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ABSTRACT: Superhydrophobic coatings and slippery liquid-infused porous
surfaces (SLIPS) have shown their potentials in self-cleaning, anti-icing, antierosion, and antibiofouling applications. Various studies have been done on
controlling the droplet impact on such surfaces using passive methods such as
modifying the lubricant layer thickness in SLIPS. Despite their eﬀectiveness,
passive methods lack on-demand control over the impact dynamics of droplets.
This paper introduces a new method to actively control the droplet impact onto
superhydrophobic and SLIPS surfaces using surface acoustic waves (SAWs). In
this study, we designed and fabricated SLIPS on ZnO/aluminum thin-ﬁlm SAW
devices and investigated diﬀerent scenarios of droplet impact on the surfaces
compared to those on similar superhydrophobic-coated surfaces. Our results
showed that SAWs have insigniﬁcant inﬂuences on the impact dynamics of a
porous and superhydrophobic surface without an infused oil layer. However, after
infusion with oil, SAW energy could be eﬀectively transferred to the droplet, thus
modifying its impact dynamics onto the superhydrophobic surface. Results showed that by applying SAWs, the spreading and
retraction behaviors of the droplets are altered on the SLIPS surface, leading to a change in a droplet impact regime from deposition
to complete rebound with altered rebounding angles. Moreover, the contact time was reduced up to 30% when applying SAWs on
surfaces with an optimum oil lubricant thickness of ∼8 μm. Our work oﬀers an eﬀective way of applying SAW technology along with
SLIPS to eﬀectively reduce the contact time and alter the droplet rebound angles.
KEYWORDS: surface acoustic wave, SLIPS, superhydrophobic, droplet impact, contact time, impact regime

1. INTRODUCTION
Understanding droplet impact behavior onto various surfaces
is crucial for a wide range of applications, including 3D and
inkjet printing, combustion, spray cooling, anti-icing surfaces,
agriculture, forensic assay, and coating processes.1−6 Diﬀerent
factors for controlling droplet impact dynamics on various
surfaces have been extensively investigated, including the
impact regime, contact time (CT), maximum spreading
radius, and rebounding angle.7,8 Advances in smart materials,
micro and nanoscale structures, and surface fabrication
techniques have led to passive surface modiﬁcation methods
that can be used to modify surfaces for diﬀerent
applications.9−14 For example, hydrophilic surfaces have
been made to maximize the contact area upon impact,
desirable for coating, ﬂash cooling, and ink-jetting applications.15,16 On the other side of the spectrum, superhydrophobic surfaces are used for anti-icing and anti-erosion
applications to reduce the solid−liquid contact time during
droplet impact.17−20 However, various problems have been
reported for these surfaces, such as three-phase contact line
(TPCL) pinning, poor mechanical resilience, degradation of
wetting properties over time, or low transparency.21−24
© 2021 American Chemical Society

Inspired by the Nepenthes pitcher plant structure, slippery
liquid-infused porous surfaces (SLIPS) have been developed
to achieve highly smooth and pinning-free surfaces.25,26
SLIPS can be manufactured by imbibing porous and
superhydrophobic nanostructures with a lubricating liquid
(typically oil), which preferentially wets the solid and is
immiscible to the contacting liquid of interest.25 These
surfaces beneﬁt self-cleaning and anti-icing applications as
they can reject various impacting liquids, not exclusively
water-based.25,27,28 In addition, as long as the lubricant is
present and coats the top of the porous medium, the SLIPS’s
properties are expected to be sustained.29 Following these
advantages, SLIPS have been eﬀectively demonstrated for
liquid mass transport.26,27,30−32
Received: May 18, 2021
Published: September 14, 2021
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One of the ﬁrst studies of droplet impact on SLIPS was
carried out by Lee et al.,33 who investigated the eﬀects of the
lubricant viscosity and the Weber number (We) (i.e.,
We =

ρU02D0
,
γ
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with hydrophobic nanoparticles and then impregnating with
silicone oil to convert the surface into SLIPS. Experiments of
droplet impact on these superhydrophobic and SLIP surfaces
with and without the presence of SAWs were carried out, and
the eﬀects of SAWs on the impact rebound regime, contact
time, rebound direction, and maximum spreading radius were
systematically studied.

where ρ, U0, D0, and γ are the density, impact

velocity, initial diameter, and surface tension of the droplet,
respectively) on the impact dynamics. They reported that a
droplet’s rebound and splash depend on the lubricant’s
viscosity. Hao et al.34 investigated the eﬀects of lubricant
viscosity and thickness, as well as the surface roughness of a
substrate on droplet impact dynamics, and tuned the droplet
impact by varying variables of SLIPS structures such as
lubricant thickness and the surface structure. Kim et al.35
further studied the eﬀect of the lubricating layer’s viscosity on
water droplet impact and showed that the maximum
spreading diameter could be modiﬁed by changing the liquid
viscosity. Muschi et al.29 controlled the lubricant layer
thickness by changing the rotational velocity of spin-coating
and showed that a suﬃciently thick lubricant layer is
necessary to prevent dewetting spots on the impacted area.
Kim et al.36 compared the impact dynamics of droplets on
various surfaces, including SLIPS. Their results showed that,
while rough surfaces promote droplet instabilities during the
spreading, lubricant infusion on the surface damps the
droplet’s interfacial vibrations during its spreading and
retraction phases. Baek et al.37 showed that surface tension
and viscosity play important roles in droplet impact
dynamics, and liquid viscosity and surface tension are the
control parameters to change the maximum spreading radius
and contact time.
So far, most studies on modiﬁcation and control of the
droplet impact on a solid surface have been carried out using
passive methods such as surface texturing, superhydrophobic
treatments, and lubricant infusion, such as SLIPS. Only a few
active methods have been introduced to control the droplet
impact dynamics, for example, utilizing electric ﬁelds,38
mechanical vibration,39,40 and ultrasonics.41 Integration of
these active methods with passive surface treatment methods
may be necessary for optimal control of droplet impact on
solid surfaces.
Recently, surface acoustic wave (SAW) technology has
become an important platform for a wide range of
microﬂuidic applications and droplet manipulation,42 including droplet transportation, jetting, atomization, heating, and
internal streaming.43−46 Thin ﬁlm-based SAWs can be
realized on many substrate materials, including silicon, glass,
and metals such as aluminum (Al), thus creating opportunities for a wide range of sensing and microﬂuidic
applications.42 SAWs can be generated at a location remote
from the impact point, and the waves can propagate to the
desired area where they could be used to alter the impact
behavior. SAW generation and propagation can be done on
various surfaces, including ﬂexible and bendable surfaces
using thin-ﬁlm technology.47 SAWs can be switched on and
oﬀ and controlled by modulating the excitation power.
Moreover, it is possible to select their propagation directions
across a solid surface. They have shown potential beneﬁts for
reducing droplet contact time when a droplet is impacted
onto a hydrophobic surface.48,49
This paper investigates the potential for using SAWs to
manipulate and control the droplet impact on SLIPS actively.
We designed and fabricated thin-ﬁlm ZnO/Al SAW devices
whose surfaces were made to be superhydrophobic by coating

