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Abstract \ L..‘.)
X'e

superhydrophobic surfaces during a drop

In this study, coupled dynamic responses of i
impact were investigated with positio :%d high-speed imaging. A smooth PDMS surface
"

was spray coated with commercial&\ ilable superhydrophobic paint particles. The influence of

/

initial and subsequent impacts &\\%ﬁﬂ droplet on the surface dynamics was studied at various
natural frequencies of th€ surfage (50 < fi < 230Hz) and Weber numbers (2 < We < 90). We
discovered that the flexible superhydrophobic surface was deflected twice during contact of the
droplet by an im W the droplet as well as its reaction force during recoil. The magnitude
of the droplet Dion force was estimated to be comparable to the droplet impact force. As the
Weber 1"11,1\ é; iryreased, however, the influence of the droplet reaction force on the surface
displs ment&vas attenuated because of the instability of the droplet rim. The contact time of the
dk@?’d surface dynamics were found to be dependent on the phase of the surface. The contact
imewas reduced as much as 7% when a completion of the droplet spreading matched to the
upward motion of the surface. One of the two local minima of the surface position observed during

the contact of droplet was diminished by matching the instance of the droplet reaction force to the

1
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Publishidg nward motion of the surface. This study provides new insight into the effect of the droplet

reaction force on dynamics of flexible superhydrophobic surfaces.
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Droplet reaction force, fluid-structure interaction, superhydroph"b»q
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—
1. Introduction '- 3

When water contacts a superhydrophobic surf%)ﬁ'rbmatlon of chemical hydrophobicity of

the surface and micron/nanometer-sized Iuct it entraps air between the structures of the

surface.!™ The resulting heterogeneou hd ai

\
leads to a static advancing contact , >150° and contact angle hysteresis of 8, ~5°.">>

-water interface on the superhydrophobic surface

This particular wetting conditioﬁ%ater droplets bead up and roll easily across the surface.®
7 The reduced interacti en the water and the surface promises benefits such as self-
cleaning®, anti- 1c1n santi f0} ing'’, and frictional drag reduction'!'"!*. However, elasticity of the

superhydrophobic s \'{q\ s not been characterized sufficiently even though superhydrophobic

surfaces fo '?ature such as plant leaves, insect wings, gecko skin, and feathers are flexible.®

/
15-17
ﬂ /

- d)formation of a water droplet impacting a rigid superhydrophobic surfaces is due to

the mterplay between inertia and capillary forces which can be described by the Weber number,
N

=pU,’D,/y."* 1 Here, p is the density of water, U, is the drop impact velocity, D, is the

initial droplet diameter, and y is the surface tension of water. At moderate Weber numbers,
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Publishigg 00) <We< 0(102), kinetic energy of the droplet converts into surface energy, making the

droplet spread into a pancake-like shape. The maximum spreading diameter scales as

D, /D, o We"*.?*! During retraction, the droplet regains most of its initial kinetic energy with
little viscous dissipation across the surface. This surface-to-kinetic en(gg}a@/ersion results in a
complete rebound of the droplet which resembles a Worthington.or eigh jet.?%- 22

On a flexible superhydrophobic surface, dynamics t‘lbgm) t will depend on surface

_—

properties. The impact force of the droplet, which scalesias F DSO *zD,” *, excites the flexible

0

surface to vibrate at its first-mode natural fre uc(npy, 7§=(1/27r)‘/ks /m_. **2% Here, m, is
| -

effective mass and £, is flexural rigidity. Du@ ng, the initial kinetic energy of the droplet
converts to elastic energy of the ﬂexiblesxr\zﬁ'and the surface energy of the droplet. 2* 25 The

elastic energy stored in the ﬂexibleirfa lays an important role on the dynamics of the droplet

with the phase of the surface. @ural frequency of the surface is lower than the droplet
d

frequency, f, < f,, the spreading and.recoil of the droplet occur while the surface is moving
downward.?* The dr 1&@{ cy, f,, 1s defined by the reciprocal of an droplet oscillation

1/2

b

V.
period, 1/¢,. Hé, is the theoretical contact time of the droplet, ¢, =2.6(pD03/8}/)
depending /46n initial droplet size and its density and surface tension. ' 2% 22 Under this

