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ABSTRACT: The surfaces of nanotube arrays were coated with
poly(methyl methacrylate) (PMMA) using an imprinting method
with an anodized alumina membrane as the template. The
prepared nanotube array surfaces then either remained untreated
or were coated with NH2(CH2)3Si(OCH3)3(PDNS) or
CF3(CF2)7CH2CH2Si(OC2H5)3 (PFO). Thus, nanotube arrays
with three different surfaces, PDNS, PMMA (without coating), and
PFO, were obtained. All three surfaces (PDNS, PMMA, and PFO)
exhibited superhydrophobic properties with contact angles (CA) of
155, 166, and 168°, respectively, and their intrinsic water contact
angles were 30, 79, and 118°, respectively. The superhydrophobic stabilities of these three surfaces were examined under dynamic
impact and static pressures in terms of the transition from the Cassie−Baxter mode to the Wenzel mode. This transition was
determined by the maximum pressure (pmax), which is dependent on the intrinsic contact angle and the nanotube density of the
surface. A pmax greater than 10 kPa, which is sufficiently large to maintain stable superhydrophobicity under extreme weather
conditions, such as in heavy rain, was expected from the PFO surface. Interestingly, the PDNS surface, with an intrinsic CA of
only 30°, also displayed superhydrophobicity, with a CA of 155°. This property was partially maintained under the dynamic
impact and static pressure tests. However, under an extremely high pressure (0.5 MPa), all three surfaces transitioned from the
Cassie−Baxter mode to the Wenzel mode. Furthermore, the lost superhydrophobicity could not be recovered by simply relieving
the pressure. This result indicates that the best way to maintain superhydrophobicity is to increase the pmax of the surface to a
value higher than the applied external pressure by using low surface energy materials and having high-density binary nano-/
microstructures on the surface.
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■ INTRODUCTION

The superhydrophobic phenomenon, also known as the lotus
effect, has attracted considerable attention because of its
numerous potential applications.1 A superhydrophobic material
generally displays a large contact angle (CA, greater than 150°)
and a small slide angle (SA, less than 5°).2 The super-
hydrophobicity of a surface is determined by the topological
structure of the surface and its intrinsic hydrophobicity. The
latter is associated with the chemical composition of the
surface. A binary nano-/microsurface structure is essential for
achieving superhydrophobic properties. For many applications,
the stability of the obtained superhydrophobicity is very
important. Many superhydrophobic surfaces (both synthetic
and natural) cannot maintain their superhydrophobicity under
harsh environmental conditions, such as in low temperatures
and heavy rain. Several methods have been introduced to
improve superhydrophobic stability by increasing the durability
of surface nano-/microstructures and optimizing the chemical
composition. For example, a durable aluminum surface with
randomly distributed nano-/micropetals was prepared by acid
etching,3−6 a highly ordered nano-/micropillar array surface

structure was made by laser ablation,2,7−10 and a polymer
surface with polyethylene nanowire arrays was fabricated by
nano-injection molding.11

A superhydrophobic surface in contact with a water droplet
forms a water−air−solid composite interface. The contact angle
of the water droplet (θ′) can be described by the Cassie−Baxter
equation:

θ θ′ = − −f fcos cos (1 ) (1)

where f is the fraction of the water−solid area, and θ is the
intrinsic water contact angle of the substrate. This equation
indicates that the contact angle θ′is always larger than θ on
both hydrophobic (θ > 90°) and hydrophilic (θ < 90°)
substrates as long as the water-air interface is formed ( f < 1).
The contact angle θ′will be significantly enhanced by
decreasing the water−solid contact area f. However, the
Cassie−Baxter state of a water droplet on a rough hydrophilic
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surface is often unstable or metastable. The water droplet can
enter the grooves of the nano-/microstructures on the rough
surface to eliminate the water−air interface. This process will
ultimately convert the surface from the Cassie−Baxter mode to
the Wenzel mode. At this state, the water contact angle follows
the Wenzel equation

