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Abstract: Hypothesis

Bionics and dynamic interface wetting intensely appeal to many research
communities due to their unique practical implications. The rose petals
had a highly robust dynamic water-retaining capacity under heavy
precipitation. We predicted that the roses became more "hydrophilic" at
higher Weber numbers.

Experiments

Fresh rose petals were directly impacted by droplets, and facile
artificial petal-like substrates and superhydrophobic substrates were
used in the comparative analysis. The wetting dynamics of the droplet
(e.g., topography, bounce dynamics, contact time, three-phase contact
lines, and oscillations) were investigated when interacting with four
selected target substrates.

Findings

The present work first time investigated the dynamic wetting rule of the
sticky superhydrophobic substrates (SSHS). Simulated and experimental
investigations confirmed that the unique coupling synergy between the
pinning effect and the inhomogeneous micropapillaes resulted in lopsided
contact line velocities, which remarkably suppressed the lateral
oscillation and rebounding. This may be a new strategy when designing
dynamic water-repellent surfaces and open a promising avenue for emerging
areas such as super-efficiency energy conversion and harvesting.



*4a: Marked highlighted manuscript

[ —

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

03
64
65

Robust adhesion of droplets via heter ogeneous dynamic

petal effects

Yihua Zhend, Chengchun Zhant”, Jing Wangd;, Yan Lit?, Chun Shefi, Junfeng Yan{
“Key Laboratory of Bionic Engineering (Ministry of Education), Jilin University, Changchur23@hina

“State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun,1300ip2,
“College of Physics, Jilin University, Changchun 130012, China

9School of Mechanical Engineeringniversity of Leeds, LS2 9JT, United Kingdom
Abstract
Hypothesis

Bionics and dynamic interface wetting intensely appeal to many research communitieghhie to
unique practical implications. The rose petals had a highly robust dynamic water-retaining capacity
under heavy precipitation. We predicted that the roses became more "hydrophilic" at higher Webe

numbers.

Experiments

Fresh rose petals were directly impacted by droplets, and facile artificial petal-like substdates a
superhydrophobic substrates were used in the comparative analysis. The wetting dynamics of the
droplet (e.g., topography, bounce dynamics, contact time, three-phase contact lines, and oscillations)

were investigated when interacting with four selected target substrates.

Findings

The present work first time investigated the dynamic wetting rule of the sticky superhydrophobic
substrates (SSHS). Simulated and experimental investigations confirmed that the unique coupling
synergy between the pinning effect and the inhomogeneous micropapillaesdr@sulbpsided
contact line velocities, which remarkably suppressed the lateral oscillation and rebounding. This may
be a new strategy when designing dynamic water-repellent surfaces andpopemsang avenue for

emerging areas such as super-efficiency energy conversion and harvesting.
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1. Introduction

Rain droplets on lotus leaves may be less striking than rain droplets on rose petals. Water droplets
can attach to rose petals without rolling off, even at great tilt angles. However, water draphets
remain on lotus leaves after a rain. Thetus effect is synonymous with superhydrophobicity, and
superhydrophobic surfac®¥lS) exhibits a statiepparent contact ang(€A, ) of greater than 150°

with a very low contact angle hysteresis (CAlday)[1-4]. Interestingly, rose petals can exhibit an

extremely high CA similar to that of th#otus effect, but with high CAH|(Figla)5]. This "sticky

superhydrophobic” substrate §SHS) phenomenon known as the "petal effect” was first proposed by
Jiang et aJ6] and has since drawn much research attention due to its widespread use in emerging fields
such as self-cleanifng, droplet transfer, transportati@, biochemical separation, and energy
harvesting9,10]. In addition, studying the dynamic wetting mechanismanfSSHS provides

information for enhancing functional surface designs.

21.0 ms

20068008

Fig. 1 Dynamic wetting phenomenon on rose pet@gsRetention of spherelike droplets on rose
petals in the rainb-€) Schematic diagram of the interfacial procesaaroplet impacting a rose petal
at low-impact velocities. The scale bamm.

Generally, the static-wetting state of rough surfaces can be explained by the classicgl wett
theory of Cassie-Baxtgrl] and WenzglL2]. In the Cassie-Baxter model, the rough solid surface is

completely filled with liquid, resulting in high water adhesion. Howesetrapped air is observed in
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the Wenzel model, which is attributed to hydrophobijtity. The superhydrophobicity exhibited on

the lotus leaf results from the combination of convex epidermal cells and extremely low-density
biowax layer§l4]. The lotus effect should be governed by the idealized Cassie-Baxter model. For the
lotus effect, research on fabricating and characterizing biomimetic surigcesending, both
theoretically and experimentallys—21]. In contrast, fewn-depth studies have examined the petal
effect; thus, the accurate mechanism of the petal effect wetting behavior remains|[2&iclear
Nonetheless, the Cassie-Baxter and Wenzel models are used by most scientists to explain \aettability
the interface. Adhesion of water dropl&isose petals has been attributed to the Wenzel state based on
the geometric parameters of the rose petal surface determined for both biological and artificial samples