2. EXPERIMENTAL METHODS
2.1. SAW Device Fabrication and Characterization. ZnO
ﬁlms (with a thickness of ∼5 μm) were deposited onto (100)
aluminum plates using a direct-current (DC) magnetron sputter
system (NS3750, Nordiko). During deposition, the sputter chamber
was maintained at a pressure of ∼0.35 Pa, with an Ar/O2 ﬂow ratio
of 2/3. Interdigital transducers (IDTs) composed of Cr/Au layers
(with thicknesses of 20/100 nm) were fabricated onto the substrate
using a standard photolithography and lift-oﬀ process. The IDTs
were bidirectional and consisted of 30 pairs of ﬁngers, with an
aperture of 5 mm and a spatial periodicity of 300 μm. The resonant
frequency and amplitude of the SAW devices were measured using a
network analyzer (Keysight, FieldFox N9913A). The Rayleigh waves
were generated on the thin ﬁlm SAW devices by applying RF signals
to the IDTs using a signal generator (Marconi 2024, Plainview,
USA) and ampliﬁed using an RF power ampliﬁer (Ampliﬁer
research, 75A250, Souderton, USA).
2.2. Surface Treatments and Characterization. To render
the device’s surface as superhydrophobic, chemically functionalized
silica nanoparticles suspended in isopropanol (Glaco Mirror Coat
“Zero” from Soft99 Co) were coated onto the surface of the SAW
devices, using a process reported in ref 50 (see Figure 1a). These

Figure 1. (a) Schematic illustration of SLIPS production. (b)
droplet shapes on diﬀerent surface treatments. The embedded
images show the corresponding wetting ridges on the diﬀerent SLIP
surfaces. In all the experiments, the droplet impacts onto a region
far from the SAW generation area (i.e., IDTs).
particles were sprayed onto the surface ﬁve times in this process,
resulting in a porous network of approximately 2 μm in
thickness.50,51 After each spray coating, the surface was dried
using compressed air to aid the solvent evaporation.
The porous nanoparticle structure was then infused with a liquid
lubricant to convert the superhydrophobic surfaces into SLIPS. As
the superhydrophobic coating used was oleophilic, the lubricant was
easily wetted and diﬀused into the porous structure. Silicone oil
(Sigma-Aldrich) with a viscosity of 20 cSt and a surface tension, γ,
of 19.8 mN/m was selected as the lubricant for imbibing. A dipping
robot (Fisnar F4200N) was programmed to withdraw the
nanoparticle-coated surface at controlled speeds from a bath of
silicone oil to control the thickness of the lubricant layer. The
Landau−Levich−Derjaguin equation (ho = 0.94 α Ca2/3, where Ca is
the capillary number and α is the capillary length)52,53 was used to
estimate the thickness of the lubricant layer. In total, four
withdrawal speeds were used for the lubricant layers, e.g. 0.1, 0.5,
1.0, and 1.5 mm/s, producing oil thicknesses varying from 3.0 ± 0.2,
8.7 ± 0.2, and 13.8 ± 0.2 to 18 ± 0.2 μm. The thickness of the
46077
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Table 1. Key Features of the Fabricated Surfaces for this Study
surface

surface type

infused lubricant thickness
(μm)

NTSa
GTSb
SLIPS1
SLIPS2
SLIPS3
SLIPS4
SLIPS5

hydrophobic
superhydrophobic
slippery
slippery
slippery
slippery
slippery

N.A.c
0
1.9 ± 0.2
3.0 ± 0.2
8.7 ± 0.2
13.8 ± 0.2
18.0 ± 0.2

static contact angles
θ (°)
98
157.1
110.9
101.5
93.6
88.2
84.1

±
±
±
±
±
±
±

2.0
3.8
1.3
1.2
0.8
0.4
1.9

advancing contact angle
θadv (°)

receding contact angle
θrec (°)

111 ± 1
167.3 ± 1.5
N.A.
N.A
N.A
N.A
N.A

49 ± 1
157.7 ± 2.2
N.A.
N.A.
N.A.
N.A.
N.A.

sliding angle
θSA (°)
N.A.
N.A.
3.4 ±
0.5 ±
0.2 ±
0.2 ±
0.2 ±

0.2
0.2
0.2
0.2
0.2

a

The ZnO/Al substrate with no treatment. bGLACO nanoparticle-deposited surface. cNot applicable.

