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Minimizing droplet impact contact time is critical for applications such as self-cleaning, antierosion or
anti-icing. Recent studies have used the texturing of surfaces to split droplets during impact or inducing
asymmetric spreading, but these require speci“cally designed substrates that cannot be easily recon“gured.
A key challenge is to realize an e ective reduction in contact time during droplet impingement on a smooth
surface without texturing but with active and programmable control. Our experimental results show that
surface acoustic waves (SAWSs), generated at a location distant from a point of droplet impact, can be
used to minimize contact time by as much as 35% without requiring a textured surface. Additionally,
the ability to switch on and o the SAWs means that a reduction in droplet impact contact time on a
surface can be controlled in a programmable manner. Moreover, our results show that, by applying acoustic
waves, the impact regime of the droplet on the solid surface can be changed from deposition or partial
rebound to complete rebound. To study the dynamics of droplet impact, we develop a numerical model
for multiphase "ow and simulate di erent droplet impingement scenarios. Numerical results reveal that
the acoustic waves can be used to modify and control the internal velocity “elds inside the droplet. By
breaking the symmetry of the internal recirculation patterns inside the droplet, the kinetic energy recovered
from interfacial energy during the retraction process is increased, and the droplet can be fully separated
from the surface with a much shorter contact time. Our work opens up opportunities to use SAW devices
to minimize the contact time, change the droplet impact regime, and program or control the dropletes
rebounding on smooth or planar and curved surfaces, as well as rough or textured surfaces.

DOI: 10.1103/PhysRevApplied.14.024029

[. INTRODUCTION patterns, and contact time. The period that the droplet is

Water-repellent materials and surfaces are Widesprea'(q contact with the solid surface depends on the droplet

. . Inertia, capillary forces, volume of the droplet, surface
among plants and animals, such as rice and lotus leaves

rmosqui eyes, spider siks, "sh scales and red rosk LTS O CPRUEEHY. ol S0lc o nteracion durn
petals [L,2]. They inspire researchers to develop di erent P 9 ' P

biomimetic surfaces with nonwettability for various appli- contact time is dominated by the retraction phase, rather

cations, such as self-cleaning, liquid collection, anticorro-than spreading phased], and is limited by the Rayleigh

: . . ' A . ... limit for symmetrical reboundingl3].
sion, antifogging, drag reduction, antierosion, anti-icing, To reduce the droplet retraction time, many studies are
and deicing 3. 6]. P ' y

A droplet bouncing onto a solid water-repellent surfacefOCl.Jse(.]I on changing the symmetrical Shﬁpe Of the droplet
uring impingement. A droplet can be split during impact

will spread out onto the surface to a maximum contacg - .
diameter 7,8] and then retract until it partially wets or .yasubmllhmeter ridge or blade on the surface, thus lead-

completely rebounds and detaches from the surfad®][ ing to contact-time reducti_on. _Birgtt al.[14] ;howe_d that
In this case, surface features such as texture and hydrop tg_e symmetry of a droplet impinging on a single ridge on a

- : o . surface would break and the contact time could be signif-
bicity play key roles in determining the rebounding Shapesfcantly reduced. To do this, they designed a structure with

a single ridge and achieved a shorter contact time. Later,
Gauthieret al. [15] showed that the droplet contact time
"Richard.Fu@northumbria.ac.uk on ridged macrostructures took discrete values when the
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impact speed was varied. They discussed that, dependid@% reduction in contact time compared with that on a "at
on impact velocity, a di erent number of lobes could be surface.
shaped during the spreading phase, and the contact timeln addition to e orts to decrease the contact time by
could be reduced by the square root of the number of thehanging the solid surfacess texture and geometry, active
lobes. They also designedyYashaped ridge on the smooth methods, such as vibrating the solid surface, are used.
solid surface to break the droplet into three subunits anilVeisenseet al.[31] investigated the e ect of the vibration
found that the contact time (when the droplet impactedf a solid surface at frequencies of 60...320 Hz and ampli-
onto the center of th& shape) was reduced by a fac- tudes of 0.2...2.7 mm during droplet impact. Their results
tor of 3. Similarly, Shenret al. [16] demonstrated that, showed that, by vibrating the solid surface at frequencies
by impacting the water droplet onto cross-shaped bladesigher than 100 Hz, the contact time could be decreased by
on the surface, the retraction phase could be merged inta0%.
the spreading one, and a limited contact time of 5.5 ms The need for manufacturing a textured surface with
could be achieved. Recently, et al.[17] showed that, by macrostructures or vibrating whole structures brings com-
patterning surface wettability, translational motion duringplexity, especially at a large scale for practical applica-
retraction could be converted to gyration, thereby creatingions. It is, therefore, crucial to “nd alternative method-
a rotational rebound. ologies to manipulate droplet impact on a smooth and

Although the aforementioned methods can decrease thentextured surface with large-area coverage. Here, we
contact time, they are only e ective when droplets impacthypothesize that the contact time of an impacting droplet
on a certain point on the surface along a certain directionnay be reduced by remotely generating surface acoustic
which presents challenges for their translation into realwaves (SAWSs), which then propagate along a smooth and
world applications. To overcome this issue, di erent typesnontextured surface into the area where droplet impact is
of macrostructures have been introduced in the literature toccurring. For the experimental investigation, we design
reduce the contact time on a larger contact area. A group @nd fabricate thin-“Im SAW devices to apply wave energy
researchers focused on the fabrication of macrogrooves do the droplet during its impingement process. We discover
solid surfaces to break the droplet symmetry and changthat it is possible to reduce the contact time by up to 35%
the impact behavior][1,18. 22]. For example, Songt al. by applying a SAW along one side of the droplet, whereas
[21] designed and fabricated an anisotropic grooved surthe reduction is only about 10% when the SAW is applied
face and were able to reduce the contact time by about 45%long two opposing directions with the same amplitude.
when the distance between the grooves was comparabfeirthermore, results show that the droplet impact regime
to the droplet diameter. Recently, Gebal.[22] showed can be e ectively changed from droplet deposition on the
that a droplet impacting on a grooved surface within asurface to fully rebounding by using SAWSs. Using these
certain range of impact velocity could be detached fronminsights, droplet impingement properties, such as con-
the surface in a petal-like shape, leading to a reduction itact time and rebounding angle, can be programmed and
contact time of 70%. Abolghasemibizaki and Mohammadicontrolled electrically.
[17] studied a dropletes impact on a superhydrophobic sur- To understand the underlying physics of these phenom-
face with cylindrical macrostructures and showed that thena, we develop a numerical method and simulate the
retraction time was decreased by the factor of abat .  droplet impact process with and without SAW actuation.