£
circumstances he £lastic energy of the surface is internally dissipated through vibration and is not

transferred to)he droplet. This leads to a decrease in the maximum spreading diameter, D and

sup ssi)n of droplet fragmentation. 2* Furthermore, the maximum deformation of the droplet
es\not follow the classic scaling relationship for rigid superhydrophobic surfaces,

D, /D, o We"* .22 When the upward motion of the flexible surface coincides with when the
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Publishigg@ylet starts to recoil, f. = f,, the vertical momentum of the surface transfers kinetic energy to

the droplet. In this scenario, the pancake-shaped droplet is lifted off from the surface, resulting in
a contact time reduction and an enhanced restitution coefficient. >*?% As the natural frequency of

the surface increases further, f, > f,, the time of the maximum surfa@ion is less than the

maximum spreading time, U, = D, /U,. The stored elastic ener ohhe surface returns to the

droplet and participates in the droplet spreading dynami sﬁjo erence in D_ /D, was

B
observed compared to the rigid case. 278 QS

In recent studies, a high-speed camera and Qght—jource were aligned with the flexible

surface to image droplet dynamics and meaﬂ rate deflection. However, to capture the
litnit

region of interest, such imaging techniqu: an& o measuring relatively large displacements,
st1

0.1 to Imm. In this study, we wi hus e the coupled dynamic response of flexible

N
superhydrophobic surfaces with high-speed, imaging and a position sensing detector, which can

resolve displacements of a few m%‘(( 2um). The presence of the reaction force of the droplet

during retraction and its@he surface dynamics will be revealed for the first time in this
paper. £
/ §/

N

. Experifmen
o~ £
2.1 (@ tion of flexible surfaces
ﬁ

Th exible hydrophobic surface was fabricated with Polydimethylsiloxane (PDMS, Sylgard 184
vafoming) using a standard soft lithography method.?* The PDMS was created with a mixing

ratio of 8 parts base to one part curing agent, by weight. The PDMS was cured on a six-inch silicon
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Publishiwgfzr at 60°C overnight, and then peeled off from the wafer. The Young’s modulus of PDMS

surfaces was estimated to be E =2.5x10°Pa based on the mixing ratio of 8:1.3° To produce the
superhydrophobic surface, commercially available superhydrophobic paint particles suspended in

a hydrophobic fluorothane resin (WX2100, Cytonix Co.) were depoia{

i e%he smooth PDMS
surface. The paint particles formed aggregate hierarchical struciQ\msis ing of micron and

iﬂn)}bq% angle was measured to

+0.8%

nanometer-sized features on the surface. > 3! The static adva

be 6, =150.2+0.7° with the contact angle hysteresis of §

oo
2.2 Deflection setup \\ [ W

The hydrophobic (uncoated) and supe @10 (coated) PDMS samples were cut into

(]

rectangular beams that were 40mm long,\Zme\w de, and 1mm thick. The surfaces were supported

U

on both ends and clamped in place w o binder clips, whose compressive force was distributed
over two aluminum plates lai(&@ ends (Figure 1). Before each experiment, the horizontal

image of the surface was % the high-speed camera and analyzed with ImageJ to verify that

the surface was fiy 0 "s/tort)bn and initial deflection.

Tom su%mrying displacement of the surfaces, the optical deflection technique was
utilized agshown mFigure 1. A laser spot which was created by a SmW laser diode (A = 650nm )

was

af_;l?iﬁeg 0.5 and reflected upwards to the center point of the surface. The laser spot was

rdflected 5 a thin reflective layer deposited on the underside of the surface and imaged with a

%nge ns to hit the active area of a 1D silicon photodiode of a position sensing detector (PSD,
~

On:Trak Photonics, Inc). The calibration of the PSD was verified by a micrometer which was

placed in the same optical path as the surface. The PSD output was amplified by a position sensing
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Publishiagplifier (OT-301, On-Trak Photonics, Inc) and collected by a data acquisition board (National

Instruments) with a sampling rate of 10kHz.

