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Abstract: Solid–liquid–vapor interfaces dominated by the
three-phase contact line, usually performing as the active
center in reactions, are important in biological and industrial
processes. In this contribution, we provide direct three-dimen-
sional (3D) experimental evidence for the inside morphology
of interfaces with either Cassie or Wenzel states at micron level
using X-ray micro-computed tomography, which allows us to
accurately “see inside” the morphological structures and
quantitatively visualize their internal 3D fine structures and
phases in intact samples. Furthermore, the in-depth measure-
ments revealed that the liquid randomly and partly located on
the top of protrusions on the natural and artificial super-
hydrophobic surfaces in Cassie regime, resulting from ther-
modynamically optimal minimization of the surface energy.
These new findings are useful for the optimization of classical
wetting theories and models, which should promote the surface
scientific and technological developments.

Since the famous YoungÏs equation was proposed in 1805,
many different theoretical models (such as Wenzel and Cassie
states and transition between the Cassie and Wenzel states)
have been proposed to explain wetting behaviors on solid
surfaces,[1–6] which remarkably promoted the development in
surface and interface sciences.[7–13] However, there are still

some theoretical disputes for predicting wetting behavior in
different circumstances, arising from the lack of a direct
insight into solid–liquid–vapor interfaces.[14] Moreover, the
detection of internal solid–liquid–vapor interfaces dominated
by the three-phase contact line (TCL) is of relevance for
fundamental investigations and practical applications in, for
example, coatings, paints, medical science, biotechnology,
electronics, aerospace, lubrication, textiles, paper, and cos-
metic industries.[15–20] Therefore, the in situ, direct, and in-
depth insight of the inside solid–liquid–vapor TCL morphol-
ogy, especially three-dimensional (3D) geometry at micro-
scale, is crucial to the further enrichment and improvement of
fundamental wetting theories as well as the rational design of
functional surfaces with special wettability.[21–24]

During the past few years, a variety of experimental
strategies including atomic force microscopy,[25] confocal laser
scanning microscope,[26] cryogenic focused ion-beam scanning
electron microscopy,[27] and environmental scanning electron
microscopy,[28] have been applied to investigate the TCL
morphology on solid surfaces. However, these approaches are
limited to scan small part of the whole contact morphology,
which hardly demonstrate the entire and internal TCL
morphological structures. These technical limitations
impeded to further observe the inner interface morphology.
Therefore, using the conventional surface analysis techniques,
it is still a challenge to obtain the internal information of the
solid–liquid–vapor TCL without any destruction.

Herein we reveal the three-dimensional (3D) internal
morphology of solid–liquid–vapor micro-interfaces with
Cassie and Wenzel states on either natural or artificial
surfaces by using in situ high-resolution X-ray micro-com-
puted tomography (Micro-CT). Furthermore, the direct and
quantitative observations of the inside trapped air cushion
between droplets and solid surfaces are also achieved for the
first time. Noteworthy, the in-depth experimental insights
unveil that the air pockets exist in the inner interface and
liquid partly contacts the protrusions. This is distinct from the
classical Cassie theory, which predicts that liquids contact
each protrusion and the inner contact line is flat. These new
findings provide more elaborate and precise information for
the internal TCL morphology, which will contribute to the
improvement of wetting theories and models as well as to
surface scientific development.

Micro-CT is an in situ, nondestructive 3D imaging system
suited for structural analysis of a variety of samples including,
for example, semiconductors, geological materials, and bio-
logical materials.[29] In this contribution, Micro-CT was first
developed to quantitatively investigate the internal morphol-
ogy of solid–liquid–vapor micro-interfaces, which allows us to
analyze and visualize its fine 3D internal structures in intact
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samples. This is challengeable for the conventional surface
analysis technique. Micro-CT uses the attenuation of X-rays
by various units spaced within angular intervals to create the
3D and 2D high-resolution images (see the Supporting
Information note S1). During the process, virtual slices of
solid–liquid–vapor interfaces at microscale can be acquired
noninvasively at various planes (Figure 1).

The conventional theoretical model proposed that the
wetting regime of the lotus leaf is in the Cassie state, where
the droplet contacts with the top of each papilla and the air
pocket is flat.[30–32] However, the acquisition of the internal
TCL experimental evidence is still a challenge to verify this
hypothesis. Here, the individual Micro-CT slice clearly
revealed the existence of an air cushion between the lotus
leaf and the droplet (Figure 2A). The magnified image
(Figure 2B) demonstrated that the droplet partly contacts
with the top of papillae, resulting in the internal discontinuous
air pockets at microscale. This can be further confirmed by
the reconstructed Micro-CT stack presented in movie S1 in
the Supporting Information. The curved solid–liquid–vapor
interface was also observed on the artificial superhydrophobic

surface discussed in the following section. Figures 2 D and E
schematized the contact state on lotus leaves at different
magnifications on the basis of the Micro-CT internal obser-
vation. The observations of the air pockets of the inner
interface under the liquid are distinctly different from the
classical Cassie description, where the liquid locates on the
top of each asperity and the inner contact line is flat. Arising
from the absorption, Micro-CT could accurately investigate
the TCL and quantitatively calculate the thickness of the air
cushion. As shown in Figure 2C, the X-ray transmission
intensity of the air cushion is much higher than that of the
liquid and the lotus leaf. The thickness of the air pocket is
18.7� 1.9 mm.

