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The investigation of how water interacts with hydrophobic
solids is crucial for understanding many natural and techno-
logical phenomena, such as hydrophobic collapse in protein
folding,[1] the formation of hydrophobic clays,[2] and super-
hydrophobicity.[3] While it is generally believed that air is
trapped at the interfaces between water and superhydropho-
bic (SH) surfaces, direct experimental evidence for the
presence of air at the microscopic level is rare.[4] Herein we
present an in situ, nondestructive approach to the direct 3D
imaging of the buried interfaces between water droplets and
superhydrophobic surfaces by confocal laser scanning mi-
croscopy (CLSM). A 10 mm thick air cushion trapped at the
interface is quantitatively visualized and shown to be
responsible for the ultralow-resistance fluid flow. The two
intangible hydrophobic states, that is, Wenzel and Cassie
states,[5] can be distinctly identified by this advanced tech-
nique. Our new approach also opens a pathway to explore
complex phenomena and regulate subtle processes that occur
at the liquid–vapor–solid interface for various basic research
and industrial applications.

Inspired by natural examples (e.g., lotus leaves and water
strider legs),[6] the design of artificial SH surfaces by
fabricating rough surface microstructures and decorating the
microstructured surface with chemicals of low surface free
energy has become a popular research focus, since SH
surfaces have found important applications in fields from

aquatic devices,[6b] microfluidic transport,[7] and protective
coatings,[8] to proteins and DNA analysis.[9] The superhydro-
phobicity of the surfaces has been explained by two major
mechanisms, assuming that water exists in either Wenzel or
Cassie states on hydrophobic surfaces. In the Wenzel state,
water is in intimate contact with the rough surface; the
contact area is dominated by the liquid–solid interface, and
water droplets adhere to the solid with both large contact
angles (CAs) and rolling angles (RAs).[10] In the Cassie state,
the existence of the additional liquid–vapor interface means
that water is partial contact with the solid, so that droplets
have large CAs but small RAs.[11] Although the two mech-
anisms have long been proposed for the analysis of SH
surfaces, it is still a matter of debate as to which state
dominates in different circumstances, owing to the lack of a
direct, quantitative observation method and in-depth insights
into the buried interface.[4] The interface below the liquid
cannot be imaged by using techniques such as SEM, TEM,
and AFM,[12] while conventional 2D optical observation
provides only limited and nonquantitative information that
is insufficient for constructing the whole picture of the
topologically complex buried interface.[13]

Figure 1. Side-view and the confocal laser scanning microscopy 3D
plan view for observing a 10 mL water droplet on an SH sheet.
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In this work, CLSM was employed as a top-down imaging
technique (Figure 1) to investigate the 3D geometry of the
interface between the liquid droplet and the SH surfaces (see
the Supporting Information for detailed descriptions of the
technique). Figure 2 shows the resultant 3D images of the

buried interfaces on two SH samples: a lotus leaf (CA =

(151� 2)8 ; Figure 2a, b), and an artificially prepared carbon
nanotube/Nafion nanocomposite film (CNNF; see Ref. [13a];
CA = (156� 2)8 ; Figure 2c, d). In the interfacial images for
both samples, we distinctly observe the heterogeneous
characteristics of the coexistence of the liquid–solid (low-
reflection dark regions) and the liquid–vapor (high-reflection
bright regions) interfaces that represent the Wenzel state and
the Cassie state, respectively. In addition, the invisible and
trapped air can be observed in 3D at the liquid–vapor–solid
interfaces by the optical reflection difference (Figure S1 in the
Supporting Information).

The 3D images of the bare surfaces captured after
removal of the droplet (Figure 3c, d) are different from
those of the buried interfaces between the droplet and the two
SH samples (Figure 3a, b), and show evenly distributed,
uniform micrometer-sized papillae (inset SEM image, Fig-
ure 3c) on the lotus leaf surface, or randomly distributed,
protruding nanotube aggregates of various sizes on the CNNF
surface (Figure 3d, inset). The disparity between the irregular
liquid–vapor–solid interface (Figure 3a) and the relatively
regular topology of the lotus leaf (Figure 3c) can be
attributed to the inhomogeneous distribution of hydrophobic
wax because of the decay of surface chemical compositions.[6a]

For the CNNF sample, large-sized aggregates on its surface
(Figure 3d) penetrate into the droplet to form the liquid–solid
interface (dark region, Figure 3b), whereas the remaining
surface area is covered by the trapped air (bright region,
Figure 3b). After addition of a fluorescent dye to the water
droplet, the fluorescence confocal image gives consistent

topological patterns of the liquid–vapor–solid interface (Fig-
ure S2 in the Supporting Information). Our results provide
direct experimental evidence for the long-held speculation
that water droplets on self-cleaning SH surfaces behave like
an Indian fakir on a bed of nails.[14]