thinnest lubricant layer used in the experiments was about 1.9 μm ±
0.2 μm54 and was equivalent to the nanoparticle layer’s thickness
(i.e., a conformal SLIPS).54 To calculate the porosity of this
nanoporous layer, the coated substrate is imbibed with silicone oil
and rinsed under running water for at least 30 s to obtain a
conformal silicone oil coating on the substrate. The diﬀerence in the
weight of the sample before and after this oil imbibition process
provides the volume of oil present in the pores (considering a
density of 995 kg/m3). The porosity of the nanoparticle layer is
obtained experimentally as 0.57 ± 0.15.
The surfaces were characterized using a drop shape analyzer
(Krüss DSA 30). Measurements of static contact angles, θ, and
contact angle hysteresis, ΔθH, (i.e., the diﬀerence between advancing
and receding contact angles) were performed using droplets of
deionized water (with a volume of 2 μL). For hysteresis
measurements, a 2 μL droplet was placed onto the surface and
subsequently inﬂated by 4 μL, left to settle for 10 s before being
deﬂated. The advancing contact angle, θadv, (e.g., the largest possible
angle achievable on the surface before contact line motion) was
extracted from the inﬂation procedure, and the receding contact
angle, θrec, (e.g., the smallest contact angle achievable on the surface
prior to contact line motion) was obtained from the deﬂation step.
Table 1 lists the measured data from the samples with diﬀerent
surface treatments.
On the SLIPS, a contact angle could not be measured using the
above method as there was no direct droplet contact with the solid
surface, only an observable liquid−liquid contact between the
droplet and lubricant. This liquid−liquid contact resulted in a
lubricant wetting ridge surrounding the droplet base (see Figure 1b).
Therefore, an apparent static contact angle, θapp, was measured from
the top of the wetting ridge.54 Moreover, it was impossible to
determine advancing or receding apparent contact angles by
inﬂation/deﬂation experiments as the contact line was highly
mobile. Therefore, DI water droplets (2 μL) were placed on the
surface, and the stage was tilted in a step of 0.1° increments until
the droplet was observed to move smoothly across the surface. This
gave the sliding angle, θSA, of the surface, which was the smallest
angle at which drop movement was observed. The water droplets’
sliding angles and contact angles on both the treated and untreated
surfaces are listed alongside the contact angles on these surfaces (see
Table 1).
2.3. Droplet Impact Tests. Droplets of deionized water with an
initial diameter, Dd = 1.89 × 10−3 m, were generated from a
hypodermic needle (BD Microlance, inner diameter Dn = 1.5 × 10−3
m) mounted on a 2D positioner using a syringe pump. The droplets
were released from a set height, H = 0.1 m, with an initial velocity
of zero to reach the desired velocity before the impact on the
surface of the device (which was set horizontally). The capillary
regimes investigated in this study were in a range that the maximum
spreading diameter scales with We0.25.12 The impact sequences and
their outcomes were captured from a side view using a high-speed
camera (HotShot 1280 CC) with Navitar 6.0× zoom lens and 0.5×
objective lens at 5000 frames per second and a resolution of 432 ×
244 pixels. A MATLAB image processing toolbox was used to
analyze the temporal evolution of the droplet contact width. A set of
systematic experiments was performed to fully understand the eﬀect

of SAW propagation on the SLIPS and superhydrophobic surfaces
on droplet impact dynamics. The thickness of the lubricating layer
and the power of the SAWs were varied in these experiments that
were carried out under atmospheric conditions (temperature of 23
± 0.5 °C and 30 ± 1% relative humidity). Under these conditions,
the deionized water’s density and surface tension were 995 kg·m−3
and 0.072 N·m−1, respectively. Each test was repeated four times for
a given SAW power and surface treatment to conﬁrm the
repeatability.

3. RESULTS AND DISCUSSION
3.1. Droplet Impact Dynamics without SAWs. The
snapshots of droplet free impact (FI, i.e., no SAW applied)
on the device’s surface with diﬀerent surface treatments are
presented in Figure 2. After the impact, the liquid’s initial

Figure 2. Snapshots of water droplet free impact on the solid
surface of the ZnO/Al SAW device with (a) no treatment, (b) a
superhydrophobic surface, (c) SLIPS with a lubricant thickness of 2
μm, surface treatment. In all experiments, a droplet with a volume of
3.56 μL is impacting the solid surface with a velocity of 1.4 m/s. All
the impacts on the surfaces are recorded at a frame rate of 5000 fps.
For comparisons between the impact dynamics, all the snapshots on
all three surfaces are illustrated at the same time.

kinetic energy is either dissipated or converted into surface
energy.48 Energy dissipation mainly happens due to the
internal recirculations inside the liquid medium (viscous
dissipation) or interaction of the liquid and solid (the eﬀect
of friction and TPCL pinning).48 After reaching the
maximum spreading radius, the stored surface energy starts
46078
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to be converted into kinetic energy, and the droplet retracts
toward the impact point. The determining factor of the
impact outcome is the energy dissipation during the
spreading phase.49 The main sources of energy dissipation
during the impact are viscous dissipation (both lubricant and
water) and the TPCL pinning, FP, which can be expressed
by55
FP =