These parameters include the diameter, spacing and secondary nanostructure of the

micropapilla¢23](Fig. 1p-e). In contrast, the opposite conclusion has also been suggested, in that the

petals microstructure is considered to benefit adhesion, but this conclusion cannot be explained by the
classic Cassie-Baxter wetting thef@4|. Thus, the rose petal wetting mechanism seems puz8ling
Yang et al25] observed that the interaction between droplets and rose petals was completely in
accordance with the Wenzel state, and these authors found no air cushion using micro computed
tomography. Visualization technology has been developed, which has facilitated analyzing this
mechanism. Optical microscopy observations using micron-scale resolution have recently shown that
the wetting behavior of droplets on rose petals is unstable because gas molef@iowhe space
over the liquid, thus altering the wetting stateisTlie a mutual transformation from the Cassie and
Wenzel stat€86]. This contradictory conclusion was likely reached because dynamic observations
were applied to the latter; that is, the movable air cushion dissgpa#ier connecting to the
atmosphere, resulting in continuous wetting at the three-phase contacQine (T

Thus, the static-wetting mechanism of the petal effect remains unclear, and deteritsining
precise dynamic wetting process challenging. Experiments and simulations in which droplets
impact the substrate have long been used to investigate the dynamic wettability of natural, artificial
and chemically heterogeneous surfé2és To our knowledge, previous investigations of the
substrate’s configuration after being impacted by the droplet mainly included liquid[Zbin

superhydrophilicitj29], hydrophobicity30], superhydrophobicif$1], elastic
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superhydrophobicifi32,33], and vibrating superhydrophobidiBy|; however, no reports regarding
droplet impact orSSH surfaces (the petal effect) have been publisheat al[35] reported the
dynamic wetting characteristics of water droplets on various substrate configuratibhs-&lt60°,
154°, 153°, 122°, 124°, and 11$hen et al36] verified that a relationship exists between the
trapped air and the interface adhesion when a droplet impattky hydrophobic substrate. In the
two aforementioned studies, the droplets were released from the same height as that impacting the
substrate, which wagnsufficient to summarize the rules of dynamic wetting on sticky
superhydrophobic surfaces.

This paper describes the dynamic wetting rule on a SSHS (i.e., the petalsffecmparing
the wetting state ora superhydrophobic surface. The quantitative (experiments) and qualitative
(simulations) investigation confirm that the dynamic unbalance wetting mechanism of the petal effect
is due to the coupling of the lateral interaction of the droplets with the pinning effect, thus providing
novel insights into why rose petals can retain water droplets and new rational guidelines for wetting

functional surface design.

2. Experimental materials and methods

2.1 Surface fabrication and characterization

To capture the commonality of droplet dynamics on the SSHS, three target substrates were
fabricated, including the rose petal surface (RPS) and engineering sticky superhydrophobis surface
(SSHS-1 and SSHSK2Besides, the superhydrophobic surface (SHS) is used for comparative

verification.
2.1.1 Rose petal surface (RPS)

A fresh red rose was purchased from a flower market (Changchun, China), and & fhece o

rose petal (15 m x 1.5 mm) was fixed to a glass sheet which was neither cleaned nor altered.
2.1.2 Sticky superhydrophobic surface (SSHS)
We replicated the surface (SSHS-1) invented by Chen[8F glwith some modifications to the

chemical reactions. One-millimeter-thick zinc foil was ultrasonically cleaned in acetone and
deionized water. The zinc foil was etched in hydrochloric acid for 15 seconds, then washed

thoroughly in deionized water. Next, the zinc foil was etched in hydrochloric acid for 15 s, then
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immersed in 0.01 mol/L CuS@,0 for 12 minutes, thoroughly washed again in deionized water,

and immersed in 0.005 molLH3(CH,);sCOO0H for 30 minutes. We also established a micron-scale
with arrays on paraffin with low surface energies (SSHS-2) for comparisbi, Bipplementary

Information).
2.1.3 Superhydrophobic surface (SHS)

The 2mm-thick square copper plate was etched in hydrochloric and sanding with sandpaper then
treated with 1H,1H,2H,2H-perfluorodecyl trichlorosilane (Aladdin, Inc., China) via chemical vapour

deposition.
2.1.4 surface characterization

All characterization tests were performed indoors atC.29he surface morphology was
characterized by scanning electron microscopy (SEM; EVO MA 25/LS, ZEISS, Inc., Germitmny)
20-kV accelerating voltage aradthree-position ultra-depth microscope (Smartzoom 5, ZEISS, Inc.
Germany). Thepparent contact anglagere measured using a contact angle meter (DSA 22 KRUSS,

Germany), wherein the water droplet volume wad.4
2.1.5 Experimental apparatus and image analysis