θ θ′ = rcos cos (2)

where r is the surface roughness and is usually calculated as the
ratio of the total area of the rough surface to its projected area.
Comparing these two equations, we can see that a super-
hydrophobic surface is required to maintain a droplet in the
Cassie−Baxter state. The stability of superhydrophobic surfaces
and the transition from the Cassie−Baxter mode to the Wenzel
mode have been intensively studied through experimental
analyses and numerical simulations.12−14 The energy barrier for
transition from the Cassie−Baxter state to the Wenzel state on
a superhydrophobic surface can be determined from the
maximum pressure, pmax. Lobaton and Salamon derived the
following equation for calculating pmax based on a periodic
circular pillar array15

γ θ= −p
L

A
cosmax

(3)

where γ is the surface tension of water, A is the projected
water−air interface area, and L is the sum of the perimeter of
the pillars. This equation indicates that the Cassie−Baxter
stability depends on the surface structure and the hydro-
phobicity of the substrate. On the basis of the periodic circular
pillar array model with a pillar radius of R15, we can represent
the L and A values by L = 2nπR, and A = (S − nπR2). The latter
can be rewritten as A = nπR2(1 − f)/f because f= nπR2/S under
the assumption that the entire pillar is in contact with water.
Here, n is the total number of pillars, and S is the total surface
area. eq 3 can be rewritten as

γ θ
= −

−
p

f
R f
2 cos

(1 )
max

(4)

This equation states that pmax will increase with the water−solid
fraction ( f). Therefore, although an increased f value will yield a
lower superhydrophobicity according to eq 1, increasing the
pmax value to the external pressure stabilizes the super-
hydrophobicity. When an external pressure exceeding pmax is
applied to the water droplet, water can then be pushed into the
grooves of the rough surface structure to transition the surface
from the Cassie−Baxter state to the Wenzel state. From this
equation, we can also see that a positive pmax value, which is
essential for maintaining surface superhydrophobicity, can only
be achieved for a substrate with θ > 90°. Similar conclusions
have been reached by other researchers.16−20

In contrast, a positive pmax value can also be obtained from a
hydrophilic substrate with θ < 90° when special geometries are
created on top of the pillars.15 For example, pillars with a nail-
head structure will give positive pmax values on a substrate with
θ ≤ 90°, which can be calculated from eq 4.

γ θ θ= ≤ °p
L

A
sin

for 90max
(5)

This equation indicates that a positive pmax for maintaining the
surface at the Cassie−Baxter mode can be created even on a
hydrophilic substrate under the condition that special geo-
metries are created on top of the pillars.

In this work, we prepared a surface covered with nanotube
arrays, which was then modified by silicon coupling agents to
obtain three surfaces with different hydrophobicities. The
intrinsic water contact angles (θ) of the surfaces were 30, 79,
and 118°. These three surfaces all showed superhydrophobicity
under normal conditions. The superhydrophobic stability was
examined by applying impact and static pressures on the
surfaces. The stability obeyed eqs 3 and 5 for the hydrophobic
and hydrophilic substrates, respectively. When the applied
pressure exceeds the maximum pressure (pmax), the transition
from the Cassie−Baxter mode to the Wenzel mode occurs, and
this transition is irreversible when the external pressure is
removed.

■ EXPERIMENTAL SECTION
Nanotube Fabrication. A porous anodic alumina (AAO)

template was heated to 60 °C in a vacuum oven. A piece of PMMA
(∼1 g) was placed on top of the template to prevent the template from
curling because of thermal expansion. The temperature was then raised
to 190°C and maintained for 30 min to melt the PMMA into the pores
of the template. After cooling to room temperature, the sample was
soaked in a 0.5 mol/L NaOH solution until the template was dissolved
completely and then rinsed with distilled water several times. The
sample was stored in a vacuum desiccator prior to use.

Surface Modification. PFO(CF3(CF2)7CH2CH2Si(OC2H5)3)
and PDNS (NH2(CH2)3Si(OCH3)3) coating solutions were prepared
by mixing PFO (0.5 wt %) and PDNS (0.5 wt %) with a mixture of
methanol (88 wt %), deionized water (10 wt %) and HCl (0.1 M, 1.5
wt %). The PMMA nanotube array sample was immersed in the
coating solution and sonicated for 10 min in a bath sonicator. The
sample was then removed from the solution and air dried. This process
was repeated three times. The sample was then placed in a thermostat
at 75 °C for 24 h to completely crosslink the PFO and PDNS coatings.