24
γ w{cos(θrec) −cos(θadv)}
π 3 lv

(1)

where γlv is the droplet liquid surface tension, w is the contact
width, and θrec and θadv are the receding and advancing
contact angles, respectively.
Figure 2a illustrates the droplet impact on the ZnO/Al
device’s surface without surface treatment (e.g., nontreated
surface, NTS). Due to the high surface roughness of the
substrate and a large contact angle hysteresis, the pinning
force causes signiﬁcant dissipation of the droplet’s initial
kinetic energy, and the droplet adheres to the surface at the
end of the retraction phase.
The temporal evolution of the droplet impact on the
superhydrophobic surface (e.g., GLACO-treated surface,
GTS) is illustrated in Figure 2b. During the impact of the
drop onto this superhydrophobic surface, an air cushion
usually is present within the nanostructures.56 The trapped
air results in a short and discrete TPCL that signiﬁcantly
reduces the liquid adhesion on the solid surface.57 Therefore,
the energy dissipation is reduced, and the droplet has enough
kinetic energy to be separated from the surface at the end of
the retraction phase as a liquid jet.
Droplet free impact phenomena on SLIPS1 (e.g.,
conformal SLIPS with a minimum lubricant layer thickness
in this study) are shown in Figure 2c. The presence of a
lubricant ﬁlm between the solid surface and the water droplet
inhibits a direct water−solid contact and therefore signiﬁcantly reduces energy dissipation due to contact line pinning
(evident from the sliding angle data in Table 1). As the
energy dissipation due to the contact line pinning is
signiﬁcantly reduced (compared to the droplet impact on
the NTS), more energy is available to promote a partial
rebound from the surface in the retraction phase. However,
the SLIPS causes higher adhesion to droplets in the direction
normal to the surface.58 Therefore, only a partial droplet
rebound is observed. Figure 2c clearly shows that for the
SLIPS, a capillary neck forms and breaks, leaving behind a
smaller droplet on the surface, whereas on the surface of
GTS, it appears to be a full rebound.
3.2. Droplet Impact Dynamics with SAWs. Figure 3
shows the recorded droplet impact images onto diﬀerent
substrates while SAWs propagate on the solid surface. The
SAWs are generated ∼2 s before the droplet impact (to avoid
the potential heating eﬀect) by applying an RF power of 20
W to the IDTs. Our observations showed that the applied
SAW energy did not apparently change the impact regime
after the droplet impacted on the untreated surface of the
ZnO/Al SAW device. The droplet was still retained by the
surface without any rebounding (see Figure 3a). However,
the droplet was slightly transported along the SAW
propagating path, while signiﬁcant vibrations and interface
deformations were noticed during the impact. With the SAW
power increased from 5 to 35 W, droplet rebound was not
observed in all the impact experiments.

Figure 3. Snapshots of water droplet impact on the solid surface of
the ZnO/Al SAW device with (a) no treatment (NTS), (b) a
superhydrophobic and porous surface (GTS), and (c) SLIPS with a
lubricant thickness of 2 μm. In all the experiments, a droplet with a
volume of 3.56 μL is impacting the solid surface with a velocity of
1.4 m/s. During the impact, SAW with a power of 8.5 dB (∼20 W)
is propagating from right to left. All the impacts on the surfaces
were recorded at a frame rate of 5000 fps. The ﬁrst four rows
compare the droplet shapes at the same time after the onset of the
impact. The last row shows the droplet shapes after 10 ms for the
NTS and at the separation moment for the GTS and SLIPS1.

Interestingly, for the porous and superhydrophobic (GTS)
surface, no apparent diﬀerences were observed in the droplet
impact dynamics with and without applying SAW power
(compare Figures 2b and 3b). For a preliminary interpretation, we consider an equivalent acoustic impedance model for
acoustic transmission from the substrate through a porous
layer ﬁlled with either air or oil to explain the basic features
of the observation. Using the Johnson−Champoux−Allard
(JCA) equivalent ﬂuid model, the acoustic impedance Zp of
the porous layer can be obtained by59
ZP =

ρeff Keff

(2)

ij
4α∞2 ηρ
σϕ
j
ρeff = α∞ρ0 jjjj1 +
1 + jω 2 2 02
j
jωρ0 α∞
σ Λϕ
k

where

Keff = ÄÅ
ÅÅ
i
ÅÅ
ÅÅγ0 − (γ0 − 1)jjjj1 +
ÅÅ
j
ÅÅÇ
k
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zz
zz
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−1Ñ
Ñ

zyz
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{

(4)

where α∞ is the tortuosity and ϕ is the porosity of the
nanoporous layer, ρ0 and η are the density and viscosity of
the ﬂuid in the porous layer, ω = 2πf is the angular frequency
of the wave, σ is the ﬂow resistivity of the porous layer, j is
the imaginary number, Λ = 8α∞k 0/ϕ is the viscous
characteristic length60 and Λ′=3.33 8α∞k 0/ϕ
46079
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thermal characteristic length of the porous layer61 k0 = η/σ,
γ0 is the ratio of speciﬁc heats, P0 is the static pressure, and
Pr is the Prandtl number. The tortuosity is estimated using
the model for spherical particles by Du Plessis and
Masliyah:62
α∞ = ϕ/[1 − (1 − ϕ)2/3 ]

reﬂection coeﬃcient is 0.277. The reduced value of the
reﬂection coeﬃcient indicates a signiﬁcantly larger SAW
energy being transferred from the substrate as compared to
the case of the porous and superhydrophobic (e.g., GTS)
coating. For the SLIPS with a thin lubricant layer of 2 μm
(see Figure 3c), the impact regime is changed from the
partial rebound to the full jetting. The last snapshot of Figure
3c shows that the SAW also modiﬁes the rebounding angle.
To quantitatively compare the eﬀect of SAW on droplet
impact dynamics, we investigated the temporal evolution of
the normalized contact width, β (i.e., the ratio of the droplet
contact width to the droplet’s initial diameter). These data
were obtained from the image processing of the videos taken
from the experiments’ side views. As shown in Figure 4a for
the NTS case, no remarkable diﬀerence is observed by

(5)

The ﬂow resistivity (σ = 8η/ϕr2) is obtained via Darcy’s
law assuming a Poiseuille ﬂow and that the porous layer is
equivalent to an array of capillary tubes with a radius equal to
the pore size (r).
The equivalent acoustic impedance (Zeq) of the porous
layer and water droplet, as seen by a wave travelling in the
substrate, can be obtained from63
Zeq = ZP

Zw + jZP tan(kPtP)
ZP + jZw tan(kPtP)

Research Article

(6)

where Zw = ρwcw is the acoustic impedance of water, ρw is the
density of water, and cw is the speed of sound in water. tP is
the thickness of the porous layer and kp = ω

ρeff 59
Keff

.