Concave lens

/ Mirror

Laser diode PC
-
‘N h speed camera

Figure 1: Sche atic%&%n of the experimental setup

~
Before each droplet expert ‘s;t\ e properties of the surfaces were quantified by an

impulse exerted on the surface%)& wdriver with hexagonal ball end. An example for the
dynamic response of the flexibléguperhydrophobic surface is shown in Figure 2. The displacement
of the surface decredses gxponentially as a function of time, following a second-order damped

harmonic oscill ow ibration frequency, f,, of the measured surface deflection was

calculated ffom }ast Fourier transform as shown in inset of Figure 2. The natural frequency of

the flexible, tendioned hydrophobic and superhydrophobic surfaces was calculated to be 56Hz

and 54 re§>ectively. The damping ratio of the surfaces was calculated as ¢ = 1n|51 / 52|/ 2,

where In{o, / 6, is the logarithmic decrement.
N
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Figure 2: Displacement of the flexible superhydroph M\%s face (untensioned) as a function of time when an

impulse force is applied at  =0. Inset indicates freﬁse\Wbuﬁon of the surface deflection.

To investigate the influencefof thégdrface phase, ¢,, on the droplet and surface dynamics,

the natural frequency of the sup \hobic surface, f,, was varied by applying a longitudinal

tension and maintaining e'l??l\%th of the surface, L =40mm. The extension ratio of the surface,

e=(l,—1,)/1,, was €alculate measuring longitudinal and transverse strains of a square drawn
LY

on the surface. %Nt e initial length of the square and / is the length after stretching. As

seen in Figure 3y the natural frequency of the surface increased linearly with the longitudinal
£

extensiongat Indhis study, we consider frequencies of 50 < fs <230Hz. At the highest frequency
studied (= 2) 0Hz), the extension ratio was measured to be 13% in the longitudinal direction and
6% the‘ransverse direction, consistent with a Poisson ratio of 0.5 expected of polymers. Beyond

Ny,

£950Hz, the coating of superhydrophobic paint particles on the surface cracked so wettability

of the surface was not uniform and could not be considered.
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Figure 3: Variation of the extension ratios for the superhydro obicBD}/lS surface as a function of natural frequency

of the surface. The solid lines are linear square fits to N dotted line indicates the frequency for the surface

without tension.  —

<

2.3 Droplet force estimatit&%

To better understand t rfa}iynamics as a function of time, we estimated the external force
i th

applied by the dr urface, F(f), by using the second-order differential equation,

)W: F/m, where & (t) is the measured displacement of the center point

of the surface Herey w, =271 is the angular frequency of the surface, and m, (= k, / wsz) is the

effectiye surfe)ce ass. To find the flexural rigidity, ks, of the surface and eventually estimate the

ﬁ
e ectiveg‘nass, ms, static deflection measurements were conducted at the center of the surface

wg\ba bearings with masses of 0.07g, 0.26g, 0.44g, and 1.05g. For the untensioned surface, ks
wa

found to be 42.7N/m and ms was found to be 0.38g. A zero-phase digital filtering technique

was used to smooth high-frequency noise in the deflection data with a low-pass filter. A passband
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Publishifrgquency was set as 360Hz which was two times the higher frequency observed in the surface

deflection as will be shown in Figure 4(a), and a stopband frequency was set as 720Hz.

2.4  Drop impact setup <\

A single water droplet with a diameter of D, =2.80+0.03mm wa\% d from a syringe needle

at a known height, H/=40mm, and impacted the center of the )fﬁb&.sThe impact velocity of the

—-—

droplet was measured to be U, =0.72m /s, corresponding to W§: 20. The droplet spreading and

retraction dynamics on the surfaces were record @h—speed camera (NAC HotShot CC)
recording at a rate of 3000 frames/s. The i z%n of the droplet was controlled by a two-
dimensional droplet positioning system itored by the high-speed camera before each
experiment to minimize variance oil:h)-impact location. The deflection of the surfaces was

measured simultaneously with the high-Speed imaging.

3. Results and iscgssio

3.1 Surfa@q&let dynamics of untensioned flexible surfaces

3.1.1 Initial }'mp t of the droplet

4

The ti e-varjsing displacements of the center of the flexible hydrophobic and superhydrophobic
ﬂ

surfaces (itre shown in Figure 4(a). The displacement of both surfaces was initiated by the

}h?i%ement of the droplet at t = Oms. However, the dynamics of the surfaces depended on the

surface wettability and corresponding droplet dynamics. The maximum deflection of the flexible

hydrophobic surface was measured to be o, , ~78um at t = 4ms, occurring after the droplet
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Publishifegched the maximum spreading diameter, D = D__, at #=3.7ms as shown in Figure 4(b) and (c).