Macrostructured surfaces with designs of di erent post-After validation of the method with experimental results,
shaped arrays are also used to reduce the contact timee compare the numerical results for di erent scenarios of
of bouncing droplets4,23,24]. For example, Liuet al.  droplet impact. High-“delity numerical results show that
[25,26] showed that a droplet would be spread on a surfacéhere are apparent di erences in internal streaming patterns
patterned with arrays of submillimeter truncated pyrami-of the droplet during impact, which lead to higher kinetic
dal postshaped arrays and detached from the surface inemergy, vertical momentum, and less-viscous dissipation
pancake shape, leading to a contact-time reduction of umside the droplet subjected to SAW power that is driven
to about 50%. Later, Songt al. [27] studied the e ect of from one side, compared with those for the droplet driven
the size of pillar arrays and introduced a manufacturingrom both sides. As a result, the droplet is separated from
method of the superhydrophobic pillar arrays over a largehe surface slightly slower in the latter case.
area for pancake bouncing.

Another approach to decrease the contact time is droplet
impact on curved smooth surfaces. The droplet symmetry Il. DESIGN AND THEORETICAL ANALYSIS
can also be altered by impacting on cylindrically curved SAW-based micro’uidics (acousto’uidics) has recently
surfaces 28.30]. For example, Liuet al. [28] numeri- found many applications in lab-on-a-chif2 34] tissue
cally and experimentally investigated droplet impact onengineering 35|, biology, and medicine36..38]. SAWs
convex-concave surfaces. Their results showed that asyroan be generated by applying a radiofrequency (rf) sig-
metric momentum distribution during impact led to aboutnal to interdigital transducers (IDTs) that are patterned
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on a piezoelectric substrate. When the propagating SAWs
reach a liquid medium on the substrate, depending on
their amplitudes and frequencies, as well as the prop-
erties of the liquid and piezoelectric substrate material,
their momentum is transferred inside the liquid along the
Rayleigh angle ( = sin°lv /v s, wherev, andvs are the
sound velocity in liquid and solid media, respectively)

- - ) .
SAW propagation

Spreading " Lamella Rim

[39). Dierent droplet actuation phenomena, as a result
of the transferred momentum, including mixing, pumping, *
jetting, and atomization, by the SAW have been exten-
sively investigated over the last two decad8&$][ The
generation of leaky SAWSs at the interface of liquid and
solid surfaces a ects internal streaming patterns inside an
impinging droplet, and thus, can lead to breaking of the
symmetry of patterns and result in a potential reduction
of the droplet impact time. The momentum transferred by
a SAW to a droplet can be described using a body force,

Retract

which is applied to the liquid medium along the Rayleigh ‘Initial
angle, by #0,41] impact
point
Foaw=8 (1+ 9¥A 2 explaket 1k, (1) N :
Separation L Ax

where A and are the wave amplitude and frequency,
respectively;k is the imaginary part OffLa which is the  FiG. 1. Anticipated time evolution of droplet impact on a solid
wave number of leaky surface acoustic waves (LSAWS)surface in the presence of SAWs propagating on the surface.

1= (Vv L)z & 1 is the attenuation constant. Figure _SAWs can dissipate energy into the quu[d droplet during th.e
. . . . jmpact process and break the symmetry in a droplet spreading
illustrates the droplet impingement dynamics on the solidyg the retracting phase, leading to shorter contact time.
surface in the presence of a propagating SAW. The droplet

contact width is characterized by= / Do, which is the
ratio of the contact width,, to the initial droplet diame- the density, impact velocity, initial diameter, and surface
ter, Do. We expect to observe droplet interface asymmetryjiension of the droplet, respectively).
along thex axis, which will be triggered by the conver-
sion of SAW energy into LSAWS and the resulting di erent IIl. MATERIALS AND METHODS
internal streaming patterns inside the droplet. This will . )
a ect the various interfaces, which, in turn, can lead to A. SAW device preparation
di erent contact widths and dynamics during impinge- ZnO “Ims with a thickness of Jum are deposited onto
ment. It is reasonable to conjecture that the droplet may100) silicon wafers and aluminum plates using a direct-
detach from the surface sooner and along a non-normalurrent magnetron sputter system (NS3750, Nordiko). The
detachment angle, as shown in Flg. vacuum of the sputter chamber is maintained at about
Based on the above hypothesis, in this study, we ain®.35 Pa during deposition, with an /XD, "ow ratio of
to determine whether the contact time will be reduced by3:11. The CtAu IDTs, with a thickness of 20/100 nm, are
applying the SAW during droplet impact on the solid sur-fabricated on the ZnCsi and Zn@Al substrate using a
face. To achieve this, we use a thin-Im Zh& SAW  standard photolithography and lift-o process. The bidirec-
device with a resonant frequency of 66.2 MHz. We usdional IDTs consist of 30 pairs of “ngers, with an aperture
two types of designs in this study: (1) traveling surfaceof 5 mm and spatial periodicities of 36...200. To obtain
acoustic waves (TSAWSs, i.e., with waves propagating froma hydrophobic surface, the surface of the SAW device is
IDTs along one side of the droplet), and (2) standing sureoated with a hydrophobic CYTOP (Asahi Glass Co.)
face acoustic waves (SSAWS, i.e., two waves propagatiniayer. To measure the resonant frequency and the ampli-
from IDTs along the two opposite sides of the droplet)tude of the SAW device, an HP8752A rf network analyzer
during droplet impingement. The experimental results arés used. The Rayleigh wave generated by a signal generator
compared with the conventional droplet free impact (DFI)(Marconi 2024, Plainview, USA) is ampli“ed using an rf
on the solid surface, in terms of contact width and conpower ampli“er (Ampli“er research, 75A250, Souderton,
tact time as functions of SAW amplitude and the WebeUSA) before applying it to the IDTs. The measured res-
number (We=  Uy?Do/ , inwhich , Ug, Do, and are onant frequencies of the fabricated Zr& SAW devices
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TABLE I. Resonant frequency, Rayleigh angle, contact time (CT), static contact angle (SCA), advancing contact angle (ACA),
receding contact angle (RCA), and contact-angle hysteresis (CAH) for theIr8AW device with and without surface treatment.
Standard error is indicated by the sign.