The

nanoporous layer on our substrates has a thickness of ∼1 μm.
For the superhydrophobic surface, Zeq is obtained as 1.04
×104 rayl, which is almost 3 orders smaller than the acoustic
impedance of the substrate (Zsubstrate = 1.7 × 107 rayl). The
reﬂection coeﬃcient |(Zeq − Zsubstrate)/(Zeq + Zsubstrate)|2 for
this case is obtained as 0.998. Therefore, a large impedance
mismatch indicates weak transmitted acoustic energy from
the substrate to the air-water ﬁlms.
This simple model can explain key features of our
observation that there is no apparent change of the drop
impact dynamics on the GTS surface. These results are also
interesting since previously, Sudeepthi et al. reported a
Cassie−Wenzel wetting transition on a superhydrophobic
nanoparticle surface induced by SAWs.64 Their results
showed that by subjecting the superhydrophobic nanoparticle
surface to SAWs constantly for ∼20 s, the liquid could
penetrate the nanoparticles, and the wetting behavior of the
surface can irreversibly be changed to a Wenzel state.
However, for the impact cases in this study, due to the fast
dynamics of the phenomenon (duration of the whole
impingement is ∼8 ms), the liquid (water) does not have
enough time to penetrate the porous nanoparticulate
structures. Therefore, due to the existence of air gaps, the
surface vibration will not be eﬀectively transmitted into the
liquid medium, and thus the impact dynamics will not be
changed.
In order to conﬁrm this, we have done veriﬁcation using
droplet transportation on the superhydrophobic (e.g., GTS)
surface. We located a droplet with the same volume on the
surface and applied SAWs with various applied powers to the
IDTs. We did not observe any pumping or jetting behavior
after applying high power (34 W) to the SAW device,
proving that wave energy has not been eﬀectively transferred
from the top surface into the droplet.
Figure 3c shows that after the lubricant has been infused
into the superhydrophobic layer (in which a conformal SLIPS
is formed and the air gaps in the porous medium are ﬁlled),
the SAW energy can be eﬀectively transmitted to the droplet
during the impact. If we use eqs 1 and 2 for an oil ﬁlm (and
Kef f = 1.02 × 109 for the oil), we can obtain that the acoustic
impedance characteristics of the SLIPS is 3.6 × 107 and the

Figure 4. Temporal evolution of the normalized contact width for
droplet impact on (a) the surface without treatment (e.g., NTS),
(b) surface covered with superhydrophobic nanoparticles (e.g.,
GTS), and (c) conformal SLIPS (SLIPS1). For all the experiments,
a droplet with a volume of 3.56 μL is impacting onto the solid
surface with a velocity of 1.4 m/s. SAW with a power of 20 W is
propagating on the surfaces.
46080
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applying the SAW power. For the droplet impact on the NTS
(see Figure 4a), the experimental results revealed that the
SAW energy during the impact is not large enough to
overcome the adhesion forces during the impingement, and
therefore by applying a SAW power of up to 15 W, the
droplet could not be separated from the surface. Thus, after
the contact width is reduced (during the retraction phase) by
∼30%, it starts to increase (due to gravitational and surface
energy), and then the droplet adheres on the surface.
However, since the external SAW energy is applied to the
system during the impact, the droplet is transported on the
surface by applying the SAW. For both cases, the ﬁnal
contact width is similar. A comparison between the droplet’s
normalized contact width in the impact scenarios on the
surface with superhydrophobic (GTS) treatment (see Figure
4b) shows that impact dynamics remain unchanged by
applying the SAWs. In these scenarios, SAW energy has not
been eﬀectively transmitted to the impacting droplet, as
explained before.
The lubricant penetration within the air gaps leads to the
transmission of SAW energy into the droplet during the
impact, thus changing the droplet’s impact dynamics. As
illustrated in Figure 4c, for the droplet impact on the SLIPS
with a lubricant thickness of 2 μm, SAWs change the impact
regime from a partial rebound to a complete rebound, and
the droplet is fully separated from the surface within ∼22 ms.
To better understand the SAWs’ eﬀect on impact
dynamics, we analyze the velocity of the droplet edges, and
the obtained results are shown in Figure 5. The blue lines
show the edge velocities for the FI scenarios, and the red
lines illustrate the SAW scenarios’ velocities. The spreading
phase is between the impact moment and when the left edge
velocity (LEV) and right edge velocity (REV) are reduced to
zero in all the ﬁgures. After that period, the retracting phase
started while the magnitudes of REV and LEV start to
increase (for a better illustration, these two areas are
separated by the shaded areas as shown in Figure 5b). For
all the cases, the LEV and REV have their maximum values
just after the impact, but they decrease sharply as the droplet
spreads on the surface.
We have shown in our previous studies that 75 to 90% of
the droplet’s initial kinetic energy is dissipated during the
spreading phase due to the viscous dissipation (which is a
result of internal recirculation inside the droplet)48 and the
work done by the resistive forces at the three-phase contact
line area (WR ∝

cos(θrec) − cos(θadv)
1 − cos(θadv)

Figure 5. Velocities of right and left edges of the droplet during the
impact along the X-direction for droplet impact on the solid surface
of the ZnO/Al SAW device with (a) the non-treated surface (NTS),
(b) surface covered with GLACO nanoparticles (GTS), and (c)
conformal SLIPS (SLIPS1). In all the experiments, a droplet with a
volume of 3.56 μL is impacting the solid surface with a velocity of
1.4 m/s. For the cases with SAW propagation (i.e., red markers), the
power of the wave is 20 W, and it is propagating in the X-direction
(i.e., right to the left)