On the flexible superhydrophobic surface, the maximum deflection of the surface occurred earlier

at t = 3.4ms while the magnitude of the maximum surface deflection, J_, = 54 um, was about 30%

max

smaller. The low contact angle hysteresis of the superhydrophobic %@H ~10°, caused a

shorter spreading time of the droplet, = 3.0ms, and a small }num spreading diameter,

D/ D, =1.97, compared to the hydrophobic surface (Figure 4(b)and (©)). As a result, a less initial
T—

kinetic energy of the droplet was transferred to elastic e?éy 0{ surface, in comparison with

-

the hydrophobic case. L
The calculated droplet forcing for the flexible surfaces are shown in Figure 5. The

magnitude of the initial impact force of't d.m\wvas calculated to be F'=4.5mN at = 0.1ms for

the hydrophobic surface and F —4.2mﬁ\sz— “lms for superhydrophobic surfaces, respectively.

N
The impact force was estimated&%&

F U pUSzD,’; at We=20, the M pact force was calculated to be F =3.2mN 2* which is in

momentum transfer of the droplet upon impact,

good agreement with u(&ult It should be noted that the amplitude of the forcing function
calculated in Figy 45 c<>nt1ngent on the selection of parameters for the low-pass filter. The

=44+0.3 and F, g, =4.0+0.2 for the

1,HS

droplet impac .%Nas estimated to be F

z and 460Hz.

hydrophobic agld erhydrophobic surfaces by changing the passband frequency of the lowpass
filter between O{I

-
1\8 ¢ droplet recoiled, the surface moved upward. During recoil, a three-phase contact

‘hnﬁ on the flexible hydrophobic surface was pinned and deflected until the local contact angle
-

reaghed the dynamic receding contact angle, 6, , =30, while the droplet diameter was not

significantly changed. As the droplet contracted to the impact point, a small liquid column on the

10
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Publishilgirophobic surface was squeezed upwards from the center at # = 9ms (Figure 4(c)), reminiscent
of the Worthington jet formed in droplet impact in liquids. The formation of the liquid column was
accompanied by a small downward deflection of the surface (Figure 4(a), inset), countering the
upward trajectory of the surface that was initiated at the beginning of reixﬁl. This deflection implies
that the droplet imparted a downward force as the liquid column s@‘med, nd we will denote
this as the droplet reaction force. The schematic diagram for tw reaction force will be
shown in inset of Figure 5. When the liquid column colla ?MZI 1.7ms, the hydrophobic

i,
surface resumed its upward trajectory. After the initial isﬂctibp with the droplet, ¢ >20ms, the

surface oscillated at its natural frequency (fs = 53 Z&hegeady-state displacement was nonzero
[ -

since the droplet remained pinned to the s;:r% impact. This result is in agreement with

experimental observations for vibration o hobic cantilever beam after drop impact. >* The

higher frequency observed at f, = IOKE@ re 4 (a) was attributed to the deflection formed
et-\\\

by the reaction force of the dropl

A second downward ﬁon the flexible superhydrophobic surface was observed at
t=6.3ms during reco@, inset), while the droplet maintained a disk-like shape as shown
in Figure 4(c). T NKII ttét the larger dynamic receding contact angle, 6, , = 140°, expedited
the occurrencewef the peak droplet reaction force. In contrast to the hydrophobic surface, the peak
reaction e/ pre}ze ed the formation of the liquid column at ¢ = 8.3ms. Finally, the droplet

-

detached fror?) the surface at 7, =16.6+0.1ms. The contact time was reduced by 6.7% relative to
-

thewigid gpperhydrophobic surface, ¢, =17.8+0.2ms, when the flexible superhydrophobic surface

>s affixed to the aluminum plate. The dominant frequency of the surface deflection was measured

to be in the range 49Hz < f < 62Hz, which was close to the measured natural frequency of the

11
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Publishigigface (f; = 54Hz). The droplet-surface interaction during the contact of the droplet led to a higher

frequency peak at 148Hz < f <161Hz.

