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influential hydrodynamic approximations for the acoustic 
streaming velocity by considering the time-independent 
gradient of radiation pressure induced by attenuated plane 
waves in a fluid medium (Eckart 1948).

Surface acoustic wave (SAW) has been known as a 
potential actuator to manipulate liquid in the microscale 
regime (Friend and Yeo 2011; Luong et al. 2011; Schmid 
et al. 2012; Shi et al. 2009; Xuan et al. 2010). Recently, 
experimental and theoretical works have been conducted 
to explain and categorize droplet deformation phenomena 
(which occur due to the interaction of a SAW with a sessile 
droplet), into several regimes (i.e., oscillation, translation, 
streaming, jetting, and atomization) (Brunet et al. 2010; Qi 
et al. 2008; Tan et al. 2009). The characterizations of the 
regimes depend on the capillary wave characteristic (i.e., 
viscous-capillary resonance frequency, fc =

√

γ /ρR3, 
where γ is the surface tension of the liquid, ρ is the liquid 
density, and R is the characteristic length of the droplet) on 
the interfacial boundary and the streaming velocity on the 
bulk (which is represented by streaming Reynolds number 
Res ≡ ρUsRd/µ, where Us is the streaming velocity, Rd is 
the radius of droplet, and µ is the liquid viscosity). In addi-
tion to that, the explanation of these phenomena also entails 
the fundamental knowledge of the surface acoustic wave 
diffraction into a free surface droplet at the Rayleigh angle 
(Fig.  1a) θR = sin−1 (cw/cs) ≈ 22o, due to the mismatch 
of wave propagation speed in water (cw = 1, 485 m/s) and 
substrate (cs = 3, 965 m/s). As a result, the acoustic radia-
tion leaks into the droplet and generates a longitudinal 
pressure wave that induces the recirculation streaming flow 
(known as the acoustic streaming flow) (Qi et al. 2008). 
The acoustic streaming force could be explicitly expressed 
as (Shiokawa et al. 1989)

F = −ρ

(

1+ α2
)3/2

A2ω2ki exp 2(kix + αkiy)

Abstract  We investigated the unusual droplet jetting 
formation as a response to the high intensity of a focused 
acoustic wave on superhydrophobic surface. When focused 
surface acoustic waves come into contact with a free sur-
face droplet, an elongated pinched liquid column is formed 
due to the translation of the acoustic radiation force into the 
inertial body force on the bulk of the droplet. This phenom-
enon, however, was found to differ as the surface wettabil-
ity changed. We examined this phenomenon by conducting 
an experimental observation of the droplet deformation, 
and a further analysis was carried out using a numerical 
study, providing a quasi-quantitative analysis of the acous-
tic radiation pressure distribution.

Keywords  Focused surface acoustic wave · Droplet 
jetting · Surface wettability · Acoustic radiation force

1  Introduction

Since Faraday’s first observation in 1831 of liquid inter-
faces oscillation by vibrating elastic surfaces (Faraday 
1831), many attempts have been made to investigate the 
detail of the underlying physics. The original seminal theo-
retical work explaining the phenomenon was conducted by 
Rayleigh, who proposed the theory of elastic surface waves 
(Rayleigh 1896). Meanwhile, in 1948, Eckart derived 
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where α is the attenuation coefficient, A is the SAW 
amplitude, ω is the angular frequency, and ki is the wave 
number. The effect of frequency on the resulting acoustic 
streaming force behavior has been extensively explored in 
a microscale fluid medium (Dentry et al. 2014; Shilton et 
al. 2014).

Among the abovementioned regimes, a droplet jetting 
formation was observed and identified as a result once the 
high intensity of the inertial body force from the focused 
surface acoustic wave (represented by jetting Weber num-
ber, Wej ≡ ρU2

j Rj/γ, where Uj and Rj are the velocity and 
radius of the jet, respectively) overcomes the surface ten-
sion of the droplet (Tan et al. 2009). In fact, the jetting phe-
nomena would change into a multiple droplet ejection as 
the input power increases. Until now, the effect of surface 
wettability has not been studied yet, typically on the super-
hydrophobic surface.

In this study, we investigated the jetting droplet defor-
mation behavior focusing the effect of surface wettability 
using high intensity focused surface acoustic waves. Our 
studies encompassed an experimental observation, a quan-
titative measurement of the droplet water deformation with 
varied surface wettability (i.e., hydrophobic and superhy-
drophobic), and a quasi-quantitative numerical study analy-
sis to explain the resulting unique jetting behavior and pro-
vide the basic insight of the underlying droplet deformation 
mechanism.