We further quantitatively determined the interfacial
structures through roughness measurements with CLSM, in
which we used the probe plane that vertically intersects the
interface along the x direction (Figure 3 a,b, red planes). Both
roughness tracing line profiles (Figure 3e, f, red curves) are
characteristic of the mixed hydrophobic state. On the lotus
leaf (Figure 3e), the roughness Ra (the arithmetic average of
absolute values of the deviation from the mean of a surface
profile) of the liquid–vapor interface (470< x< 910 mm) is
calculated to be 1.69 mm, whereas those of the liquid–solid
interfaces have much larger values of 12.40 mm (0< x<
470 mm) and 10.16 mm (910< x< 1280 mm), thus suggesting
that water infiltrates into the voids between papillae and wets
the surface at the rough liquid–solid interface (see the ideal

Figure 2. 3D interfacial images scanned by a 408 nm laser. a) Low- and
b) high-magnification images of the lotus leaf. c) Low- and d) high-
magnification images of the CNNF. The insets in (b) and (d) are the
magnified images of the areas boxed by the dotted line in the insets in
(a) and (c), which show the respective 2D images captured under
white-light illumination.

Figure 3. 3D images of the interfaces between the water droplet and
the lotus leaf (a) and the CNNF (b). The insets show the respective
2D images. The red plane/line in the 3D/2D images is the probe
plane/line for roughness measurements. 3D images of the bare
surfaces of the lotus leaf (c) and the CNNF (d) captured after
removing the droplet. The marked area of 670 mm � 510 mm in (d)
corresponds to the entire area in (b). The insets show SEM images of
a papilla on the lotus leaf and a nanotube aggregate on the CNNF.
Scale bars = 5 mm. Respective roughness line profiles (e) and (f)
measured at the intersections of interfaces with probe planes shown in
(a) and (b), respectively. Schematic diagrams of the ideal Wenzel (g),
Cassie (h), and the mixed Wenzel–Cassie (i) states. Determination of
the thickness of the air cushion trapped between the two aggregate
markers (j) by aligning the restored interface profile (red) to the bare
surface profile (blue) of the CNNF sample.
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Wenzel state, Figure 3g), while the smooth liquid–vapor
interface results from the trapped air cushion that flattens the
interface roughness to prevent water penetration (see the
ideal Cassie state, Figure 3h). The interface profile of CNNF
(red curve, Figure 3 f) resembles that of the lotus leaf, except
that nanotube aggregates on CNNF are lower in density but
significantly broader and higher in size than papillae on the
lotus leaf. Both profiles unambiguously reveal a mixed
Wenzel–Cassie state at the SH surface–water interface (Fig-
ure 3 i), which has recently been hypothesized.[5]

It is of great importance to measure the thickness of the
air cushion trapped inside the buried interface. By taking into
account the lateral magnification of 1.87 and the axial
magnification of 2.63 (see the Supporting Information), the
two aggregate markers in the restored interfacial profile (red
curve) overlap those in the bare surface profile (blue curve;
Figure 3 j). The thickness of the air cushion trapped between
the two aggregate markers Dhc is therefore calculated to be
approximately 16 mm. For reference, the two aggregate
heights are approximately 28 mm (left) and 30 mm (right).
As the lotus leaf surface lacks specific markers, the height
differences between the flat liquid–vapor interface top in the
middle, and the liquid–solid interface base at the two sides
(Figure 3e) were used to estimate the air cushion thickness
Dhl on the lotus leaf to be approximately 10–15 mm. The
estimated thickness is comparable to the actual heights of
papillae measured on the leaf surface (Figure S5 in the
Supporting Information), thus implying again that air fills the
voids between papillae to prevent water penetration. More
importantly, the existence of the 10 mm thick air cushion could
possibly account for the hydrophobic interactions that occur
over a very long range between two SH surfaces.[15]

It was speculated that the air cushion may dramatically
reduce droplet adhesion to the SH surface, thus leading to the
ultralow-resistance fluid flow (rolling rather than sliding),[16]

which makes the droplets remove contaminant particles (self-
cleaning). To verify this hypothesis, we designed an ultrasonic
treatment to conveniently trigger the SH state transition from
Cassie to Wenzel on the CNNF (see the Supporting Informa-
tion). After the treatment, the water droplet that would
readily roll off (RA< 58, Figure 4 a) on the CNNF now was
pinned with ultrahigh affinity, like a droplet on rose petals.[17]

