV
(Figure S4b).50 Concurrently, the intensity of the Ti 2p and O
1s peaks decreased for the FS-coated laser-treated samples due
to the FS molecule (Figure 3c,d). Based on the C 1s peak
fitting for the FS-coated laser-treated samples (Figure 3h) and
the broadness of the F 1s peak, meaning F is in CF2 at ≈ 688.5
eV and in CF3 at ≈ 690.5 eV (Figure 3e), the orientation of the
molecules on the FS-coated laser-treated surfaces shows higher
CF3 bond intensity than expected. The usual CF3:CF2 ratio is
1:5 to 1:9.29 Here, the CF3:CF2 area ratio from peak fitting
indicates that CF2 has 41% of the area and CF3 39%, i.e.,
almost a 1:1 ratio, which is attributed to the high roughness of
the laser-treated samples.

Figure 4. Solid−liquid area fraction was calculated from optical reflectance microscopy images of the FS-coated laser-treated Ti alloy samples
immersed in water: (a−d, i) Stripe 1−4, and 5, (e−h, j) Squares 1−4, and 5, (k) Inverse pyramids, and (l) anodized Ti alloy samples without laser
treatment. Each image shows the sample surface measured in air (top images), the same sample imaged underwater (middle images), and the
calculated solid−liquid area fraction masked in red (bottom images). The scale bar is equal for all images.
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The Solid−Liquid Area Fraction was Calculated Using
Optical Reflectance Microscopy Images

The solid−liquid area fraction is the ratio of the area of the
solid surface in contact with a liquid to the plastron area. This
ratio was calculated directly from optical reflectance micros-
copy images of bare and anodized laser-treated samples
covered by an FS self-assembly monolayer while immersed
underwater, and the results are summarized in Figure 4 for the
bare laser-treated surfaces, Figure S5 for the anodized laser-
treated surfaces, and Table S4. For comparison, the same
surfaces are displayed as measured in air using the same
reflectance optical microscopy (Figures 4 and S5, top images).
The stripe, square, and inverse-pyramid laser-treated morphol-
ogies are clearly observable on the sample surfaces in air.
However, when immersed underwater, only the tops of these
structures partially contact the surrounding liquid, appearing as
dark spots in the images (Figures 4 and S5, middle images).
Meanwhile, the grooves remain filled with air and appear as
bright, smooth areas in the optical images (Figures 4 and S5,
middle images). The color change makes it easier to calculate
the SLAF on surfaces immersed in water where the SLAF is
masked by a red color (Figures 4 and S5, bottom images).
Using laser treatment procedures with and without subsequent
anodization allows us to precisely control a fraction of the
solid−liquid area (Figures 4a−k and S5). The laser-treated
samples demonstrated solid−liquid area fraction values ranging
from 7.1% ± 0.4% to 49.3% ± 3.9%. For comparison, we used
as-anodized Ti alloy samples without laser treatment that
exhibited a value of 0.1% ± 0.1%, meaning that almost 99.9%
of the area is covered by plastron (Figure 4l).19

Drop Adhesive Force Measurements and Their Correlation
with the Solid−Liquid Area Fraction

Figure 5a (also see Figure S6, Movie S3, and Section S11 in
Supporting Information) presents a typical drop adhesive force
measurement for adhesive samples with a solid−liquid area
fraction of ∼85%, that is, the surface is mainly in the Wenzel
wetting state. The drop adhesive force experiment includes
several distinct steps: (i) The sample surface approaches a
drop of a specific volume on the needle tip (Figure 5a, step 1).
(ii) The sample continues to move up a predefined distance,
compressing the drop. This results in an increase in interaction
force and a negative value (Figure 5a, step 2). During this step,
the three-phase contact line moves outward, corresponding to
the advancing CAs. (iii) The surface remains at the maximum
compression for a duration of 1 s, allowing sufficient time for
wetting. (iv) The sample surface moves down, stretching the
drop. During this step, the interaction force first reduces to
zero and then increases to the greatest positive drop adhesive
force value (Figure 5a, step 3). The three-phase contact line
moves inward, corresponding to the receding CAs. (v) After
that point, the surface continues moving down until the drop
separates from the needle (tear-off) (Figure 5a, step 4). To
exclude the influence of the drop size on the measured drop
adhesive force, the total measured adhesive force was
normalized by the contact circumference of the drop on the
surface.

The drop adhesive force procedure was applied to the bare
and anodized laser-treated samples that were coated with FS.
The results are summarized in Figure 5b−e. All laser-treated
samples exhibited low adhesion to water drops, and the tear-off
event was not observed (i.e., the drop remained entirely on the
needle). Also, all Cassie−Baxter superhydrophobic surfaces

demonstrate nontypical drop adhesive force curves. In the
control samples with the lowest solid−liquid area fraction
values, the compression and stretching lines almost completely
overlap, indicating extremely low CA hysteresis values (Figure
5b). Consequently, the drop adhesive force value on these
surfaces remains at an exceptionally low level, thereby
confirming the low water adhesion due to the presence of an
almost continuous plastron. It should be noted that in these
samples, the typical drop adhesive maximum value was not
observed, as shown in Figure 5a by point 3; thus, we consider
the highest measured positive force value as the drop adhesive
force.