2 � Experimental method

2.1 � Surface acoustic wave device

In our experiment, a concentric circular focused sur-
face acoustic wave (F-SAW) device was designed with 
the configuration of an 80° arc, 25 pairs of concentric 

interdigital transducer (IDT) electrodes, and a 20  MHz 
(λSAW ≈  198 μm) resonance frequency. The focal length 
(fL) was set at ~16 λSAW from the outermost finger elec-
trode (Fig. 1b). The F-SAW’s design configuration is based 
on the consideration of using intermediate arc angle and 
proper focal distance to produce constant amplitude field 
and obtain stable focusing properties (Wu et al. 2005). The 
IDTs were fabricated by patterning the Au–Cr electrodes 
(~200 nm) on a 500-μm-thick 128o Y-cut lithium niobate 
(LiNbO3) (Yamaju Ceramics Inc., Japan) piezoelectric 
substrate using a standard UV photolithography process 
(Darmawan et al. 2014). Furthermore, two different meth-
ods were used to modify the surface energy of the sub-
strate into hydrophobic and superhydrophobic. The hydro-
phobic film (water contact angle ~105 ± 2°) was made by 
spin coating the Teflon (Teflon AF, Dupont) layer on the 
substrate at 4,000  rpm and then curing the substrate at 
60 °C for 6 h. Meanwhile, a straightforward plasma treat-
ment with a proper gas composition (He, CH4, and C4F8) 
was used to transform the hydrophilic substrate into a 
superhydrophobic substrate with a water contact angle of 
up to ~155 ± 3°.

2.2 � Experiment apparatus

The standing focused surface acoustic waves were gen-
erated by applying the amplified RF square AC signals 
(~19.97 MHz) to maximize the Vrms values from a function 
generator (Agilent 33220A) to the interdigital transducers 
(IDTs). In addition, a fixed −1 dB RF attenuator was used 
as an impedance to protect the SAW device from the sud-
den high voltage input and to filter the noise from the RF 
amplifier (Amplifier Research 150A 100B). The output line 
was split to the RF power meter (NISSEI TM-4000X) to 
measure the actual applied forward power on the F-SAW 
device. Furthermore, a high-speed camera (Photron Inc., 

Fig. 1   a Surface acoustic wave diffraction at Rayleigh angle 
(θR ≈ 22°) due to the mismatch of wave propagation speed in the sub-
strate and water. b Schematic of the experiment, showing the align-

ment of high-speed camera (3,000 fps), LED source, and SAW device 
(inset focused interdigital transducers specifications for 20 MHz)
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APX-RS, Japan) with mounted zooming lens at 3,000 fps 
was used in this experiment. Note that a water droplet with 
a volume 3 ± 0.5 μl was used in all experiment cases. The 
water droplet was manually placed on the center of the 
F-SAW device using a micropipette (Acura manual 825 
Socorex, Switzerland). Figure 1b depicts the schematic of 
the experimental observation in this study.

3 � Numerical method

In order to explain the droplet jetting formation on both 
substrates (i.e., hydrophobic and superhydrophobic), we 
conducted a 2D finite element numerical study using 
COMSOL Multiphysics 4.4 software with an elastic wave 
module and frequency domain solver. The unit length of 
the geometries in our model was based on the fixed sur-
face acoustic wavelength (i.e., λSAW = c/fSAW ≈ 198 μm) 
for 20  MHz resonance frequency. The linear elastic and 
isotropic model was applied to the solid domain, while the 
thermo-viscous model was used for the pressure acoustic 
model on the liquid domain.

Figure 2 shows the domain of configuration used in our 
numerical study. For the solid elastic domain, we defined 
a finite two-dimensional slab of which the thickness and 
width were 4 λSAW and 5 λSAW, respectively. Furthermore, 
a hemispherical liquid domain with 2  λSAW diameter is 
defined as a liquid drop. In addition, perfectly matched lay-
ers (PMLs) with 1.5 λSAW width and the same thickness as 
the substrate at the end of both substrates were also used to 
suppress the reflection wave from the boundary edges. The 
dimensions were adjusted to produce the optimum approxi-
mation to the real phenomena considering favorable com-
putation cost.