The droplet did not fall off even when the film was turned
upside down (Figure 4b). This striking difference in dynamic
behavior arises from the violent movement of the water
molecules. This motion was induced by the ultrasonic wave
and forced evacuation of the trapped air out of the buried
interface. Both 3D and 2D images of the interface consis-
tently revealed that little air existed at the interface after the
treatment, thus confirming the Cassie-to-Wenzel state tran-
sition (Figure 4c). This treated interface predictably resem-
bles the interface between a water droplet and a smooth
hydrophobic surface free of the trapped air, for example, an n-
octadecyltrichlorosilane (OTS) coated SiO2/Si substrate (Fig-
ure 4d). Moreover, the CA of the droplet after ultrasonic
treatment is approximately 1338, which is not much different
from the pre-treatment value of 1558. In comparison, the CA
of the droplet on a non-air-trapped hydrophobic OTS surface
is 1048 (the droplet can also stick to it upside down). The

extremely mobile behavior can be largely restored (RA< 58)
after removing the droplet and drying the CNNF surface
under moderate heating (60 8C for 30 min). The trapped air
inside the interface is therefore responsible for not only the
high CA (SH property), but also the small RA (self-cleaning
property).

The dynamic transition of hydrophobic states from Cassie
to Wenzel could be monitored in real time by introducing the
wetting agent sodium dodecylbenzenesulfonate (SDS;
0.8 mgmL�1) into the droplet. The amphiphilic surfactant
molecules lower the surface tension of the water and reduce
the liquid–solid interfacial tension upon absorption of the
surfactant molecules by the solid surface, thereby allowing
filtration of the liquid into the rough SH surface.[18] Consec-
utive images (Figure 5a–h) demonstrated gradual loss of the
trapped air and continuous expansion of the liquid–solid
interface until almost all the trapped air was released after
22 minutes (Figure 5g). The whole wetting process was also
recorded using a conventional optical microscope (Movie 1 in
the Supporting Information). In contrast, a control experi-
ment with a pure water droplet deposited on the same CNNF
surface showed little variation of the trapped air volume
(Movie 2 in the Supporting Information). The CA of the SDS
droplet immediately after the trapped air was released was
1388, which is comparable to that obtained after ultrasonic
treatment. Meanwhile, the dynamical behavior again altered
dramatically from an unsteady state of RA< 58 to a highly
stable state that allowed exceptional adhesion of the droplet
to the upside-down film, thus confirming that the trapped air
is indeed responsible for the extreme mobility of the droplets.

In summary, a simple yet powerful technique that employs
CLSM was used to directly observe the air trapped in the
buried interface between water and SH surfaces. This 3D
observation not only revealed the existence of a mixed

Figure 4. a) Before the ultrasonic treatment, a water droplet of 10 mL
began to roll on the CNNF when the tilt angle was only 38. The
camera and sample were rotated together during the measurement,
while the syringe stayed unmoved. b) Water droplet adhesion on the
CNNF after ultrasonic treatment. 3D images of the interfaces between
the droplet and the CNNF c) after ultrasonic treatment, and
d) between the droplet and n-octadecyltrichlorosilane-coated SiO2/Si
substrate; the scratches on the substrate were made to help focus.
The insets show the respective 2D images.
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Wenzel–Cassie state at the interface, but also enabled the two
states to be quantitatively visualized. The presence of a 10 mm
thick air cushion at the buried interface dramatically reduces
water adhesion, thus resulting in self-cleaning properties of
the surface. Two approaches were demonstrated to conven-
iently control the SH state transition from Cassie to Wenzel
by either ultrasonic treatment or introduction of the surfac-
tant SDS into the droplet, based on the knowledge acquired
from the direct 3D imaging of the buried interface. Our
findings will offer new mechanistic explanations to other
complicated phenomena associated with interfacial water,
and provide a promising approach to actively manipulate
important processes such as protein folding and microfluidic
transport.

Experimental Section
CNNFs containing 9 wt% Nafion were prepared by following our
previously reported method.[13a] The lotus leaf was collected and
transported on ice from the field to the laboratory. The OTS-coated
SiO2/Si substrate was fabricated by following the method reported by
Nuckolls et al.[19] For all experiments, deionized water (Milli-Q) was
used. SDS powder (purity> 95 %) was purchased from Tokyo
Chemical Industry. 10 mL liquid droplets (deposited from a calibrated
Eppendorf micropipette) were used for all experiments unless
otherwise specified. Detailed descriptions for optical studies and
characterizations, CA and RA measurements, SEM, and ultrasonic
treatment are provided in the Supporting Information.
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