As seen in Figure 5, the maximum reaction force of the droplet was calculated to be 4.8mN

at ¢t = 7.9ms and 4.9mN at 1 = 6.3ms for the hydrophobic and $up

ydrophobic surfaces,

respectively. Hence the magnitude of the droplet reaction force wa gparable to or even larger

than the droplet impact force. Note that our analysis presumée

integrated as a 1D point force at the center of the surface

over a finite area and is 3D. Therefore, the

(@)

requires non-intrusive force measurements (i.e., M%S)@uture work.

e let reaction force can be

R . . . .
droplet retraction is distributed

s et
magni‘u&of d>oplet force is an estimate, which
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Publish |TﬁgL re 4: (a) Time-varying displacement of hydrophobic and superhydrophobic surfaces. Inset indicates a frequency
distribution of the surface deflection measured on both surfaces (top) and displacement detail for # < 25ms (bottom).

The dotted lines represent subsequent impacts of the droplet on the superhydrophobic surface. For the

superhydrophobic case, the frequency analysis was performed on data measured bet\?n Oms < t < 81ms, before
r

}&h(droplet impacting on

e
hydrophobic (filled square) and superhydrophobic (circle) surfaces, (c) Droplet dynamics on hydrophobic (bottom

line) and superhydrophobic surfaces (top line) as a function of time. )
'M\
(

(a) -.._)

the second impact of the droplet. (b) Time evolution of non-dimensional diame
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Figure 5: Estimat )ernal force applied on the (a) hydrophobic and (b) superhydrophobic surfaces as a function of

time. Insets \x/a sch/matic diagram to show the droplet reaction force on the flexible surface (bottom) and the force

and deflection fQS t <25ms (top). The maximum impact and reaction forces are highlighted by solid circle and diamond

syimbols, re ively. The uncertainty in the force was estimated to be 0.1 mN by calculating the RMS value of the

forcefor tlk times when there is no-forcing on the surfaces ( 400ms < t < 1000ms, not shown in the figure).

13
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Publishifg.2 Subsequent impact of the droplet

After the droplet detached from the superhydrophobic surface, the rebounding droplet impacted

the surface again at 1 = 82ms, 127ms, and 162ms, indicated by dotted lines in Figure 4(a). The

instance and location of the subsequent impacts varied, likely due«t/ light variations in the
»

dynamics of the rebounding droplet in air and daughter droplet fom(g&ffer recoil. Thus, surface

dynamics after the additional impact of the rebounding dropl Net rmined by the droplet
. . R
impact force, the stored elastic energy of the surface and thesurfage phase. Here, the surface phase

is defined as the phase of the surface vibration Wh&the opkt impacts on it (i.e., the surface
phase is always zero, ¢, = 0°, at the initial dropk%)elf::t)at =0. The surface phase is ¢ =90
W

when the surface reaches the maximum defleetion: will focus on three subsequent impacts of

the droplet that corresponding surface displaegment was noticeable.

"
At the time of the second im&& e droplet at = 82ms, the surface was moving upwards
(¢S 0 180°), and the droplet w&\t\o{\phase with the surface. The droplet kinetic energy was

large enough to drive t urf% downward even though the droplet was out of phase with the

surface as shown in Rigire ? ). The second impact modified the surface dynamics from the

decaying oscill tiorwly excited by the first impact. This observation coincides with the recent

g

ipulation of the surface vibration occurs when the droplet is out of phase with

result that the m

£
the vibrating exible surface. 2° The droplet force at the second impact was estimated to be F' =
(Pigure

1oadN ¢ }(b)), which is roughly 25% of the initial impact force. For the third impact at ¢ =

\ <

127ms, the droplet was also out of phase with the surface, which had a concave shape (¢S 190" )
\s surface phase was the worst-case scenario for enhancing displacement; the droplet kinetic

energy cancelled out the stored elastic energy of the surface. Hence, the impact of the droplet was

14
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Publishifegind to be destructive to displacement for about 13ms as shown in Figure 4 (a). The

corresponding droplet force magnitude was estimated to be 15% initial impact force, ' = 0.7mN.