).49 From the literature, we

also know that the retraction velocity scales as
1 − cos(θrec) .65 Therefore, at the end of the retraction
phase, the droplet cannot rebound from the NTS surface due
to higher energy dissipation by the resistive forces and lower
retracting velocity. By applying SAWs on the surface during
the impact, a pressure ﬁeld is applied to the liquid medium
v
along the Rayleigh angle (θR = sin−1 vL , where vL and vS are

A

correlation λ = 8.15 × 10−6PRF 0.225 + 5 × 10−6PRF 0.8 was
used, where λ is the SAW wavelength and PRF is the applied
power to the IDTs in watts.66
By applying SAWs to a droplet impacting on the NTS, the
LEV is similar to free impact scenarios. However, due to the
transferred SAW energy on the right edge, the SAWs resist
the droplet’s spreading, and thus a REV is reduced
(compared to that in the free impact scenario). Once the
droplet starts to retract, since the X-component of SAW force

S

the sound velocities in the liquid and solid mediums). The
applied SAW energy to the droplet can be evaluated by64
ESAW ≈

1
ρV (Aω)2
2
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(7)

where V is the droplet volume, ω and A are the resonant
frequency and amplitude of SAWs, respectively, and ρ is the
liquid density. To estimate the SAW amplitude, the empirical
46081
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and contact line motion directions are aligned, the REV is
increased up to 0.17 m/s and then decreased to zero.
The temporal evolutions of REV and LEV values for the
droplet impact on the superhydrophobic (e.g., GTS) surface
are illustrated in Figure 5b. As shown in Figure 5b, both the
velocities are similar to those of the NTS impact scenario
during the spreading. During the spreading phase, the
primary energy dissipation mechanism is viscous dissipation
(e.g., due to the internal recirculation). The diﬀerences in the
surface treatment do not show an eﬀect on the velocities.
However, since the diﬀerence between the advancing and
receding contact angles for the GTS is low, the energy
dissipation due to the resistive force is insigniﬁcant compared
to that in the NTS case. Once the retraction phase starts,
both the edges’ velocities increase sharply (see Figure 5b) to
a peak value and then slightly decrease until the droplet is
separated from the surface after 9.4 ms as a jet.
The REV and LEV dynamics are pretty diﬀerent for the
impact cases on SLIPS since there is a liquid layer between
the droplet and the solid surface. Figure 1b shows that a
wetting ridge is formed during the droplet’s impact onto the
SLIPS, which dissipates the droplet kinetic energy. Figure 5c
shows that the maximum spreading velocity for the impacts is
up to 50% lower than those on the superhydrophobic
nanoparticle surface (where the resistive force against the
contact line motion is negligible). The formation of the
wetting ridge around the droplet rim during the spreading
phase resists the motion of the three-phase contact line. For
the conformal SLIPS scenario, after reaching the maximum
spreading radius (i.e., both REV and LEV become zero), the
TPCL starts to retract toward the center with an increasing
velocity. After reaching a peak value (for both the REV and
LEV), the contact line velocity gradually decreases until a
sub-unit is separated from the main droplet, and then the
contact line velocity becomes zero. During the retraction
phase, the contact line acceleration (i.e., the gradient of the
REV and LEV lines) is higher for the GTS impact case than
the conformal SLIPS case. This can be explained by
comparing the resistive forces in the contact line regions
for the GTS and SLIPS impact scenarios. As discussed above,
there is no signiﬁcant resistive force against the contact line
motion in the GTS impact (since the contact angle hysteresis
is quite small); the formed wetting ridge around the droplet
resists the contact line motion for the SLIPS cases. By
applying SAWs from the right edge, initially, a decrease of
REV up to 50% can be observed. More interestingly, REV
becomes zero at a time of 1.6 ms sooner than LEV, meaning
that the retraction phase in the right side of the droplet
(induced by SAWs) starts while the left edge is still
spreading. After reaching their peak values, both the REV
and LEV are reduced to ∼0.09 m/s and then the droplet is
detached from the surface. The X-component of the SAW
force transports the droplet horizontally across the device
surface during its impingement.
3.3. Eﬀect of Lubricant Thickness on Impact
Dynamics. We further carried out droplet impact experiments on SLIPS with various lubricant thicknesses, and the
results are shown in Figure 6a. In all the experiments, a
droplet with a volume of 3.56 μL and an impact velocity of
1.4 m/s was impacted onto the surface. For the free impact
scenarios, a partial rebound impact regime was observed for
the droplet impacting the SLIPS1 (conformal) surface. By
increasing the lubricant thickness to 3 μm, the impact regime

Research Article

Figure 6. (a) Eﬀects of applied SAW power and lubricant thickness
on the droplet contact time. In all the experiments, a droplet with a
volume of 3.56 μL and a velocity of 1.4 m/s impacts onto SLIPS
surfaces with various oil thicknesses. (b) Schematic illustration of
droplet interface deformations during the spreading phase. The
dashed line in the right image illustrates the oil−water interface. Sa
and So are the areas of the droplet interfaces in contact with air and
oil, and S∞ is the area of the oil layer surface in contact with the
ambient air. Additionally, subscripts 0 and m refer to the onset of
impact and maximum spreading moment, respectively.

