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This paper studies the impinging droplets on superhydrophobic textured surfaces and proposes a
design guideline for nonwetting surfaces under droplet impingement. A new wetting pressure, the
effective water hammer pressure, is introduced in the study to clearly define wetting states for the
impinging droplets. This approach establishes the design criteria for nonwetting surfaces to
impinging droplets. For impingement speed higher than raindrop speed, the surfaces need to have
sub-100-nm features to generate a large enough antiwetting pressure for the droplets to take a
nonwetting state after impingement. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3110054�

The study of droplet impingement process has been an
active research area in both experimental investigation and
theoretical modeling for more than a century.1–7 The under-
standing of the physics of droplet impingement will greatly
help design surfaces that minimize droplet erosion, reduce
the moisture-induced efficiency losses in steam turbines, and
minimize the ice formation on aircraft and wind turbine ex-
ternal surfaces. During the past several years, some research
groups started exploring water droplet impingement on tex-
tured superhydrophobic surfaces.6,8–11 Superhydrophobic
surfaces are surfaces that mimic the Lotus leaf,12 and various
research groups studied the wetting states of stationary drop-
lets on superhydrophobic surfaces.13–15 Many applications,
however, involve impinging droplets rather than stationary
droplets. The study of wetting states on superhydrophobic
surfaces for impinging droplets thus is important to these
applications. When droplets impinge on a textured surface,
the states of wetting depend on the balance of wetting pres-
sure �Pwetting� and antiwetting pressure �Pantiwetting�.

8–10 A
larger Pwetting over Pantiwetting causes droplets to wet the sur-
face. Most of previous studies of the wetting states for im-
pinging droplets with density � and velocity V used dynamic
pressure �PD, Eq. �1�� as the sole wetting pressure and re-
sulted in only two wetting states �bouncing and sticky�,

PD = 1
2�V2. �1�

The use of single wetting pressure PD cannot explain the
partial wetting state observed in the experiments and leads to
insufficient design of nonwetting surfaces for impinging
droplets.

This paper introduces a new wetting pressure and uses
two wetting pressures, an effective water hammer pressure
�PEWH� at the contact stage and PD at the spreading stage of
the impingement, to define three wetting states for the im-
pinging droplet: wetting, partial wetting, and nonwetting. A
two-stage �contact stage and spreading stage� approach has

been used in the studies of droplet impingement on flat
surfaces.3,16–18 In the contact stage, the initial impact of the
droplet onto the flat surfaces generates a water hammer pres-
sure �PWH� due to the compression of liquid behind the
shock wave envelope.3,16–18 At the spreading stage, the shock
wave overtakes the outward moving contact line. The pres-
sure is released, and at this stage the pressure drops to PD.
For a textured surface, PWH will also be generated at the
contact stage when water is compressed behind the shock
wave envelope. When the shock front moves to the edge of
the textures, for example, the edge of a single post, the com-
pressed liquid suddenly has free space to expand. The water-
air interface thus experiences a push from the compressed
region with a pressure that is on the order of PWH. We refer
to this pressure as PEWH in this study. For the purpose of
exploring the design guideline for surfaces that resist maxi-
mum wetting pressure, we will use the value of PWH as the
upper bound estimation of PEWH in our discussion because
PWH is the maximum possible wetting pressure experienced
by the water-air interface. For textured surface, Pantiwetting is
the capillary pressure �PC� generated within the surface
textures.8–10 With two wetting pressures and one antiwetting
pressure, there will be three wetting states �Fig. 1�.

As schematically shown in Fig. 1, when structures are
sparse, PC is small and droplets tend to be pinned after the
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FIG. 1. Relative magnitude of the wetting and antiwetting pressures decides
the wetting states of impinging droplets: �a� PEWH is generated during the
contact stage as the droplet impinges on the textured surface. �b� Total
wetting state �PEWH� PD� PC� as water penetrates in both contact and
spreading stage. �c� Partial wetting state �PEWH� PC� PD� as water pen-
etrates only during contact stage. �d� Total nonwetting state �PC� PEWH

� PD� as the structure resist wetting in both stages.
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impingement �Figs. 1�b� and 1�c��. In the experiment, water
droplets were indeed pinned on two sparsely patterned sili-
con post arrays �Fig. 2�. The silicon posts were fabricated
using standard photolithography process and modified with a
thin coating of �tridecafluoro-1,1,2,2-tetrahydrooctyl� trichlo-
rosilane �Gelest, Inc., Morrisville, PA� through vapor phase
deposition. The water droplets used in the experiment had
diameters of �1 mm and velocity of �3 m /s. A high-speed
camera �up to 40 K frames−1� was used in the study. Due to
the shape of the droplet �spherical� and the low impinging
speed, the PEWH experienced by the contact region is3

PEWH � 0.2�CV . �2�

In Eq. �2�, C is the sound velocity in water. The PEWH and
PD of the droplets with impinging speed of 3 m/s are thus
calculated to be �0.9 MPa �Eq. �2�, C�1497 m /s �Ref.
19� and ��1000 kg /m3� and �4.5 kPa �Eq. �1��, respec-
tively.