Dynamic Impact Test. The water impact process was monitored
with a high-speed camera (Phantom V-710, USA) at a speed of 4000
p/s (frame per second). The entire impact process, from water droplet
release at a predetermined height with zero initial velocity to impact at
the surface and the approach to equilibrium, was recorded.

Mechanical Static Pressure Test. As illustrated in Figure 1, the
sample was fixed on the base with the nanotube array surface facing up,

and a water droplet was placed on the sample. Meanwhile, the
compression unit on the cantilever was covered by a sample of PFO,
with the nanotube array surface facing the droplet. The compression
unit moved toward the droplet under control by a computer at a speed
of 0.1 mm/s until the desired force was reached. The shape of the
droplet was recorded. The compression force was then released at a
low speed of 50 μm/s to minimize the disturbance of the droplet. The
droplet shape was recorded again for the contact angle measurement.

Static Pressure Test under High Pressure. A sample was
immersed in water inside a pressure chamber with the testing surface
facing down. After a 10 μL air bubble was introduced to the surface
through a needle, the system was sealed and pressurized to 0.5 MPa.
The pressure was monitored with a high precision pressure gauge. The
image of the air bubble during this process was recorded by a camera.

Figure 1. Diagram of the set up for the mechanical static pressure test.
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■ RESULTS AND DISCUSSION
The preparation of polymer nanotube arrays has been reported
previously.21,22 In this paper, PMMA nanotube arrays with a
diameter (D) of 100 nm, wall thickness (T) of 10 nm and
average groove width (P) of 50 nm were prepared. SEM images
of the sample are shown in Figure 2. The surface was modified

with two silicon coupling agents: PFO, a very low surface
energy modifier, and PDNS, a high surface energy modifier.
Consequently, three different PMMA nanotube array surfaces
were obtained: those with a PFO coating, bare PMMA, and
those with a PDNS coating. The intrinsic contact angles (θ) of
these three substrates were measured on the corresponding
smooth surfaces, which were prepared by modifying the
smooth PMMA surfaces with the PFO and PDNS solutions
in the same way used for the preparation of the super-
hydrophobic surfaces. The contact angles of these nanotube
array surfaces were also detected and are compared in Table 1,
where the corresponding slide angles (SA) are also listed.

The nanotube array surface will create complex wetting
behavior, as indicated in Figure 3. For a water droplet placed on
the surface, the wetting behaviors inside and outside the
nanotube will differ. An additional pressure will build up inside
the tube due to the formation of the closed space. This
additional pressure will act against the external pressure,
making this superhydrophobic surface very sticky to a water
droplet.22 In this work, under external impact, the water
droplets were mainly forced into the intertube grooves, while
very few water droplets were directed into the interiors of the
tubes because the pressure inside the tubes counteracted the

external pressure. This action caused the tubes to behave as
pillars. Therefore, we can simplify the discussion by using a
pillar array model to represent the nanotube array structure.
Table 1 shows that all three nanotube array surfaces display

superhydrophobicity, indicating that the surfaces were at the
Cassie−Baxter state with air trapped inside and between the
nanotubes. The superhydrophobicity was nearly uncorrelated
with the intrinsic water contact angle of the materials; i.e., a
superhydrophobic surface can be constructed on low-energy
and high-energy materials. The liquid-solid area fractions ( f) of
the three surfaces (PFO, PMMA, and PNDS) can be calculated
from their corresponding θ′ and θ values based on the Cassie−
Baxter equation (eq 1), which gave fractions of 0.041, 0.025,
and 0.05, respectively. These values are all much lower than the
fraction of the solid area on top of the nanotube array, which
was 0.145 (calculated from the structure model displayed in
Figure 2c). This difference indicates that less than 35% of the
nanotubes contacted the water droplet. This phenomenon is
understandable based on the SEM images of the nanotube array
(Figure 2), which showed that the nanotubes were not all the
same height. The taller nanotubes were able to contact the
water droplet. This result also indicates that approximately 35%
of the nanotubes in the array were already sufficient to support
the water droplet. Surprisingly, this fraction was similar to that
for the highly hydrophilic substrate with the PDNS coating.
This phenomenon can be understood only when the maximum
pressure (pmax) of the surface is considered, which will be
discussed in the following section.
Herminghaus proposed that a superhydrophobic surface can