Resonant Rayleigh angle 5
SAW device frequency (MHz) (deg) 1 s(deg) aqv(deg) rec(deg) = avS rec(deg)
CYTOP/ZnQ Si 66.1 21.2 247 1222 123+ 2 95+ 4 28+ 6
ZnO/ Si 86+ 3 90+ 4 27+ 4 63+ 8

and calculated velocities are listed in Tabléfo convert are mapped to a new rectangular mesh with a dimension
the applied power to the nondimensional SAW amplitudepf 7.0x 7.0x 3.0 mn¥, consisting of 3 786 444 hexahe-
the equation proposed by Alghaetal.is applied g2): dral cells, to simulate the spreading and retracting phases.
A ) ) Finally, to simulate the detachment phase, another rect-
— = 8.15% 10°%P;°%%°+ 5x 10°%P°8, (2)  angular domain with dimensions of 3x03.0x 6.0 mn,
consisting of 3456 000 hexahedral cells, is used. The mesh
where is the wavelength of the SAW in m, afR} is the  resolution of the drop is 35 cells per diameter. Variable

power applied to the SAW device in W. time steps with a maximum Courant number of 0.3 are
chosen to keep the normalized residuals below®1@
B. Droplet bouncing and imaging dynamic-contact-angle model is developed to capture the

Droplets of deionized water, with a density of= _spreading _and retractin.g dy_namics gccurately [see(Eq_.
995 kg n$3 and surface tensiony = 72x 1053NmStat N Appendix D]. A partial slip velocity bounda_lry condi-
21°C, with volumes between 3.56 and 5i4are gener- tion, based on the model reported by Afkhaghial. [46],

ated by squeezing the nozzle until the droplet is detachelf developed and used for the solid surface.
under gravity from the edge of a needle (BD Microlance).
For each needle, the droplet size is calculated using the
approach proposed by Aminzadetal.[43] and is repeat- V. RESULTS

able within< 5%. By adjusting the drop height, the impact A. Experimental results

velocity is varied between 1.4 and 2 m/s. The impact pro- A explained in Sedll, di erent SAW devices on dif-
cess is “Imed in side view using a high-speed Camergerent substrates with resonant frequencies ranging from
(HotShot 1280CC) at 5000 fps. Droplet contact timgis 22 04 to 110.84 MHz are designed and fabricated to inves-
de“ned for all cases between the"‘rst touch of the droplet totigate the droplet impact hydrodynamics in the presence
the surface and when the water is separated from the sugs saws. E ects of SAW device substrate (i.e., on the
strate. The SAW is applied just before droplet detaChme"@eneration of di erent Rayleigh angles) and IDT design
from the needle to avoid a temperature rise in the solid SUIG.e., achieving di erent resonant frequencies) are shown in
face. The temperature of the surface is maintained at rOORppendixesA andB, respectively. Based on these results,
temperature (21°C) in all cases. Each impact is repeategle select the ZnCsi SAW device with a resonant fre-
three times to ensure the repeatability of the experimen;1uency of 66.10 MHz for further studies. Figug). 2(c)

Tablel lists the measured data for the SAW devices. show snapshots of the droplet impact images on the SAW
) device surface with CYTOP surface treatment for three dif-
C. Numerical method ferent cases of DFI, TSAW, and SSAW, respectively. When

To numerically investigate the impact cases, an interfacéhe droplet impinges on the solid surface in the cases of
capturing method based on the coupled level-set volumBFI and SSAW, it starts to spread to its maximum diameter
of "uid (CLSVOF) method is developed using an Open- before it starts to retract, and both deformation patterns are
FOAM 4.x. open-source toolbox. The CLSVOF methodquite symmetrical with respect to tlzeaxis. On the other
is used to capture a sharp and smooth liquid-gas interfadeand, the TSAW shows a more irregular and asymmetric
and conserve the mass during calculatiofd445]. The pattern [see Fig2(b)], which is more signi“cant during its
developed code is capable of 3D simulation of unsteadynaximum spreading and retraction or detachment periods.
droplet interaction with the solid surface in the presence ofFigure3(a) shows comparisons between experimental and
SAWSs. To optimize the computational costs, the impact isimulation results as a function of the normalized contact
simulated for three di erent mesh domains. The droplet iswidth for all three impact cases. During the spreading and
released from a height of 10 cm from the surface, whichretracting stages (e.dg.< 6 ms), the dynamics are compa-
is simulated by a rectangular mesh with dimensions ofable for these three cases. The spreading (irgefor all
3.2x 3.2x 102.0 mm, consisting of 3525120 hexahe- cases is similar and can be given @  We>%5[47].
dral cells. Then the computational “elds after 150 msThe contact time for the TSAW case is reduced by about
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(a) force from both directions restrains contact line movement
during the spreading phase.

Figure 3(c) shows the normalized contact time of the
droplet versus SAW amplitude. For the TSAW cases, the
contact time is reduced by increasing the SAW amplitude.

(b) At lower SAW amplitudesA/ < 3x 10°%), the reduction
percentage of the contact time is not signi“cant, due to
the lower energy transferred from the solid surface during
impingement. By increasing the normalized SAW ampli-

© tude up to 1.% 10°4, the contact time is signi“cantly
reduced by about 25%. For the SSAW case, the evolution
of the contact time can be divided into two stages. The
contact-time reduction is observed at normalized ampli-
tudes lower than ¥ 10°°, whereas the contact time is
increased at normalized amplitudes higher than this value.