The Rayleigh wave was generated by applying a sym-
metric displacement mode on the elastic solid material 

along the excitation nodes (Quintero and Simonetti 2013; 
Schröder and Scott 2001) at boundary 2 and 3. The explicit 
expressions of the time harmonic-dependent displacement 
and stress components are as follows:

and the wave numbers are defined as:

where Hx and Hz are displacement components on x and z 
direction, c is the Rayleigh wave propagation speed on an 
solid elastic material, cp is the pressure wave speed, cs is 
the shear wave speed, ω is the frequency (i.e., 2πfSAW), and 
η is the isotropic elastic Lame constant.

By applying the zero normal stress boundary condi-
tion τzz|z= 0 = τxz|z= 0 = 0, an A and B coefficient ratio is 
obtained as follows,

Meanwhile, the zero displacement boundary condi-
tion was employed at the bottom of the solid domain (i.e., 
boundary 1). The outer boundaries of the liquid and solid 
domains were set as pressure- and stress-free conditions. 
Finally, the continuity of normal stress and displacement 
was applied on the shared boundary between the liquid and 
solid domain.

4 � Results and discussions

4.1 � Droplet deformation on different surface wettability

Figure  3 depicts the time sequence images of the droplet 
jetting deformation. The image sequence in the top row 
shows the jetting formation on the hydrophobic surface. 
Due to the diffraction of SAW directly at the pinning point, 
the entire liquid droplet was deformed into an elongated 
jetting formation as the inertial body force started over-
coming the surface tension of the droplet. A similar phe-
nomenon was observed and explained by Tan et al. (2009). 
On the other hand, the image sequence in the bottom row 

Hx =

(

jξAejψz − jβBejβz
)

ejξx,

Hz =

(

jψAejψz + jξBejβz
)

ejξx ,

τxx = η

((

2ψ2 − β2 − ξ2
)

Aejψz + 2βξBejβz
)

ejξx ,

τzz = η

((

ξ2 − β2
)

Aejψz − 2βξBejβz
)

ejξx ,

τxz = η

(

−2ψξAejψz +

(

β2 − ξ2
)

Bejβz
)

ejξx ,

ψ2 = ω2/c2p − ξ2,

β2 = ω2/c2s − ξ2,

ξ2 = ω2/c2,

A

B
=

2ξβ

ξ2 − β2

Fig. 2   Numerical configuration of liquid and solid domains. The 
dimension that is used in this study is based on the surface acoustic 
wavelength (i.e., λSAW ≈ 198 μm)
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shows an interesting yet unfamiliar droplet jetting forma-
tion on the superhydrophobic substrate. A sharp jetting 
pinching point was instantaneously (i.e., 0.66 ms) formed 
at the apex of the droplet rather than at the droplet’s pin-
ning point. Furthermore, the inertial body force was mostly 
concentrated on the apex of the droplet and produces an 
even faster jetting tip speed. The jetting formation therefore 
progressively changed into multiple jetting due to the high 
inertial force and small jet radius. The explanation of this 
peculiar droplet jetting formation was the main focus of the 
rest of this study. Thus, for a quantitative understanding of 
the jetting deformation behavior on the superhydrophobic 
substrate, we conducted a parametrical study by varying 
the input powers (i.e., 10, 12, and 14 W) that were suffi-
cient to trigger the jetting phenomena but not excessive to 
damage the F-SAW device, and then compared the results 
with the hydrophobic case (Fig. 4).

It has been known that the acoustic radiation pressure 
generates the acoustic streaming flow near the liquid-
substrate boundary and destabilizes the contact line equi-
librium. This phenomenon, in turn, changes the reced-
ing contact angle and induces the depinning phenomenon 
(Xu and Choi 2012), of which the force per unit length is 

Fd = γ (cos θr − cos θe), where θr is the receding contact 
angle and θe is an initial equilibrium contact angle. In this 
study, to compare the effect on different surface wettabil-
ity, we quantitatively measured the dynamic change of the 
droplet contact line from the beginning of the application 
of the voltage until the droplet sizes shrunk and eventually 
detached from the substrate in the time frame of 1/3,000 s.