was changed from a partial rebound to complete detachment,
and the droplet was separated from the surface after 22.6 ms
(see Figure 6a). For the surfaces with an oil layer thickness of
8.7 μm, the CT was ∼21.6 ms. However, this value did not
change signiﬁcantly with the further increase of lubricant
thickness, as shown in Figure 6a.
To explain this phenomenon, we can focus on the energy
evolution during the droplet’s impact on diﬀerent surfaces,
assuming that the droplet has an initial energy of E0, which is
the sum of initial kinetic energy and surface energy of the
droplet. Our previous numerical results have shown that the
gravitational energy conversions can be negligible during the
droplet’s impact.48 During the droplet’s spreading, the initial
kinetic energy of the droplet starts to dissipate or is
converted into surface energy.48 The main mechanisms for
energy dissipation are (1) viscous dissipation (i.e., the
irreversible process that converts the work done by shear
stresses of adjacent layers of ﬂuid to heat) and (2) strong
interaction between water and oil at their interface (such as
adhesion force in the oil−water interface and resistance of
wetting ridge against three-phase contact line motion).
With the increase of the oil thickness, the balance between
the energy dissipation and surface energy has been changed
mainly due to two reasons.
First, as the oil thickness increases, the wetting ridge’s
height increases, as shown in Figure 1b. Therefore, the
wetting ridge could prevent the contact line motion during
the droplet’s spreading and retracting phases, and thus more
energy is dissipated during the impact.
Second, during the droplet’s impact onto SLIPS, the
deformation of the oil−water interface during the droplet’s
spreading phase could store more energy. As illustrated in
46082
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shaded area in Figure 6a), the contact time decreases by
increasing both the oil thickness and the applied SAW power.
As explained already, by increasing the oil layer thickness, the
surface energy stored in the oil medium could enhance the
droplet’s rebounding. Additionally, by increasing the applied
SAW power, more kinetic energy is transferred from the
SLIPS to the droplet during its impingement process, which
accelerates the droplet’s detachment from the surface.
However, in the higher SAW power region (see the righthand shaded area in Figure 6a), the minimum contact time is
achieved with an oil layer thickness of 8.7 μm (SLIPS3),
whereas further increase of oil layer thickness results in the
increase of the contact time.
We repeated the experiments for droplet impacts on
samples of SLIPS3, SLIPS4, and SLIPS5. In these experiments, the camera was adjusted to locate at ∼10 cm above
the surface with an inclination angle of 15°, in order to
observe the surface of the samples during the impact. We
found that at higher SAW powers (i.e., larger than 15 W), the
oil layer was apparently moved forward by applying SAWs on
the samples of SLIPS4 and SLIPS5 (see the Supporting
Video 1), but not on SLIPS3. These results clearly prove that
by applying higher SAW powers, part of the SAW energy has
been used to drive the oil layer on the surface for the thicker
oil layer samples of SLIPS4 and SLIPS5. Therefore, less
powers could be available to eﬀectively retract/detach the
droplet from the surface during the impact.
To explore the SAWs’ potential to control the droplet
impact behaviors on SLIPS, we studied other impact
parameters such as the droplet’s horizontal transportation
distances on the surface before the liquid jet’s detachment
and redirection. The horizontal movement of the droplet
during the impingement, δ ( δ = d/D0 where d is the distance
between the impact and detachment points and D0 is the
original droplet diameter), as a function of the applied SAW
power is illustrated in Figure 7a. Our results indicate that by
decreasing the lubricant thickness or increasing the applied
SAW power, the horizontal movement of the droplet has
been increased. In the literature, it is well explained that
SAWs are attenuated due to the generation of acoustic
streaming when the SAW energy is dissipated into a liquid
medium such as silicone oil.67 With the increase of oil layer
thickness, the wetting ridge of the droplet is enlarged (see
Figure 1b), and thus the resistance against the droplet motion
is increased. Partial of the SAW energy has also been
dissipated into the oil layer. These two factors lead to the
decrease of the value δ. By increasing the SAW power or
wave amplitude, more momentum along the SAW propagation direction is applied to the droplet, and thus the value
of δ is increased. The direction angles of the liquid jet during
the retraction phase induced by the SAWs are illustrated in
Figure 7b. The direction angle was measured as the deviation
from the vertical direction in the anticlockwise direction (see
the embedded ﬁgure for the deﬁnition). From Figure 7b, we
can see that this angle gradually increases due to the SAW
actuation with a successive increase in the applied SAW
power.
3.4. Eﬀect of Impact Velocity on Impact Dynamics.
We further performed three characteristic experiments of
droplet impact with various impact velocities onto the
conformal SLIPS. Three impact scenarios with the initial
impact velocities of 1.0, 1.4, and 2.0 m/s were selected to
investigate the eﬀect of initial impact velocity on the impact

Figure 6b, the total interfacial/surface energy of an oil−
liquid−air system (ESurface) for a droplet in contact with the
oil layer of SLIPS can be given by
ESurface = γLASa ,0 + γLOSo ,0 + γOAS∞

(8)

where γLA, γLO, and γOA are the interfacial tensions (i.e.,
surface energies per unit area) of the droplet−liquid−air
(72.8 mN/m), droplet−liquid−oil (38 mN/m), and oil−air
(19.8 mN/m) interfaces, respectively. Sa,0 and So,0 are the
areas of the droplet interfaces in contact with air and oil, and
S∞ is the area of the oil layer surface in contact with the
ambient air. Here, we deﬁne the changes of surface energy
associated with droplet spreading as ES = ESurface − γOAS∞.
The reference surface energy, ES,0, is equal to the droplet
surface energy at the onset of impact.49 The amount of the
additional surface energy (which is converted from the initial
kinetic energy during the spreading) at the maximum
spreading moment, ES, m is:
ES , m = γLA(Sa , m − Sa ,0) + γLO(So , m − So ,0)