FIG. 2. Experimental snapshots of a water droplet impinging The contact time for the DFI scenarios is not a function

on the solid surface. (a) Droplet free impact case without appliof impact velocity 8,49]. Interestingly, our experimen-
cation of SAWSs, (b) impact on ZnGi surface with TSAWS 5] results show that there is a threshold of droplet impact
applied to propagate from |eft to right, and (c) impact on Z80  g|qcity for a complete rebound from the hydrophobic and

_surface while SSAWS are applle_d to the surface. For all expery iextured surface. As shown in Fig(d), with impact
iments, the droplet impact velocity and volume are 1.4 m/s and

3.56l, respectively. See Videos S1...S3 within the Supplementé{PIOCiﬁeS Iower than 1',26 m/s, the initial kinetic energy
Material [62] for experimental movies. of the droplet is not high enough to detach the whole

droplet from the surface at the end of the retraction phase.

Video S1 within the Supplemental Materi@d shows a
4.6 ms compared with the DFI case, mainly due to shortfebound case with animpact velocity of 1.4 m/s, and Video
ening of the detachment period in this case. Figg(le) S4 shows a deposition case with an impact velocity of
shows the maximum contact width for both the TSAW and1-08 m/s. The results in Fi§(d) show that, by applying the
SSAW cases at di erent SAW amplitudes (i.e., di erent TSAW, the impact regime can be e ectively changed from
rf powers applied to the IDTs). By increasing the SAw deposition to rebounding for impact velocities lower than
amplitude, the maximum spreading diameter is decreased.26 m/s. Furthermore, for higher impact velocities, apply-
As expected, this radius reduction during impact is highetnd the TSAW can reduce the contact time by about 25%,
for the SSAW case, as the component of the SAW Onaverage. The results in Fig(d)indicate that the contact

@) 55 — (b) 2.42 - FIG. 3. (a) Comparison between
733:&1;31_?:&“' ——Ch—_b- numerical and experimental results
2.0 —TSAW - Simulation | | 239 = for normalized contact widths of
AW Sttkiion droplet impact on SAW device for
1.5 SSAW - Experimental | | 59 DFI, TSAW, and SSAW scenarios.
= / wF (b) Maximum contact width versus
1.0 \ SAW amplitude for both SSAW and
0 5' \Mu | S TSAW cases. Impact experiments are
;,.\ o S W carried out for a droplet with a volume
0.0 -

0 3 6 9 12 15 18 0.0 0.3 0.6 0.9 1.2
Time (ms) A/A x107
(c) 115 (d) 20 Droplet
deposition on §.3....g......g....g- g B P
1.05 18 the surface for ¥ i § {
- ’{\
"'1‘\?——»0\ /i— ~5 16 DFI cases
= 0.95 ‘"'i'*‘h _;;{/ .
s 3 143 ) 1.1 3
f\§~-+ 3 SR MR T 0 S B
0.85 \\é 1 < —>¢ B
o 12 + Impact regime Contact time
~@-Traveling SAW on ZnO/Si ~\-(, change reduction F TSAW |
0.75 —+=Standing SAW on ZnO/Si 1 10 ; ; ) 9 DFI
AN 107 Uo(m/s)
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of 3.56 yl and an impact velocity of
1.4 m/s. (c) Normalized contact time
as a function of SAW amplitude for a
droplet with a volume of 3.5¢I and
impact velocity of 1.4 m/s impacting
on the Zn@Si SAW device surface
with CYTOP surface treatment. (d)
Contact time versus impact velocity
for a droplet with a volume of 3.54l