Lastly, for the fourth impact at t = 162ms, the droplet was in phase with the surface (¢S O 270°),

3.2 Influence of surface vibrating frequency Q-.._‘

—
As discussed in the previous section, the relationship betwegen tbe droplet impact and the surface

-

PR

temporarily enhancing displacement.

| -
cussed in the context of changing the natural

on the droplet and surface dynamics will be f%&

frequency of the superhydrophobic surfa!\ oplet spreading time was constant at /=3.3ms

for every natural frequency studied, bu }1)9 time corresponds to a different phase in the surface

phase plays an important role on the surface dynamics=In tfl); section, the role of the surface phase
%

vibration depending on the su ac&}a&{r 1 frequency. The droplet spreading time relative to

surface phase for surfaces of varying frequency is illustrated in the inset of Figure 6. Since the

surface transfers mom: tv@ droplet, the phase of the surface at the instant the droplet begins

to recoil can char?é agt time. We find that indeed the contact time can be manipulated by

changing the E%Nating frequency, as shown in Figure 6. When the completion of the

droplet s eacgn as coupled to the upward motion of the surface in 50Hz < f, <100Hz, the

elastid energy ofifhe surface was transferred to the kinetic energy of the droplet.?> 2 As a result,

)

e
tq ime was reduced by as much as 7% compared to the rigid superhydrophobic surface.
e

S

the surface was transferred to the droplet. Finally, at the critical surface phase of ¢, =270, the

=100Hz, the contact time gradually increased since less of the stored elastic energy of

contact time reached a plateau at ¢, ~19ms, leading to a 7% contact time enhancement. This

15
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Publishidgendence of contact time on surface phase was recently reported on the drop impact on the
vibrating superhydrophobic surface 2. In their study, however, the contact time reduction was only
observed at moderate Weber number of We = 50 to 60 2° since their previous study showed that

the contact time was only reduced above We = 40. 2° Our measureme?é however, show that the
%ﬂence of the contact

contact time can be reduced at low Weber numbers, We =20, with a e%ﬂ

time on the surface phase. <\

Contact time [ms]

0 \"‘ 100 150 200 250
Frequency [Hz]

Figure 6: Contact time a fur}ytion the natural frequency of the superhydrophobic surface. Inset shows a phase of

the surface (solid hn d the time when the droplet reaches the maximum spreading diameter at the natural frequency

of 50, 100, 150,4and 200Hz (r circles).

In ad 1t1 the displacement of the flexible superhydrophobic surface was affected by the
nétural f eq ency of the surface. Time-varying displacements of surfaces of 6 different natural
ies are shown in Figure 7. As the surface became stiffer with increasing surface frequency,

th magmtude of surface deflection decreased, and subsequent droplet impact was not clearly

detected in the surface deflection. However, the initial surface dynamics varied depending on the

16
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Publishifig: when the reaction force of the droplet occurred. As seen in Figure 7 (a) and (b), the additional
deflection contributed by the droplet reaction force around 1 =10ms was clearly observed until fs

=103Hz when the droplet reaction force was out of phase with the surface. Beyond the critical
surface phase of 270°, the reaction force was applied when the surfaé/ was moving downward,

and so the additional deflection was not apparent as shown in Fi urb7 (d) and (e). As seen in
Figure 7 (d), a possible beating-like surface displacement was«bserved when the droplet reaction
force was coupled with the downward motion of the surface, This deflection seems to come from
a slight difference between a higher mode resonance fi uenéy of the droplet and the natural

frequency of the surface. To make sure our postul te,(ﬂae dr‘()let mode frequencies were calculated
L -

based on the literature.** The n-th order reso@ ncy of the oscillating droplet is expected

tobefn=\/n(n_l)(n+2)7. Here, n i ‘\~g\\\

— the oseillating mode, y, p, and R is the surface tension,
47° pR

N\
density, and radius of the droplet,%st\i ly. With the parameters of the droplet we used, the

mode frequencies were calculate\e f, =729Hz, f,=141.2Hz,and f, =218.8Hz. For the

Vg@requency (f; =146Hz,) was very close to the droplet’s 3rd order
£

frequency ( f, =144.2 . Héwever, the mechanism for this phenomenon is still unclear and will

be investigat@-up study.
£
0
U
U
Q ~

Figure 7(d), the surface
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Figure 7: Time-yaryin @sment of the flexible superhydrophobic surfaces with natural frequency of (a) f= 80Hz,

(b) f=103Hz, (cy: Hz, (d) f=146Hz, (¢) f= 165Hz, and (f) f= 199Hz. Inset shows a phase of the surface (solid

line) and the tim hé{l the droplet reaction force occurs (red circles).