An increase in solid−liquid area fraction values results in
higher drop adhesive force and, thus, contact angle hysteresis
values, due to an increased number of pinning states (Figure
5c,d). Figure 5e summarizes the drop adhesive force
calculations as a function of the solid−liquid area fraction
over all 23 developed surfaces in the Cassie−Baxter wetting
state. As shown, the dependence is nearly linear, with a fitted
linear regression slope of 94.4 ± 4.9 μN mm−1 (R2 = 0.94) (see
also Figure S7). It is worth noting that the fabrication of

Figure 5. Typical drop adhesive force curve and corresponding water
contact angles (CAs) for (a) high values of solid−liquid area fraction,
(b) 0.1%, (c) 15.7%, and (d) 49.3%. (e) Correlation between the
drop adhesive force and the solid−liquid area fraction of super-
hydrophobic surfaces. The bright red dots in (a−d) represent the
calculated contact angle values during the compressing drop step,
while the dark red (brownish) dots correspond to contact angles
during the stretching drop step. The error in (e) for the drop adhesive
force is the standard deviation of the force data calculated on the
corresponding sample as the average over at least 3 independent
measurements, and the error for the solid−liquid area fraction is the
standard deviation of the solid−liquid area fraction calculated on the
corresponding sample as the average over at least 3 independent
measurements.
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structures with characteristic lateral dimensions on the order of
tens to hundreds of microns by laser ablation, while achieving
uniform micro- and nanoscale roughness along their edges,
remains challenging.54 The combination of high energy density
and multiple pulses with the material-specific nominal surface
topography and chemical composition (Ti alloy) leads to
dynamic changes in the material removal mechanisms,
resulting in a relatively wide variation in microscale roughness
across the entire ablated surface and, particularly, at the
structure’s boundaries.55 This effect impacts the SLAF values,
leading to their standard deviations, even at the same pattern
(Figure 5e). The latter also affects the electrochemical
anodization step.

Our DAF-SLAF result is significant because such a simple
experiment can predict the relationship between the drop
adhesive force and its corresponding solid−liquid area fraction
of the Cassie−Baxter surface. Insights derived from this
correlation will guide the development of new surfaces and
coatings with tailored solid−liquid area fraction by optimizing
surface texture to achieve the desired degree of wetting-
repellent performance. Additionally, due to the significant
uncertainty in goniometric measurements, it is crucial to
understand the correlation between drop adhesive forces and
solid−liquid area fraction for effectively designing, implement-
ing, and innovating Cassie−Baxter superhydrophobic surfaces
across various fields.

■ CONCLUSIONS
This study presents a novel and straightforward approach to
quantifying the solid−liquid area fraction of the air layer
trapped on Cassie−Baxter superhydrophobic surfaces. The
current state-of-the-art in characterizing SHS is based on
wetting parameters, such as the apparent contact angle (CA)
and CA hysteresis. While these measurements are easily
accessible, they are difficult to interpret for several reasons.
From an experimental point of view, the apparent CA is a
combination of surface roughness and the chemical homoge-
neity of the low-energy coating; thus, the contribution of each
component must be deconvoluted. However, measuring
surface roughness on hierarchical structures with high
precision is challenging, even with up-to-date tools such as
atomic force and laser confocal microscopes. Additionally,
analyzing surface coverage by a low-energy coating, whether
homogeneous or not, is not a common practice. From a
computational perspective, the algorithms used to calculate
advancing and receding contact angles and consequently CA
hysteresis may produce significant deviations.56 Measurement
errors may derive from various factors, including substrate
characteristics, optical limitations, and image resolution. As
previously demonstrated, three-phase contact line adjustments
can also lead to significant errors in apparent CA
calculations.11 Furthermore, in practice, the value of the
apparent CA value depends on how a drop lands on a solid
surface. In the Gibbs free energy landscape, a water drop can
stabilize at any local minimum between the advancing and
receding CAs because the drop-landing process involves
random elements.4 Finally, goniometric measurements provide
information about neither the stability of the wetting state nor
the plastron formed.

We recently proposed an effective method for measuring the
solid−liquid area fraction of trapped air on Cassie−Baxter
superhydrophobic surfaces. This method uses optical reflec-
tance microscopy and has been demonstrated to work well on

surfaces with high plastron coverage and low surface
reflectance.3,19 It provides a millimeter field of view with
micrometer lateral resolution. This is particularly significant
because surfaces with similar superhydrophobic properties
according to goniometric measurements can have substantial
variations in their wetting-repellent performance.14 To simplify
and standardize these measurements, we demonstrate the
correlation between the drop adhesive force and solid−liquid
area fraction. To achieve this, we coated laser-treated and laser-
treated/anodized surfaces with a fluorinated surfactant, which
resulted in a gradual change in their solid−liquid area fraction
values. All laser-treated samples exhibited low adhesion to
water drops. Drops of 10 μL did not adhere to these surfaces,
making the measurement of an apparent contact angle
impractical. Here, we demonstrate that the drop adhesive
force correlates linearly with solid−liquid area fraction. This
simple methodology enables the rapid assessment of super-
hydrophobic surfaces in the Cassie−Baxter state and facilitates
the prediction of plastron coverage. It also helps identify the
most promising candidates even before measuring more
challenging parameters, such as Wenzel roughness, solid−
liquid area fraction, and various CAs. This is significant for
investigating the wetting-repellent performance of super-
hydrophobic surfaces because properties such as corrosion
resistance, biofouling resistance, ice adhesion, and friction-free
floating depend directly on solid−liquid area fraction.
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The 5 and 10 μL drop volume adhesiveness measured
on the Cassie−Baxter superhydrophobic sample with
∼50% solid−liquid area fraction (Video S1) (MP4)

The 30 μL volume drop adhesive force experiment
measured on the Cassie−Baxter superhydrophobic
samples with 0.1%, 16%, and ∼50% solid−liquid area
fraction (Video S2) (WMV)
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The 30 μL volume drop adhesive force experiment
measured on the sample with 85% solid−liquid area
fraction (Video S3) (MP4)
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