The silicon posts are arranged in a square array with the
post width of A, spacing of B, and height of H. With a square
array, maximum possible deformation of water-air interface
happens between the diagonal posts within the single cell of
the array. The contact angle at the water-solid-air interface
increases to advancing contact angle when water-air inter-
face reaches maximum possible deformation.8 The maximum
PC for the square array thus can be calculated as the Laplace
pressure of the maximum deformation of the water-air inter-
face between the textures,

PC = − 2�2�LV cos �A/B . �3�

In Eq. �3�, �LV is the surface energy of the water at
water-vapor interface ��0.073 N /m� and �A is the advanc-
ing contact angle of the water droplet on the flat surface.
Different surface intrinsic wettability will change �A and PC,
and result in different pressure balance and wetting states.
For a flat fluorinated silicon surface, the measured �A is
�128°.

Figure 2�a� shows the top view scanning electron micro-
scope �SEM� image of the silicon posts with A�15 �m,
B�150 �m, and H�20 �m. Figure 2�c� shows the se-
quential images of a water droplet impinging on such sur-
face. The calculated PC was �0.8 kPa, which was smaller
than both PEWH and PD. The droplet thus penetrated into the
textures during both impingement stages, and took a total

wetting state after the impingement. The second post array
�A�15 �m, B�5 �m, and H�20 �m, Fig. 2�b�� was
denser than the first array. The PC increased to �25 kPa,
which was smaller than PEWH but larger than PD. The rela-
tion between pressures is the same as in Fig. 1�c� so there
was water penetration during the contact stage and no pen-
etration at the spreading stage. The droplet took a partial
wetting state after the impingement �Fig. 2�d��.

To minimize water penetration at the contact stage, the
textures need to be denser than those in Fig. 2 to have PC
that can balance PEWH. Figure 3�a� shows the SEM image of
dense silicon nanowires grown on a silicon wafer. The sili-
con nanowires were generated when a precleaned silicon wa-
fer was placed in an inductively coupled plasma chamber
with a controlled flow of etching gases �CHF3 /SF6 /Ar�. The
silicon nanowires were modified with fluorosilane after the
growth. The average width of the wires was �100 nm and
spacing �145 nm. Assuming a square array arrangement,
the estimated PC was �0.9 MPa. As discussed previously,
since PWH ��0.9 MPa� is the upper bound estimation of
PEWH, the real PEWH ��0.9 MPa� might be smaller than the
PC generated from the silicon nanowire surface and the drop-
let would take a nonwetting state. In the experiment the
droplet indeed recoiled and completely bounced off the
modified silicon nanowire surface, with no penetration of
water in both stages �Fig. 3�c��.

Figure 3�b� shows a structure that has a PC much larger
than both PEWH and PD. The structure is a porous surface of
anodized aluminum oxide �AAO� with average pore size of
�38 nm and pore-to-pore spacing of �10 nm. This AAO
surface was generated in an anodization process ��10 min
in concentrated sulfuric acid solution �165 g/l� at 5 °C� and
a subsequent pore widening process ��25 min in 5 wt %
phosphoric acid solution at 25 °C�. For such a porous struc-
ture, the capillary pressure is calculated based on

PC = − 2�LV cos �A/r . �4�

In Eq. �4�, r is the diameter of the pores. The �A for a flat
fluorinated aluminum oxide surface was �120° in the ex-
periment. The calculated PC was �3.8 MPa, which was
much larger than both PEWH and PD. The images in Fig. 3�d�
show that the droplet fully recoiled and completely bounced
off the AAO surface, similar to those in Fig. 3�c�. There is
also an interesting observation of satellite droplets formation

FIG. 2. �a� Top view SEM of the silicon post array with A�15 �m, B
�150 �m, and H�20 �m. �b� Top view SEM of the silicon post array
with A�15 �m, B�5 �m, and H�20 �m. �c� Sequential video images
of droplet impinging on the surface of �a�. The water droplet eventually
stayed pinned to the surface due to the large wetted interface. �d� Sequential
video images of droplet impinging on the surface of �b�. The water droplet
eventually pinched off, with small portion of the droplet staying on the
surface due to the small wetted interface.

FIG. 3. �a� SEM of silicon nanowires �side view�. �b� SEM of AAO surface
�top view�. �c� Sequential video images of droplet impinging on silicon
nanowire surface. The water droplet was eventually completely lifted off the
surfaces, with some satellite droplets forming around the main droplet. �d�
Sequential video images of droplet impinging on AAO surface. The water
droplet was eventually completely lifted off the surfaces, with some satellite
droplets forming around the main droplet.

133109-2 Deng et al. Appl. Phys. Lett. 94, 133109 �2009�



in both Figs. 3�c� and 3�d�, which might be related to the
surface textures and is currently under investigation.

This paper discusses different type of pressures and wet-
ting states experienced by the impinging droplets on textured
surfaces. With the introduction of PEWH, three different wet-
ting states are clearly identified. A design guideline is also
established to generate surfaces that are completely nonwet-
table to impinging droplets. Many applications involve drop-
lets with impinging speed larger than raindrop terminal speed
�4 m/s for 1 mm raindrop�.20 For example, in aircraft and
steam turbine applications, droplets can move tens of or even
hundreds of m/s. In such applications, proper design of the
surface textures with sub-100-nm structures is essential to
avoid possible wetting or partial wetting of the droplets after
impingement. The pressure balance discussed here will also
help design substrates to control the wetting behavior of the
droplets in inkjet or electrohydrodynamic jet printing21 to
achieve high level of lateral resolution.
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