N3

18


http://dx.doi.org/10.1063/1.5028127

! I P | This manuscript was accepted by Phys. Fluids. Click here to see the version of record.
Publishigg  Influence of Weber number

Lastly, the dynamic response of the untensioned flexible superhydrophobic surface (fi=54Hz) was
investigated by changing the drop impact velocity (or equivalently, the Weber number). Surface
displacements at three Weber numbers are shown in Figure 8 (a). The (é itude of the deflections

generated by the droplet impact and reaction forces will be Qa as o, and o

impact reaction *

respectively. As the Weber number increased, the magnitu owimpm nd o.,.., during contact
T~

—
of the droplet ( < 10ms) increased, while the timing of those deﬂgc tons remained almost constant.

If the maximum surface deflection is assumed to @near roportional to the droplet impact

force, &

impact

and hence &, ~U,"”*, a much weakeddq\‘}k\mce on the drop impact velocity. The reaction

11(&\ similar scaling up to We=40. For We > 40, however,
the periphery of the droplet bet%?b{e and airborne during droplet spreading. As the Weber

number increased further, satellite deoplets were formed around the rim of the main droplet

(We~70). Thus, the m 'r@regained less initial kinetic energy during recoil, resulting in a
£
f ctio)

weaker depender?é 0 Aon Weber number for We > 40. These results confirm the presence

should scale with U,>. As show ir}tggé‘% (b), however, Oimpact scales as We’"’,

force-induced deflection, o fo

reaction ®

of the drople rea@ion orce on the droplet-surface interaction as well as its effect on the surface
dynamics{withs«changing the Weber number. Note that the relationship between the magnitude of

ng flection and Weber number depends on the surface properties including the

xural rigi ity (E7) and natural frequency of the surface (fs). However, the variation of the scaling
ﬂ[sth ging the surface properties needs a variety of data set to generalize and is not a focus of

the present study.
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. . . . . L
(square). The solid line indicates a linear square fit to 5\

S~

Conclusion w-\
In this study, we ide@resence of the droplet reaction force on the elastic
superhydrophobic surfaceswith clamped-clamped boundary condition using a position sensing

detector (PSD) and hi

ging. This is the first direct measurement of the droplet reaction

force in the litera@ 4ible surfaces were displaced by the impact force of the droplet and
reached a loc mhimum n its displacement as the droplet spreading was completed. A short time

later, the Surface experienced a second local minimum in its position due to a reaction force formed

-ﬁ
durin droplst recoil. The droplet reaction force was estimated with a second-order harmonic

-

0 cillatols and its magnitude was found to be comparable to the estimated droplet impact force,

W &L o D,

To investigate the role of the droplet reaction force further, systematic measurements of

surface displacements and droplet dynamics were conducted with changing the surface vibrating

20


http://dx.doi.org/10.1063/1.5028127

! I P | This manuscript was accepted by Phys. Fluids. Click here to see the version of record. |

Publishifrgquency (50 < f; < 230Hz) and the drop impact velocity (2<We< 90). The timing of the droplet
reaction force changed the magnitude of the surface displacement and manipulated the time of the
surface oscillation. When the droplet reaction force was coupled with the downward motion of the
surface, one of the two local minima in the surface displacement dir?i‘ﬁished with the increased
contact time. The contact time of the droplet increased as much a "}t 160°< fs < 200Hz. Also,
the maximum deflection induced by the droplet reaction force on the outcome of the
droplet spreading. As the rim of the droplet became unstable ‘)1 Tnereasing Weber number, the
corresponding deflection for the droplet reaction force ha weaker dependence on Weber number.
Our position sensing system was the most sensit've(agfoﬁ"ed in the literature and allowed us to

| -
measure micron-resolution surface displacentents ata high sampling frequency, consequently

finding the presence of additional reactio%&\t‘he droplet-surface interactions. Our technique

can expand the range of fluid-structu \ﬁeg\c ion problems that involve the regimes of high

flexural stiffness and small disp ac&%ﬁt&

Supplementary Ma rlal

See supplement ater1 for the high-speed videos of the droplet impact dynamics on

hydrophobi¢ a uperhydrophob1c PDMS surfaces and detail of 2nd-order harmonic oscillator
£

modeli g y.

)
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