Figure 5 shows the comprehensive results of a dynamic 
normalized contact line (xd/x0) on varied input powers 
for both hydrophobic and superhydrophobic substrates. 
In almost all cases, the contact lines were observed to be 
expanded ~10–60  % during the early deformation stages. 
The observed droplet expansion might be due to the net 
contact line force which arises from the hydrodynamics of 
the local streaming velocity at the viscous boundary layer 
(Manor et al. 2011). Meanwhile, the result also showed 
that the input power within the range of 10–14  W does 
not affect the magnitude of the expansion in hydrophobic 
case (Fig. 5a). Similarly, the droplet–substrate detach time 
was approximately the same at any given power within the 
range. This was probably due to the exceeding input power 
that overcame the pinning threshold force. However, small 
and rigid contact line changes were observed at the lowest 

Fig. 3   Image sequences of droplet jetting formation at the same 
input power (i.e., 12  W). The top row image sequence shows the 
droplet jetting deformation on the hydrophobic substrate (coated with 

Teflon film ~300 nm thick), while the bottom row shows the jetting 
formation on the superhydrophobic substrate (treated using plasma 
coating method)
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input power (i.e., 10  W) on the superhydrophobic sub-
strate as the acoustic radiation force barely overcame the 
pinning force threshold (Fig. 5b, inset). It should be noted 
that if the input power was lower than 10 W, it would only 

induce droplet vibration instead of droplet jetting phenom-
ena, since the bulk body force could not be sufficiently 
high to cope with the surface tension force. The moderate 
deviations of contact line dynamics were observed in both 

Fig. 4   Droplet deformation on superhydrophobic surface using a 10 W, b 12 W, and c 14 W of input power
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of hydrophobic and superhydrophobic cases because the 
contact line changes were sensitive to the droplet position 
and its corresponding resonance frequency at a particular 

contact area. In fact, the variation becomes more significant 
on the superhydrophobic surface as the droplet’s contact 
area was significantly small and the position of droplet was 
also difficult to be precisely maintained at the same spot in 
every experimental repetition.

Furthermore, the results indicated that the droplet–sub-
strate contact area (regarded as the effective SAW trans-
ference area) on different surface wettability would affect 
the droplet’s expansion and detachment time. The contact 
line dynamics showed that the difference in effective wave 
propagation contact area slightly affected the acoustic 
radiation force acting on a droplet. It can be seen from the 
relatively longer droplet’s expansion and detachment time 
on the superhydrophobic substrate which had smaller effec-
tive SAW propagation area compared with the hydrophobic 
substrate.

4.2 � Pressure acoustic wave profile

The acoustic pressure distribution for hydrophobic and 
superhydrophobic substrates is presented in Fig.  6. The 
hydrophobic pressure distribution shows a full uniform 
propagation profile up to the liquid–air interfacial boundary 
(Fig. 6a). The result contrasts that of the superhydrophobic 
case, in which the radiation profile is rather concentrated on 
a narrow trajectory toward the apex of the droplet (Fig. 6b). 
We argue that one of the essential factors, which induced 
this distinct disparity, was the contact area at which the 
leaky surface acoustic wave was propagated and attenuated. 
The leaky surface acoustic wave was indeed propagated 
on a longer distance for the hydrophobic case due to the 
larger wetted liquid–substrate area, thus making its power 
to decrease smoothly by means of the viscous attenua-
tion mechanism. On the contrary, the smaller contact area 
on the superhydrophobic substrate lead to a shorter wave 

Fig. 5   Comparison of the contact line dynamics to show quantitative 
insight of the droplet depinning phenomenon on a hydrophobic and 
b superhydrophobic substrate (Inset 10 W). The information on the 
quantitative contact line changes is represented by normalized contact 
line (xd/x0), where xd and x0 are defined as the dynamic contact line 
and the initial contact line, respectively. The normalized contact line 
indicates the droplet spreading (xd/x0 > 1), shrinkage (0 < xd/x0 < 1), 
and detachment (xd/x0 = 0) conditions

Fig. 6   Numerical study projection of the acoustic radiation pres-
sure distribution profile on a hydrophobic (contact angle ~90°) and 
b superhydrophobic substrates (contact angle ~155°). For the geom-

etry, the diameter of the droplet is fixed at 2λSAW (λSAW ~198 μm for 
20 MHz resonance frequency) for each case
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propagation path, thus instantly forming a standing wave 
at the closer center point and hampering the leaky sur-
face wave from being attenuated and expanded uniformly. 
Therefore, the leaky surface wave was mostly confined to 
the limited liquid–substrate contact line and propagated on 
a relatively focused trajectory directly up to the apex of the 
droplet.