for DFI and TSAW scenarios. Shaded
area represents droplet deposition on
the surface for DFI cases. Error bars
represent SD of the results.
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time of the droplet, regardless of the presence of the SAW,
is not a function of impact velocity. The results in F&{d)
show that the TSAW can change the nature of the untex-
tured hydrophobic surface into a water-repellent surface.
The e ect of the droplet volume on the impact behavior is
presented in Appendi.
To investigate e ects of surface treatment and wetta-
bility on the impact dynamics, droplet impact tests with
a volume of 3.56ul and an impact velocity of 1.08 m/s
are carried out on surfaces with and without CYTOP
treatments. The same experiments are repeated in the pres-
ence of TSAWs with a normalized amplitude of about
8.7x 10°° (i.e., rf power of 27 W applied to the IDTSs)
for both types of SAW devices. The di erences in contactr|G. 4. Temporal evolution of contact width for droplets
angles of the devices after the surface treatments are listétipacting on the SAW device surface with di erent wettabil-
in Tablel. ity. In these experiments, droplet volume and impact velocity are
During the motion of the three-phase contact linekept constantat 3.56 and 1.08 m/s, respectively. For each sur-
(TPCL) on the solid surface, CAH e(dvg d,generates a face cqating, ex.periments are carried out for both DFI and TSAW
force that resists droplet motion and dissipates the kinetigcenarios. Applied rf power to the IDTs for the TSAW scenario is
energy of the droplet. To explain the e ect of contact 7 W. Snapshots of the_ (_expenmental reSl_JIts con‘rm that TSAW
- . changes droplet deposition (red dashed line) and breakup (black
3”9'65 on dropletimpact hydrodynamlcs, we fO(,:US ON aNgyashed line) on the surface to complete rebound (solid lines).
lyzing the work done by this resistive ford&k, which can
be written as49,50]
. on the surface at the end of the retraction phase. However,
COS rec S COS ady 3) by applying the SAW, the droplet gains more energy during
1S cos aqv impingement and is fully separated from the surface. Due
to the lower energy loss induced by the resistive work for
Equation(3) shows that, during impact, a higher ACA or a the surface with CYTOP coating, less kinetic energy is dis-
lower CAH can lead to a lower energy dissipation duringsipated, and thus, leads to a faster detachment of the droplet
the TPCL motion. from the surface. Figuréshows that, regardless of the sur-
For the DFI case, due to large work generated by théace treatment, applying a TSAW can signi“cantly reduce
resistive force on the surface without hydrophobic treatthe contact time. Moreover, the droplet-impact regime can
ment, the droplet stays on the surface after impact. In thbe changed from deposition on the surface to complete
same DFI case, by treating the surface of the device withebounding from the surface after applying the SAW.
a layer of CYTOP, the CAH is decreased by about 35°,
while the ACA is increased by about 35°, thus resulting i i )
in a reduction of resistance work by 320%. Thus, a much B. Numerical simulations
lower value of kinetic energy loss by the CAH resistive To gain a better insight into the physics of contact
force can be expected for the CYTOP-coated surfaces, amdduction by the SAW and to interpret the dierences
partial rebounding of the droplet is observed for the DFlof droplet detachment for both the TSAW and SSAW
cases on these surfaces (see Videos S4 and S5 within thases, we further analyze the e ect of the SAW on the
Supplemental Material6] and the experimental snap- impingement dynamics using numerical simulations. An
shots shown in Figd). Due to the lower energy dissipation interface-capturing method based on the CLSVOF method
by the CAH resistance work, a subunit of the liquid hasis developed in the OpenFOAM 4.x. open-source toolbox
enough energy at the end of the retraction phase to oveand is used to capture a sharp and smooth liquid-gas inter-
come surface tension and is separated from the dropleface and conserve the mass during calculatiédsbp]. A
while the bulk droplet still remains on the surface. series of validation simulations are performed to repro-
However, for both treated and nontreated surfaces, bgluce the experimental results and test the capability of
applying the TSAW, the droplet gains enough kineticthe developed numerical method. Agreement between the
energy during impingement to bounce o the surface,experimental and simulation results is achieved, which can
mainly due to the large vertical SAW momentum dissi-be seen from the results shown in F&fa) More details
pated into the liquid by the component of the SAW force about the numerical method can be found in Appendix D.
(see Videos S6 and S7 within the Supplemental MateFor the simulation results, we focus on the internal stream-
rial [62] and TSAW experimental snapshots in Hy. As  ing patterns inside the droplet during its spreading and
shown in Fig 4, in the absence of SAWSs, the droplet staysretraction stages to understand the mechanism by which
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FIG. 5. Time-evolution images of droplet impact dynamics * 4
obtained by numerical simulation. (a) DFI scenario. (b) SSAW
propagation on the solid surface during impact. In all simula-3 3
tions, droplet impact velocity and volume are 1.4 m/s and Bl156
respectively. 2 15mis 2
15mis
1 1
di erent SAW modes change the contact time. As observed
in Fig. 5, while the velocity vectors for the DFI and SSAW 4 6 1 . s 4 0 1 . s

cases demonstrate rather regular and symmetric "ow pat-

terns, the results for the TSAW case (see B)dnvolve an  FI|G. 6. CFD snapshots of liquid phase overlaid by velocity

irregular "ow pattern and a strong internal recirculation onvectors during impingement process in the presence of TSAWSs

the left-hand side. propagating from left to right. Droplet impact velocity and
As the process evolves over time, relatively regular "owvolume are 1.4 m/s and 3.56, respectively.

patterns for both DFI and SSAW cases are developed. It

is worth mentioning that both the DFI and SSAW cases

exhibit very similar spreading "ow patterns with an almost pattern with a dissimilar interface morphology, as observed

identical maximum spreading diameter of 2.4 mm, whilej, Fig. 6 after 7 ms.

the apparent di erences between these two cases are only pyring the impingement process, there are continuous

observed at a much later stage, e.g., after 6 ms, which ighanges of gravitational, kinetic, and liquid-vapor-solid

during the retraction period. The case for the TSAW, how4nterfacial and surface energies. Furthermore, these ener-

ever, shows very di erent behavior. Considering the shapgjies are continuously dissipated during impact because of

of the interface in Fig6 at a time of 3 ms, we notice the \jscous dissipation, wave generation on the interface, and

initiation of an asymmetric deformation at the interfacegypynit separatiorbB,54]. We further analyzed the energy

near the rim in the left-hand side (where it is subjectedyydget and the rates of conversion of the initial energy of

to SAWSs). This deformation is not present on the right-the droplet,Eo, into the kinetic energy, potential energy,

hand side of this case, nor can it be found m_the resultynd interfacial energy to reveal the real mechanism of

for DFl and SSAW cases. The same asymmetric deformasontact-time reduction in the TSAW case. The total inter-

tion can be seen in Fig(b). This irregular deformation facjal or surface energy of the solid-liquid-vapor system

one-sided SAW at 2.5 ms during the spreading period, igjyen by

rapidly developed during the retraction phase of droplet

impact. The asymmetric retraction of the droplet, in turn,

creates even more irregular deformations and instabilities .

at the interface and rapidly develops an asymmetric "ow Enter = vS+ (LS sV)S+ svS (4)
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where sy, si, and |y are the interfacial tensions (i.e., is shown in Fig.7. All energies are normalized by the ini-
surface energies per unit area) of the solid-vapor, solidtial droplet total energykg = ( |VogHo + ), where
liquid, and liquid-vapor interfaces, respectivef.andS;  Hg, S, and Vy are the dropletes initial release height,
are the areas of the droplet interfaces in contact with air angpherical surface area, and volume, respectively.
solid, respectively, an& is the area of the solid surface The normalized total energy of the droplet during
in contact with the gas phase in the absence of a dropleimpingement,E/ Ey, is illustrated in Fig.7(a). Interest-
Here, the changes in interfacial energy associated witingly, more than 70% of the total energy is dissipated
droplet spreading can be de“nedBs = Ener S svS ,  within less than 0.5 ms after the onset of impact, which
which sets the reference interfacial eneiy, equal to the is consistent with the “ndings in Refs53,55,56]. Since
droplet surface energy at the instant of droplet impact orthe potential energy is one order of magnitude smaller than
the surface. that of the kinetic and interfacial energies in K§), it is
We de“ne the sum of the kineti€y ; gravitational,Eg;  not shown in Fig-.
and interfacial energy associated with droplet spreading, The variation of kinetic energ¥x (normalized byE),