theoretically be constructed on materials with intrinsic contact
angles lower than 90°. Later, this type of surface was
experimentally achieved on high-energy materials such as
poly(vinyl alcohol) (PVA).23 However, this state can be
realized only when the surface is maintained in the Cassie−
Baxter mode. The stability of a rough surface maintained in the
Cassie−Baxter mode can be determined from the maximum
pressure (pmax) given by eq 3, which is derived from the circular
pillar array model.15 The water-pillar contact for a hydrophobic
substrate is illustrated in Fig 4a according to this model. The
water droplet can be held on the surface in the Cassie−Baxter
mode due to the positive pmax value calculated from eq 3.
However, if this pillar array is constructed from a hydrophilic
material (i.e., θ < 90°), eq 3 gives a negative value for pmax. This
value means that the pressure will pull the water droplet into
the grooves between the pillars to transition the surface from
the Cassie−Baxter mode to the Wenzel mode. This condition
indicates that a surface in the Cassie−Baxter mode is not stable
or is only metastable. This analysis cannot explain the
observation in our work that a contact angle as high as 155°

Figure 2. SEM images of (a) the AAO template, (b) the PMMA
nanotube array, and (c) the structure model of the PMMA nanotube
array with the designed structure (D ≈ 100 nm, T ≈ 10 nm, and P ≈
50 nm).

Table 1. Results of the Water Contact Angle and Slide Angle
Tests of the Smooth and Nanotube Array Surfaces

smooth surface nanotube array

PFO PMMA PDNS PFO PMMA PDNS

CA (deg) 118 79 30 168 166 155
SA (deg) 15 60 >90 >1 3.5 12
f 1 1 1 0.041 0.025 0.05

Figure 3. Comparison of the wetting behavior of (a) the nanotube
array and (b) the pillar array surfaces. Water easily filled the grooves
between the nanotubes and the pillars. The hole in the nanotube is
only slightly filled with water because the increase in internal pressure
prevents water from entering the tubes.
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was achievable on the hydrophilic PDNS-coated nanotube array
surface.
To understand this phenomenon, we must re-examine the

surface structure of the nanotube at the nanometer scale.
Polymer surfaces are usually rough at the nanometer scale. To
simplify the discussion, we use a sub-pillar array structure to
represent the roughness of the nanotube surface, as displayed in
Figure 4b, where the outer wall of the nanotube is modified by
an array of sub-pillars. The behavior of a water droplet on top
of this binary structure will be similar to that of a water droplet
on top of pillars with a nail-head structure, as demonstrated in
the literature.15 A positive pmax in eq 5 will be created on the
interface to maintain the surface in the Cassie−Baxter mode.
On the basis of this structure model, any rough surface
structure with part of the surface area perpendicular to the
nanotube wall will act as the nail-head structure to create a
positive pressure to support the water droplet, even for θ values
much lower than 90°. Equation 5 indicates that pmax is still
correlated with the hydrophobicity of the substrate, with the
intrinsic contact angle approaching 90°. A higher pressure will
be created to support the water droplet, and therefore its
Cassie−Baxter mode will be more stable. For example, the pmax

on a PMMA surface is calculated to be approximately one-fold
higher than the pmax on a PNDS surface. Additional increases in
the hydrophobicity of the substrate that push θ beyond 90° will
cause the regime to obey eq 3, where the resulting pmax value
becomes more sensitive to the nanotube array structure. The
variation in pmax with the basic parameters of the nanotube
array D and P is displayed in Figure 5. The pmax value rapidly
increases with decreasing groove width. When this value
becomes lower than 15 μm, a pmax value larger than 10 kPa can
be expected on the PFO substrate. This pressure is close to the
heavy rain drop pressure,24 indicating that a very stable
superhydrophobicity can be expected on the PFO surface.
The pmax value acts as an energy barrier for the surface

transition from the Cassie−Baxter mode to the Wenzel mode.
Therefore, this transition only occurs at an external pressure
equal to or larger than pmax. To verify this condition, we
examined the superhydrophobic stabilities of these three
surfaces by applying external pressures to the surfaces. Here,
both the impact pressure and the static pressure were tested.
For the impact pressure test, a 10 μL water droplet was released
from different heights (h) above the surface to vary the impact
pressure. The impact process from the droplet approaching the
surface until reaching equilibrium was recorded using a high-
speed camera. The data were analyzed, and the results are

shown in Figure 6. The droplet can bounce a few cycles before
an equilibrium contact angle (ECA) is reached on PFO and