The pressure distribution along the contact line was 
extracted from the numerical study to clarify the afore-
mentioned hypothesis. Figure  7a shows a comparison of 
the pressure distribution profile on the normalized contact 
length between the hydrophobic and superhydrophobic 
substrates. The results show approximately the same trend 
as that of our prediction in both cases. The contact line 
pressure distribution on the hydrophobic substrate showed 
a reasonable pressure profile following the surface acoustic 
wave diffraction pattern as it leaked into the droplet. The 
trend showed declining pressure patterns toward the center 
of the droplet and the creation of a standing wave as the 
symmetric surface waves meet at the center of the droplet. 
Meanwhile, a relatively flat pressure distribution profile 
was observed on the superhydrophobic substrate as a result 
of a shorter surface wave propagation distance and the near 
meeting point of the symmetric surface wave. This result 
emphasized that the lack of propagation distance would 
lead to the creation of focused and localized pressure distri-
bution. In addition, it should be noted that the volume-aver-
age radiation pressure on the superhydrophobic substrate, 
from the view of numerical study, was ~25 % lower than 
that on the hydrophobic substrate due to the slightly bigger 
defined droplet volume. However, the difference was not 
affecting the resulted acoustic radiation pressure profile.

4.3 � Interfacial pressure distribution

The deformation of the shape of the droplet to a jetting 
formation is also related to the pressure distribution on 
the liquid–vapor interfacial boundary that is respon-
sible for triggering the capillary waves. This interfa-
cial pressure energetically destabilizes the equilibrium 
of the droplet’s hydrostatic pressure, which is defined 
as �p = 2γ /R, where R is the radius of a spherical 
droplet. Note that the surface tension, which is deter-
mined by the surface energy balance (De Gennes 1985) 
γSV = γSL + γLV cos θ, would also retain the natural 
droplet shape during the creation of the capillary wave 
on the interfacial boundary. We therefore traced the half-
symmetric pressure distribution along the droplet’s inter-
facial boundary at specified angles (Fig. 7b). The results 
concur with the preceding arguments which reveal the 
disparities of the pressure distribution profiles through-
out a droplet on both substrate conditions (i.e., hydro-
phobic and superhydrophobic). The trend of the interfa-
cial pressure distribution on the hydrophobic substrate 
reasonably followed the prior pressure distribution pro-
file of the bulk. At the small angle, the interfacial pres-
sure was fairly low as the instantaneous radiation pres-
sure diffraction was directed and perpetually advanced 
at the specified Rayleigh angle. On the other hand, the 
interfacial pressure level in the superhydrophobic case 
was consistently small at low angles, meaning that the 
radiation pressure is localized at the contact line. How-
ever, at the apex of the droplet (i.e., 90°), the interfacial 
pressure is at a maximum due to the emergence of a 
standing wave at the center of the droplet.

Fig. 7   a Comparison of the extracted contact line pressure distribu-
tion between hydrophobic and superhydrophobic substrates and b the 
pressure distribution on the water–air interfacial boundary at specified 
sampling direction angles from the center of droplet from the numeri-
cal results. The specified sampling angles were defined differently on 
hydrophobic and superhydrophobic cases to show balance distribu-
tion of sampling points along the half-symmetric axis of the interfa-

cial boundary. Meanwhile, the solid and dashed lines are representing 
the estimation trends (exponential interpolation function and power 
law interpolation function, respectively) of the increasing radiation 
pressure toward the 90° at which the standing wave is formed. The 
results show the disparity of droplet jetting mechanism on different 
surface wettabilities (i.e., hydrophobic and superhydrophobic sub-
strates)
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5 � Conclusion

In conclusion, we conducted an experimental observation 
and a numerical study of the peculiar droplet jetting defor-
mation on varied substrate wettability (i.e., hydrophobic 
and superhydrophobic). The distinct pressure distribution 
comparison revealed the disparity of the jetting charac-
teristic. Through a preliminary quasi-analytical numerical 
study, it is demonstrated that the peculiar jetting mecha-
nism on the superhydrophobic substrate is induced by a 
focused and localized pressure radiation profile, which dis-
tinguishes it from the hydrophobic substrate. It should also 
be noted that the jetting deformation is also affected by the 
depinning mechanism from which the leaky surface acous-
tic wave could be transferred at the dynamic changes of the 
contact line.
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