Ep, as the total energy of the droplet: shown in Fig.7(b), indicates its signi“cant reduction in the
“rst 0.5 ms of the impact time. The results in Fig(c)
E= Ex+ Eg+ Ep, (5)  show that only 10% of the kinetic energy is stored in the

_ _ o form of interfacial energy during the spreading phase, and
whereEg is de“ned as the volume integral of the in“nites- the rest of the kinetic energy is dissipated during the “rst
imal volume elemen¥ potential energy through the liquid 0.5 ms of impact. The stored interfacial energy at the end
phase of the spreading phase starts to be converted into kinetic

energy and causes retraction. The conversion of interfacial
Eg = 1gzdV, (6) energy into kinetic energy leads to an increase in kinetic
energy between 3 and 6 ms after the onset of impact. This
increase in kinetic energy is more signi“cant for the TSAW
scenario, since the kinetic energy is increased by both
interfacial energy conversion and applied SAW energy.
However, for the SSAT and DFI scenarios, due to the
1, symmetry of droplet deformation, a rather strong inter-
Be= 5 wav, (7)  nal recirculation “eld is created within the droplet, which
dissipates the kinetic energy.
whereu is the magnitude of the liquid velocity. The time  More importantly, Figs.7(a)...(cshow that the energy
evolution of the energies during the impingement processonversion rates for all cases during the spreading and

whereg is the gravitational acceleration, is the liquid
density, andz is the distance in the vertical direction from
the solid surface. The kinetic enerBy is de“ned as

(a) (b) FIG. 7. (a) Total energy, (b) kinetic
energy, and (c) interfacial energy for
Fl, TSAW, and SSAW scenarios. In the
simulation, droplet impact velocity and
volume are 1.4 m/s and 3.5 respec-
tively. All energies are normalized by
kinetic energy at the onset of impact.
(d) Droplet vertical momentum nor-
malized by the vertical momentum at
the onset of the impact.

(© (d)
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retracting time, e.g.<6 ms, are almost identical. This much higher energy-conversion e ciency and much larger
implies that dissipation of the total initial energy by a vis- kinetic energy and vertical momentum inside the droplet
cous liquid and the interaction between liquid and solidduring the retraction phase.
surfaces are the two dominant processes during the initial All of the above results indicate that most energies in
6 ms. However, the di erences between these cases begthe SSAW and DFI cases during the retraction processes
to appear in the values of kinetic energy, after approxi-are dissipated by symmetric and very stable internal "ow
mately 3.5 ms, because of the presence of the SAW, whictecirculation. On the other hand, they are recovered as
is shown in the inset in Figl(b). For example, the recov- kinetic energy more e ciently in the TSAW case, since
ery rate of the kinetic energy from the interfacial energysuch internal recirculation cannot be easily formed due to
between 3.5 and 6 ms is about 37% higher for the TSAWhe asymmetric shape and instabilities. This, in turn, leads
case than that of the SSAW case. The normalized verticab much faster retraction and dispatching processes of the
momentum of the droplet by the initial droplet momentumdroplet from the surface in the TSAW case. Simulation
is shown in Fig.7(d). The di erences in kinetic energy, results show that, by increasing asymmetry in the "ow
in turn, increase the vertical momentum of the dropletinside the liquid, a shorter contact time can be achieved
during the retraction phase. Also, the separation of eactiuring droplet impact under the TSAWSs.
subunit from the main droplet leads to a sudden decrease To further verify this idea, we examine the droplet
in momentum, which delays droplet detachment from thempact dynamics using a sample with a perpendicular IDT
surface. design, which can generate two waves propagating in ver-
Another interesting phenomenon obtained from F{g) tical directions into the droplets (see F&). Three di erent
is that, while apparent di erences of the variation of kinetic cases are tested, and the results are illustrated irBEag.
energy between TSAW with those of SSAW and DFIDepending on the droplet size, the contact time can be
are observed, the interfacial energy in all cases is almoseduced by between 20 and 35%, if compared with the
identical during the spreading and retraction phases. ThiBFI case. Unlike the SSAW cases, in this IDT design, the
clearly shows that the dissipation rate for the TSAWapplied SAWs from both sides create a kinetic energy “eld
case during the retraction period is 50% smaller tharthat breaks the symmetry of droplet deformation in both
those of SSAW and DFI cases. Snapshots in shown iR andy directions and speed up the detachment process
Figs. 5(a) and 5(b) reveal the mechanism responsible forof the bouncing droplet. Figurg(b) shows the e ects of
such higher dissipation rates in the cases of SSAW anthe impact velocity for the droplet impact dynamics. At
DFI. It can be seen in FigHh(a) and 5(b) at 6 ms that lower SAW amplitudes, the contact times for all cases do
rather symmetric small-scale vortices form for both SSAWnot show signi“cant di erences. However, with normal-
and DFI cases. Such small-scale vortices do not form iived SAW amplitudes greater tharx7.0°°, the contact
the TSAW case due to its asymmetric and irregular "owtime is considerably reduced with an increase of the impact
patterns. It is well known that the viscous dissipation ratevelocity. This is mainly due to the signi“cant increase of
is exponentially proportional to the inverse of the vortexthe acoustic wave energy absorbed by the droplets. These
length scale §7]. Therefore, the conversion of interfa- results clearly con“rm our prediction that, by breaking the
cial energy during the retraction period for the TSAW droplet symmetry along botlk andy axes, the contact
case occurs with a much lower dissipation rate, owing tdime can be signi“cantly reduced. However, the contact-
the absence of such vortices, which, in turn, leads to &me reduction achieved using this method is limited by

(@) (b)