PMMA. In contrast, the droplet only had several spreading and
contracting cycles without any bouncing before equilibrium on
the PDNS surface. The bounce number is displayed in Figure 7.
The droplet on the PFO surface had the highest bounce
number, followed by the PMMA and then the PDNS surfaces.
Thus, the PFO surface has much higher superhydrophobicity
with lower energy dissipation because of its lower surface
friction.
Figure 6 also shows that the ECA is almost the same as the

static contact angle (SCA) on both the PFO and PMMA
surfaces for all of the tested impact heights from 0 to 10 cm.
This similarity indicates highly stable superhydrophobicity.
However, on the PDNS surface, the ECA decreased quickly
with the impact height from 155° at h = 0 cm to 108° at h = 10
cm. This result indicates that the impact pressure does not
overcome the maximum pressure (pmax) on the PFO and

Figure 4. Illustration of water on the top of a circular pillar with an
intrinsic contact angle (θ) (a) larger or (b) smaller than 90°. The
nanometer-scale sub-pillar structure is also displayed as an inset in b
for creating a positive pmax, as described by eq 5, to support a water
droplet.

Figure 5. 3D illustration of eq 3, showing changes in the pmax value
with changing parameters of the nanotube array (D and P), with D/T
fixed at 100/10 for the PFO surface with θ′ = 168°, indicating a high
sensitivity of the pmax value to decreases in the groove width (D).

Figure 6. Equilibrium contact angle of a droplet released from
different heights. The images show the impact processes of the droplet
on the PFO/PMMA (inset, upper) and PDNS surfaces (inset,
bottom).
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PMMA surfaces; therefore, no Cassie−Baxter mode to Wenzel
mode transition occurred. This transition partially occurred on
the PDNS surface, with the transition level increasing with
impact pressure.
The impact pressure can be estimated from the impact height

(h) of the droplet. Taking the volume of the water droplet, V =
10 μL = 1 × 10−8 m3, we can calculate its mass, m = 1 × 10−5

kg, and diameter, d = 2.68 × 10−3 m. The energy of a water
droplet when it reaches the surface depends on the impact
height (h) and can be calculated from

=E mgh (6)

where g is the gravity acceleration. On the basis of the
assumption that the energy was completely dissipated during
the impact and that the impact was completed from when the
front of the water droplet touched the surface until the whole
droplet reached the surface, we can take the diameter of the
droplet (d) as the impact distance, and the average impact force
during this process can be expressed as

= =F
E
d

mgh
d (7)

Then, the impact pressure can be expressed as

π π
= = =

( )
p

F
S

F mgh
d

4
d
2

2 3

(8)

where S is the impact area, and the projected area of the droplet
was taken for this value. From this equation, we can calculate
the impact pressure of a 10 μL water droplet from a height of
10 cm as being 560 Pa. This equation indicates that the impact
pressure increases linearly with the impact height. The impact
testing result in Figire 6 shows that an increasing fraction of
grooves is occupied by water as the impact pressure on the
hydrophilic PDNS surface increases. Because the tops of the
nanotubes on the surface are at different levels, more nanotubes
will come into contact with the droplet as the impact pressure
increase. Equation 5 indicates that the maximum pressure (pmax