Research Article

(9)

where Sa, m and So, m are the areas of the droplet interfaces in
contact with air and oil at the maximum spreading moment.
For the conformal SLIPS, since the volume of the oil layer
on top of the GLACO coating is negligible, the second term
in eq 9 becomes zero, and thus, there could be less kinetic
energy provided during the droplet’s retraction phase, which
will not easily achieve a complete rebound. For the SLIPS
with a thicker oil layer, the value of h (see Figure 6b) is
larger, and the oil medium could have more space to deform.
Thus, the value of So, m is increased, and more energy could
be stored as surface energy during the spreading phase. This
additional surface energy could be converted back to kinetic
energy during the retraction phase, thus providing the droplet
with more energy to be detached from the surface in a much
shorter time. For example, by increasing the thickness of the
oil layer to 3 μm, the stored surface energy during the
spreading phase is increased. In addition, due to the
formation of a larger wetting ridge, much more energy is
dissipated; therefore, a complete rebound was observed at
22.6 ms. By further increasing the oil layer thickness to 8.7
μm, the additional surface energy overcomes the dissipated
energy due to the wetting ridge’s resistance to the contact
line motion.
By applying SAWs to the SLIPS during the impingement
process, the balance between the energy terms has been
signiﬁcantly changed. The applied SAW energy increases the
kinetic energy of the droplet during the impact. Although the
internal recirculation inside the droplet could partially
dissipate the droplet’s kinetic energy, the rest of the applied
SAW energy can still be converted into kinetic energy. This
additional kinetic energy will reduce the contact time and
change the direction of the rebouncing droplet. As clearly
shown in Figure 6a, by applying the SAWs to SLIPS samples,
the contact times are decreased compared to those for the
free impact scenarios. For instance, a maximum of ∼30%
reduction in the contact time was observed by applying SAW
with a power of 30 W to the SLIPS3 during the impact. By
analyzing the data, Figure 6a could be divided into two
regions for discussions: (a) a lower SAW power region (i.e.,
with applied SAW power lower than 15 W) and (b) a higher
SAW power region (i.e., with applied SAW power higher
than 15 W). At the lower SAW power region (e.g., the green
46083
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Figure 7. (a) Droplet’s horizontal transportation distances and (b)
droplet rebounding angles along the solid surface during the impact
normalized by initial droplet diameter. In all experiments, a droplet
with a volume of 3.56 μL is impacting the solid surface with a
velocity of 1.4 m/s.
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Figure 8. (a) Droplet contact time as a function of applied SAW
power for diﬀerent initial impact velocities. (b) Maximum spreading
ratio βMax as a function of applied SAW power for diﬀerent initial
impact velocities. In all experiments, a droplet with a volume of 3.56
μL is impacting onto the SLIPS1.

impingement. This increased transferred energy, which in
turn reduces the droplet contact time.
For many industrial applications, including aviation,
transportation, wind turbines, and telecommunications, it is
desirable to avoid condensation or ice formation on
surfaces.65 Antisticking or anti-icing surfaces have been
designed to achieve this goal. Typically, these surfaces are
designed for scenarios when a supercooled droplet impacts
onto a surface, which could be at a sub-zero temperature.
The contact time between the liquid and solid surfaces must
be lower than the ice nucleation time to prevent ice
formation. Therefore, anti-icing surfaces should have the
minimum possible contact time with the impact droplets. In
addition, it is crucial to avoid droplet deposition on a surface
for many industrial applications, and it is ideal to remove the
droplet from the impact area in the shortest possible time to
keep the surface uncontaminated. Overall, our results showed
that integration of SLIPS and thin-ﬁlm SAW technologies
could lead to the design of a smart surface that can reduce
contact time and change the impact regime. In addition, the
rebounding angle can also be actively altered, which might be
attractive for 3D-bioprinting applications.

dynamics. Figure 8a shows the obtained contact times as a
function of the applied SAW powers. For the impact
velocities of 1.0 and 1.4 m/s, when the SAW power is
lower than 15 W, the droplet cannot be detached from the
surface at the end of the retraction phase. For these two
cases, the sum of kinetic energy and applied SAW energy at
the end of the retraction phase is not high enough to
separate the droplet from the surface. Meanwhile, when the
applied SAW power is higher than 15 W, a complete rebound
could be observed.
For the cases with the impact velocity of 2.0 m/s, droplets
are fully separated from the surface at all the applied SAW
powers (even in free impact cases), and the contact time is
reduced by increasing the impact velocity at higher powers
(see Figure 8a). To explain this, we will consider the
maximum spreading ratio of the droplet, βMax. As illustrated
in Figure 8b, the maximum spreading ratio decreases by
increasing the applied SAW power. We have observed similar
behavior for the droplet impact onto a hydrophobic surface
and have explained (with numerical simulation results) this
phenomenon in our previous publication.49 We further
explain why the contact time is shorter for the cases with
higher impact velocities at the same applied SAW power
based on the maximum spreading radius of the droplet. The
amount of the SAW energy transferred to the droplet is a
function of the droplet contact area with the surface. By
increasing the initial impact velocity, the maximum spreading
radius of the droplet increases (see Figure 8b), and thus
more energy is transferred to the droplet during the

4. CONCLUSIONS
This paper introduced a methodology to control the droplet
impact on surfaces using ZnO/Al SAW devices, which were
coated with various surface treatments, namely, GLACO
nanoparticles and SLIPS. Our results showed that when the
surface was coated with nanoparticles, forming a super46084
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hydrophobic layer, SAWs did not alter the droplet impact
dynamics due to a large acoustic mismatch between the
device’s surface and this nanoporous superhydrophobic layer.
However, when a lubricant layer was infused into the
nanopores among the nanoparticles, SAWs can be transmitted from the device’s surface through the liquid medium
during the droplet impact, thus changing the impact regime,
contact time, and rebounding angle. The results showed that
the presence of SAWs during the droplet impact on SLIPS
can signiﬁcantly change the contact time and rebounding
angle. We further investigated the eﬀects of the oil thickness
and SAW power on the impact dynamics, and the contact
time was reduced up to 30% by applying SAWs with an
optimum oil lubricant thickness of ∼8 μm. Our work oﬀers
an eﬀective way to use SAWs with SLIPS to reduce the
contact time and alter the droplet rebound angles.
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