FIG. 8. (a) Experimental results of normalized contact time as a function of SAW amplitude for droplets with initial diameters of
1.87, 2.04, and 2.22 mm. Impact velocity for all cases is kept constant at 1.7 m/s. (b) Experimental results of normalized contact time
as a function of SAW amplitude for droplets with impact velocities of 1.4, 1.7, and 2.0 m/s. Droplet initial diameter is kept constant at
1.87 mm. Error bars represent SD of contact time.
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the power applied to the IDTs. Applying powers higherand a reduction of the contact time without fabricating tex-
than 50 W could damage the SAW device and, at suckured surfaces. Moreover, our results show that by applying
higher powers, droplet tends to break up or splash duringAWwWs to the droplet, the impact regime can be modi“ed,
the spreading phase. Here, we only consider the cases amd droplet deposition on the surface can be e ectively
which complete rebounding is observed. avoided by applying SAWs to an impacting droplet to
achieve complete rebound from the surface. Simulation
results show that the internal streaming patterns for both
V. DISCUSSION the droplet free impact and standing SAW cases are almost
Overall, our results clearly indicate that the dropletsymmetrical. On the other hand, applying the traveling
impact dynamics can be modi“ed and controlled usingSAW creates an irregular "ow “eld, which breaks the sym-
the thin-“Im-based SAW technique. The key features ofmetry of internal streaming and can reduce the contact
the thin-“Im piezoelectric platform are its seamless, scaldime. For the droplet free impact and standing SAW cases,
able, and localized generation of SAWSs, which can therthe vortices that are created during the retract phase dissi-
propagate across entire surfaces. Piezoelectric “Ims can kgate the kinetic energy more than that in the TSAW, lead-
deposited and applied locally on a component to generateg to a longer contact time before droplet separation from
vibrations, without the need for covering the whole surfacehe surface. Since SAWSs can be generated remotely from a
with a piezoelectric “Im. The SAW direction and ampli- drop impact location and can be switched on and o, this
tude can also be controlled through electrode shapes amdncept allows the rebound properties of droplets, includ-
designs, and SAWSs can also be generated wirelessly aridg contact time, bounce angle, and maximum spreading
remotely. Therefore, due to its high e ciency and wire- width, to be controlled, regardless of the impact point.
less function, the SAW technique can be used in di erenimportantly, surface acoustic waves can be propagated
engineering applications. across large areas of a surface of interest, which can be
As shown in Fig.4, a SAW can change the impact planar or curved and made of many di erent types of mate-
regime; thus, a potential application of this technologyrials. The approach removes the need to texture or shape
could be switching a nontextured surface to one that is surface to achieve a reduced droplet impact time. We,
water repellent in various structures, such as the surfadberefore, believe that SAW-based droplet impact modi“-
of solar panels or vehicle (or airplane or train) windows.cation o ers a di erent paradigm for controlling droplet
Additionally, for applications in which it is desirable to impactin applications such as anti-icing, self-cleaning, and
minimize the interaction between a solid and liquid toantierosion.
avoid surface erosion (for instance, wind-turbine blades),
this method can e ectively be used. Moreover, the ability ACKNOWLEDGMENTS
to clean and remove the impacting liquid droplet makes it

possible to fabricate anticontamination or antibacterial sur- Th_|s work 'f] r_1an|ma|!y supported b% the UKI Eng'-
faces using this metho®9,58,59]. The ability to reduce neering and Physical Sciences Research Council (EPSRC)

the contact time of the droplet can also be used to contro?ram No. EP/P018998/1 and the Special Interests Group
P O . f Acousto’uidics under the EPSRC-funded UK Fluidic
heat transfer between a solid and liquid, or for deicing an

L o A ) . . etwork (Grant. No. EP/N032861/1).
anti-icing applications in airplane wings or wind-turbine
surfaces. On the other hand, for spray-cooling applications, .
such as the spray cooling of nuclear reacté6} and elec- APPENDIX A: gLFJII;ES?'-II;E'II':ESAW DEVICE
tronic components [63], it is desirable to control the contact
time and area of the droplet with a high-temperature sur- To see the e ect of the Rayleigh angle on the con-
face to regulate the heat-transfer rate, and the methddct time of the droplet, here we compare the droplet
we propose here could be suitable for such spray-coolingnpact dynamics on ZnfAl and ZnQ Si SAW devices
applications. with the same wavelength. Tallelists the measured fre-
guency of the fabricated Zn@\l device. The SAW force
[see Eq.(Al)] is applied to the liquid medium along the
VI. CONCLUSION Rayleigh angle, and the ratio of the components of the
Here, we study the bouncing behavior of a bouncingSAW forces inx and z directions is equal to the attenu-
droplet under the in"uence of SAWs. Our experimentalation coe cient (Fsawz/ Fsawx = 1) [40]. As shown in
and numerical results show that, using this method, th&able I, due to lower sound velocity on the aluminum
droplet contact time can be signi“cantly reduced on asubstrate, the Rayleigh angle is larger for Al-based SAW
solid surface without changing the solid surfacees texturelevices, and thus,; is lower.
or geometry. The SAW can e ectively reduce the contact Consequently, the ratio &fsaw./ Fsawx is lower for the
time by up to 35% when a traveling SAW is applied to theZnCO/ Al device compared with that for the ZiGSi device
droplet. We achieve both vertical and asymmetric rebounddue to a larger Rayleigh angle. Experimental results of
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TABLE Il. Resonant frequency, Rayleigh angle, SCA, advancing contact angle, receding contact angle, and CAH fof #tile ZnO
SAW device. Contact angles are measured after surface treatment with CYTOP. The contact time is measured fivideoBl&6
with an impact velocity of 1.41 m/s.