= γLsin θ/A) increases with the ratio of L/A, where A is the
projected water−air interface area and L is the sum of the
perimeter of the pillars at the water/pillar boundary. With more
nanotubes contacting water, the value of A will decrease, and L

will increase, leading to an increase in the pmax value. The
results of the impact test on PDNS confirmed that the
hydrophilic nanotube array surface only partially lost its
superhydrophobicity under dynamic impact because of the
partial transition from the Cassie−Baxter mode to the Wenzel
mode (Figure 6). The extent of the transition was determined
by eq 5.
The static pressure test was conducted on the PDNS surface,

as illustrated in Figure 8. A droplet (10 μL) of water was

transferred to the top of the PDNS surface, and then a PFO
plate was place on top of the water droplet with the PFO
surface facing the droplet. Forces ranging from 0 to 0.004N
were applied to the PFO plate. Because of the much higher
superhydrophobicity of the PFO surface, the applied static
pressure only induced the Cassie−Baxter mode to Wenzel
mode transition on the PDNS surface, not on the PFO surface.
After the static force and the top PFO plate were removed, the
restored contact angle of the PDNS surface was recorded, and
the result is displayed in Figure 8. The recovered contact angle
decreased from 155° to 125° as the static force increased from
0 to 0.004N. To estimate the static pressure applied to the
water/substrate interface, we assumed the contact area to be
equal to the projected area of the water droplet, giving a
pressure of 695 Pa when a 0.004Nforce was applied. This
pressure was at the same level previously used for the dynamic
impact pressure test, and similar recovered contact angles were
observed for the dynamic impact and the static pressure tests
(Figures 6 and 8).
The wetting state transition of these three surfaces under an

extremely high pressure was also tested with the process
described in Figure 9a−c, where the sample was immersed in
water with the nanotube array surface facing down. When an air
bubble was introduced onto the surface, as indicated in Figure
9d, because of the superhydrophobic property, a flat air layer
was formed on the PFO surface, whereas an adsorbed air
bubble with an almost flat water/air interface formed on the
PMMA surface. The curvature of the interface slightly increased
on the PDNS surface. This behavior is consistent with the
water contact angles on the surfaces listed in Table 1. Then, the
entire system was pressurized to 0.5 MPa, or ∼5 atm, in a

Figure 7. Bounce number of a droplet on the PFO, PMMA, and
PDNS surfaces.

Figure 8. Variation in the recovered contact angles on the PDNS
surface with the applied static force. The images of the water droplet
during compression and after the force was removed are displayed as
insets.
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pressure chamber. Under this external pressure, the volume of
the air bubble on the surface and inside the grooves was
reduced approximately 5-fold. The solubility of air in water will
increase significantly under this high pressure according to
Henry’s law. The combination of these two factors results in
the air bubble almost disappearing within the water-filled
grooves and water-covered surface, as indicated in Figure 9b.
This process converted the surface to the Wenzel state. When
the pressure was reduced, the compressed air formed many tiny
gas bubbles, partly from the compressed air and the air
dissolved in water under high pressure. The three surfaces were
retested by adding an air bubble to prove that the surface
remained in the Wenzel state (Figure 9d). This result indicates
that the wetting state transition of a hydrophobic surface from
the Cassie−Baxter mode to the Wenzel mode is irreversible.
Once this transition occurs, the Cassie−Baxter state of a
hydrophobic surface cannot be easily recovered. Therefore, we
conclude that the best approach to maintain superhydropho-
bicity is to increase the maximum pressure, pmax, of the surface
beyond the external pressure applied to the surface, such as the
impact pressure from raindrops. Increasing the contact angle of
the material and the density of the nano-/microstructures are
efficient ways to increase the maximum pressure.

■ CONCLUSION
We modified the PMMA nanotube array surface with different
coupling agents to obtain three samples with intrinsic CAs
ranging from 30 to 117°. All three surfaces showed super-
hydrophobic properties (CA > 150°), with a very small liquid-
solid area fraction ( f). These results confirmed that a small f
value is important for superhydrophobicity, as proposed by the
Cassie−Baxter equation. The energy barrier for the transition of
the surface wetting state from the Cassie−Baxter mode to the
Wenzel mode can be represented by the maximum pressure,
pmax. This study revealed that pmax depends on the surface

energy and the nanotube structure of the substrate as well as
the nanometer-scale geometry of the nanotube surface
structures. We showed that superhydrophobicity could be
created on both low-energy surfaces and high-energy surfaces.
The superhydrophobic stability of the low-energy surfaces, such
as PFO and PMMA, was very high and could be easily
maintained under low to medium testing pressures. However,
the superhydrophobic stability of a high-energy material is
much lower. For example, the water contact angle of the high-
energy PDNS surface gradually decreased from 155 to
approximately 120° as the external pressure increased from 0
to 695 Pa.
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