For the superhydrophobic red rose petal, the internal TCL
information is still a mystery.[33, 34] The results exhibited that
the liquid directly contacts with micropapillae at microscale
(Figure 3A and see movie S2). The magnified image (Fig-
ure 3B) further demonstrated that the internal micropapillae
arrays have been infiltrated without the existence of an air
pocket. The schematic representation of the contact state for
the liquid on the red rose petal were presented in Figure 3D
and E, exhibiting the classical Wenzel regime at microscale.
No X-ray transmission intensity-induced peak was observed
in Figure 3c, indicating the full infiltration of petal surfaces
and the absence of the air cushion.

In order to further investigate the internal TCL structures,
representative superhydrophobic surfaces with Cassie and
Wenzel regimes were also fabricated on the silicon substrate
with patterned micropillar arrays. For the superhydrophobic
surface with the Cassie state, the individual Micro-CT tomo-
graphic slice shown in Figure 4A indicated that the liquid
does not infiltrate into the space between the silicon pillars.
The magnified image clearly demonstrated the existence of an
air cushion at the micron scale between the liquid and the

Figure 1. The schematic principle and measurement of Micro-CT. An
individual Micro-CT slice can be extracted from the reconstructed 3D
copy of the sample to obtain detailed information. The extracted slices
from top to bottom in the x–y plane clearly show the inner morphology
of the solid–liquid–vapor micro-interface. Bright, dark, and gray
represent liquid, vapor, and solid phases, respectively.

Figure 2. Micro-CT results and schematic illustrations of the internal
solid–liquid–vapor TCL morphology on the superhydrophobic lotus
leaf. A) An individual Micro-CT slice demonstrated the existence of air
cushion in the interface (scale bar 50 mm). B) The enlarged Micro-CT
slice showed that the liquid partly located on the top of papillae,
resulting in a dome interface and a discontinuous air pocket (scale bar
50 mm). C) Owing to the absorption and phase contrast, Micro-CT
could quantitatively calculate the thickness of the air pocket (along the
yellow dotted line in Figure 2B). The thickness of the air pocket is
18.7�1.9 mm. D,E) Schematic of the internal contact state of the
liquid on the lotus leaf based on the Micro-CT experimental results.
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silicon surface (Figure 4C). Furthermore, it was found that
the liquid randomly and partly contacted with the top of
silicon pillars, resulting in the discontinuous air pockets, which
is consistent with the above experimental study conducted on
the natural lotus leaf (see note S2). This is distinct from the
classical description in the Cassie model, where the liquid
fully contacts with the top of each protrusions and the air
cushion is flat. This novel observation can be further
confirmed by the reconstructed Micro-CT stacks in both
horizontal and longitudinal cross-sections, which allow us to
“see inside” the solid–liquid–vapor TCL and visualize its
internal morphology at microscale (see movies S3 and S4).
For the superhydrophobic surface with the Wenzel state, both
the Micro-CT slices and the reconstructed stacks showed that
the liquid was fully infiltrated into the pillars grooves and no
air cushion existed between the liquid and the silicon surface
(Figure 4B and D, see movies S5 and S6).

Force analysis of air pockets indicates that two opposite
surface tensions are combined to balance the dome shapes at
microscale (see note S3). Investigations of the system surface
energy of the system show that the presence of air pockets is
thermodynamically favored and contributes to the robust
superhydrophobicity[35] (see note S4). This is an important
advance in the direct clarification of the robust superhydro-
phobic mechanism. This result is consistent with the findings
of Pokroy and co-workers, which showed small curvature of
the liquid interface in the whole droplet.[36] The visualized
observation of the inside morphology can also be used to
clarify some wetting phenomena, including calculations of the
contact angle,[37] intrinsic mechanism for the low adhesion,
and the small sliding angle of the liquid on superhydrophobic
Cassie surfaces (see note S5).

In summary, Micro-CT was first developed to quantita-
tively and accurately investigated the inside morphology of
the solid–liquid–vapor TCL with either Cassie or Wenzel
states at microscale, which allowed us to “see inside” the
morphological structures and visualize their internal 3D fine
structures. Key fundamental questions of solid–liquid–vapor
TCL in surface science, including, for example, the internal
morphology, structure, and phases have been solved by this
approach, which is a challenge for the conventional analysis
techniques. The in-depth insights of the interface at micro-
scale in the Cassie regime, different from the classical Cassie
description, facilitate the accurate measurements of the
contact angle and the direct clarification of robust super-
hydrophobicity, low adhesion, small low sliding angle, and
other wetting-related phenomena. All these new findings will
be immensely beneficial for the further optimization and
improvement of theoretical wetting models as well as the
promotion of surface scientific and technological develop-
ments.
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Figure 3. Micro-CT experimental results and schematic representation
of the internal TCL morphology on the superhydrophobic red rose
petal. A) The individual Micro-CT slice showed that the liquid directly
contacts with micropapillae on the petal surface at microscale (scale
bar 50 mm). B) The high-magnification slice indicated that the liquid
fully infiltrated into the micropapillae (scale bar 50 mm). C) No X-ray
transmission intensity-induced peak was detected (along the yellow
dotted line in Figure 3B), indicating the full infiltration of petal
surfaces. D,E) Schematic of the internal contact state of the liquid on
the red rose petal.

Figure 4. Typical internal solid-liquid–vapor interfaces of the liquid on
artificial superhydrophobic surfaces with Cassie or Wenzel states.
A) Micro-CT slice of the Cassie state surface indicated that the liquid
does not fill in silicon pillar grooves. B,D) Micro-CT slices of the
Wenzel state surface at different magnification exhibited that the
silicon pillar grooves were entirely infiltrated. C) The enlarged slice of
the Cassie state surface demonstrated the presence of an air cushion
at microscale. E) The mechanism and function of dome interface on
the superhydrophobic Cassie-state surface. F) Schematic of the internal
contact state of the liquid on the Wenzel surface, showing the absence
of an air cushion under the liquid.
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