Resonant Rayleigh angle 5
SAW Device  frequency (MHz) (deg) 1 s (deg) adv (deg) rec (deg) = avS rec(deg)
ZnO/ Al 40.40 34.75 146 1142 114+ 1 105+ 1 9+ 2

droplet contact time on the surface of ZW@and ZnQ' Si  x component of the SAW force is higher, which can drive
SAW devices as a function of SAW amplitude are illus-the droplet on the surface in thxedirection at high SAW
trated in Fig9(a). From Fig9(a), we can see that, at lower forces before complete detachment. This, inturn, leads to a
SAW amplitudes, the contact time for the Zh® SAW  change in the contact time for Z@l SAW devices. Since
device is reduced by up to 10% compared with that on th¢his paper aims to investigate the contact-time reduction by
ZnO/ Al device, however, by increasing the SAW ampli-
tude @&/ > 6x 10°%), the contact time starts to increase
sharply. On the other hand, for the Zh& device, the (a)
contact time is decreased by increasing the SAW ampli-
tude. Snapshots of the impact show that, by applying the
TSAW to the droplet, it moves a certain distance along the
x direction during impingement. The transition along the
x direction on the surface before separatiorx, for both
devices is compared in Fi@(b). At large SAW ampli-
tudes, xis larger for the Al-based devices. These results
can be explained by further analysis of the forces applied to
the liquid. At the given time of after the start of impinge-
ment, we analyze the forces along thdirection to gain a
better understanding of droplet transition during impinge-
ment. Due to strain formed along the three-phase contact (b)
line for a droplet in motion on a solid surface, a signi“cant
viscous force resists droplet motion. Assuming the contact
area is circular during impingement, the viscous resistive
force, F,, can be simpli“ed as the liquid surface tension
per unit length 17].
Additionally, as described in SetV, another resistive
force is formed due to the CAH along the TPCL. By
assuming that the contact area is a complete circle during
impingement, the tangential CAH resistive foréesan,
can be calculated bys[]

Fcan = 24 3 v (cos recé COS agv), (A1) (c)

where is the base diameter [see Fig(c). Newtones
second law can be written in thxedirection as

Fsaw sin Ré Fcan S Fy = md\/X/ dt, (A2)

where m is the liquid mass. A few ms before detach-
ment, and the TPCL length are signi“cantly reduced [see

sr!a_pshots |nhF|g9f(b)], aEd thus, both re?IShtlve forC](ces are | ersus SAW amplitude for ZnCBi and Zn@ Al SAW devices.
minimized. Therefore, the component of the SAW force For both devices, wavelength of the SAW is|@#, and a droplet

can overcome the resisting forces and drive the droplegith a volume of 3.56. impacts the surface with a velocity of
along thex direction before the component of the SAW 1.4 m/s. Contact time,  is normalized with the contact time of
force detaches the whole liquid droplet from the surfaceDFI case, o, for each device. (b) Experimental results of tran-
The ZnQ Al SAW device has a lower attenuation constant,sition distance irx direction before separation as a function of
compared with that of the Zni SAW device. Thus, the SAW amplitude. (c) Force analysis of impacting droplet.

FIG. 9. (a) Experimental results of normalized contact time
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using SAWSs, we choose to continue our analysis with the
Zn0O/ Si SAW devices.

APPENDIX B: EFFECT OF SAW FREQUENCY

To explore the e ect of the resonant frequency on
droplet impact dynamics, four di erent SAW devices are
fabricated on the Zn(5i surface by changing the structure
of the IDTs. Details of the fabricated devices are presented
in Tablelll.

To compare the e ect of frequency on the dynamics of
the impacting droplet, we normalize the SAW wavelength,

, with the attenuation length of the SAW in the liquid

medium,  [58]: FIG. 10. Experimental results of normalized contact time ver-

sus wave amplitude for SAW devices with di erent frequencies
= , (B1) for a droplet with volume of 3.5 and impact velocity of
4 22 %H + 1.4 m/s impacting on the ZnGi SAW device surface with
CYTOP surface treatment. Solid and dashed lines represent
wherep andu are the shear and bulk viscosities of thedroplet rebounding and breakup regimes, respectively.
"uid, respectively.

The e ect of the SAW device resonant frequency oNyeqching the liquid-gas interface of the droplet. At larger
the contact time on the droplet is illustrated in Fig. B1. gmpjitudes, this energy can overcome the surface tension
By increasing the wavelength (i.e., at a higher ratio),  f the droplet, and the droplet will break into smaller sub-
the SAW propagates longer distances within the liquidnits. Considering the e ect of frequency on the droplet
medium before signi“cant attenuation. For the devicesahavior on the surface, we opt to use the SAW devices

with a higher resonant frequency, the interaction volumeyiin a resonant frequency of 66.10 MHz to perform our
between the SAW and liquid medium is decreasedl.[ ¢y gies.

As a result, less momentum is transferred by SAWSs to the
liquid medium during impingement. As shown in Fit, .
the SAW device with a resonant frequency of 110.82 MHz APPENDIX C: DYMN(')A‘gﬂéflﬁgNTACT'ANGLE

is not capable of signi“cantly reducing the contact time.

On the other hand, by e ectively transferring the SAW  As the droplet impingement phenomena in the presence
momentum to the droplet during impingement, the contacof SAW are asymmetrical, to see the internal "ow and
time can be signi“cantly reduced by SAW devices with recirculation inside the droplet, all numerical simulations
lower resonant frequencies (i.e., 66.10 MHz and lower)are performed in three dimensions. A boundary condi-
However, for the SAW devices with resonant frequenciegion is developed based on OpenFOAM, which calculates
of 43.12 and 22.04 MHz, and at higher SAW amplitudesthe dynamic contact angles based on the Bracke approach
(A = 7x 10°°for43.12 MHz device and/ = 7x 10°°  [63]:

for 22.04 MHz device), the droplet impact regime can be

changed from completely rebounding from the surface to cos ¢ = cos S (cos s+ 1)KpcaCel>4 (C1)
breaking up. In this case, a few subunits are separated

from the droplet during the retracting phase (see E@).  Here, the capillary number (Ga pUc/ Lv) is de“ned

The mechanism for droplet breakup can be explained byased on the three-phase contact line velotity,, and

the attenuation length of the SAW in the liquid medium. K., is set to 9.63 in all simulations. More details regard-

At lower frequencies, the attenuation length in the liquiding the CLSVOF method used in simulations are presented
medium is higher, which leads to a higher SAW energyin our previous worksg1,52).

V|_3

TABLE Illl.  Measured frequencies and calculated sound veloc-
ities and liquid attenuation lengths for Zh& SAW devices.
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