To analyze the dynamic wetting behavior of the droplets, an experimental system was
establishedo observe and record the droplet impacting the substrate (Fig. Supplementary
Information). This system generates the water droplets (2.14+0.01 mm) using anfh2setal
needle and a syringe driven by a microstepping motor. Using another microstepper motor, the
dropletto-substrate distance (H) can be varied, resulting in speeds(0808-1.128 m/s. The
resulting corresponding dimensionless numbers are the Weber niwherD/= 4-50, capillary
number G=uv/A= (4-16)x10° Reynolds number BovDy/u= 866-3120, and Ohnesorge number
On=pl(pyDo)*= 2x10°% with a density 0p=997 Kg-n¥, surface tension of=72x10° N/m, and

dynamic viscosity of p=0.89x1Pas, whicharethe water’s physical parameters.

2.1.6 Simulations

Qualitative simulation analyswas performed via the lattice Boltzmann method(the D3Q9 grid)

[38,39]
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3. Results and discussion

3.1 Morphology and wettability of the target substrates

SSHS-2 and SHS). The RPS could be visually characterized by a three-position ultra-depth

microscopeat 1000x magnification

(Fig.2

Fig. 2|illustrates the morphology and adhesive states of the selected substrates (RPS, SSHS-1

h). The irregular array constst of micropapillaes

averaging 22 um high and 192 um in diameter(similar to previous studié¢s,40]), which were

semiautomatically obtained from the written code in MATLAB and the open-source software ImageJ

by analyzing the selected images. The inset @a

illustrate that theCA of the RPS was 154°

+2°, and a 4uL droplet could adhere to the surface with a tilt angle of 180°. Similar wetting state

also occur orsticky superhydrophobic zinc foils fabricated by chemical etching. The imgEtg. 2¢

show that theCA of the SSHS-1 is 15#2°, andit exhibited high adhesior|i. Figd shows the SHS

with CA=153°+2° andcaq=3°+1°, indicating a typical lotus effect phenomenon, which is consistent

with previous studi¢d1,42] The microstructures|Fig. 2

b-g are SSHS-2, which are manufactured

by rapidly peeling off the copper mesh that was tightly attd¢b the solidified paraffin and the

colored box indicates the corresponding selected area. The inset |plot #f Figewise showsa

similar petal effect phenomenon, indicating A&8°+2° with alarge adhesive force. We established

a diagrammatic sketch of a typical SSHS-2 microstruc{ure @Y. in which the corresponding

statistical geometric parameters of the typical microstructwees short-side length: a=85##n,

long-side length: b=220+2m, width: w=50£2um, and height: h=5€2 um.
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Fig. 2 Characterization of the static wettabilities of (a) RPS, (b) 200-mesh copper mesh, (c)
SSHS-1, (d) SHS an@(k-h) SSHS-2.(a) Image of a fresh rose petal captured by a 3D super
depth-of-field microscopeta000x magnification (scale bar=2f). The darker red indicates the
top of the mastoid, while the relatively low area is showitight red. TheRP Sexhibited a petal
effect phenomenon with CA=154°+2° and high adhesaii|ustratedin the insets(b) SEM image
of the 200-mesh copper mesh (scale bar3s0) (c) SEM image of SSHS-1 (scale barg#4). The
insets indicate that the CA=156°+2° with the high adhesive phenoméhoSEM image ofa
superhydrophobic surface with CA=153°+2° (see inset). The scale bar=5@6) iegular array of
paraffin cubes with the same spacing and height. The insets indicate that CA=157°+2° with markedly
high adhesive behavior (scale bar=30@). (f) T-shaped paraffin microstructure (blue boxes
Compared with the top of the raised paraffin square column, the trace of the single copper wire was
almost smooth at the same magnification factor. (scale barm?Qg) The top of the raised paraffin
square column is shown in red box@s) Schematic diagram of a typical microstructure model
(orange box@s The microstructure dimensional parameteese a=85+2um, b=220+2um, w=50+2

um, and h=50+Zum (scale bar =2Qm).
3.2 Qualitative and quantitative analysis of Non-uniform lateral interaction on the SSHS

Simulations are performed to qualitatively explain the effect of the unbalanced Young's force

dF; on the wettability of the interfacdhe micropapillaes and droplets are of the same order of

magnitude to facilitate intuitive analys|&i¢. 3a). Two-phase fluid dynamics equations are solved
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using the D3Q19 grid based on a lattice Boltzmann algof#ya9]. The micropapillaes of the RPS

are arranged in regular arsaguring a simulation. In addition, the larger micropapillaes (height =0.4
mm with diameter =0.4 mm) are configured with a CA of 150° to counteract the superhydrophobicity
whereas theCA of the secondary micropapillaes (height =0.2 mm with diameter =0.2 ixm)
configured for 110°. The high-impact velocity droplets oscillated rahdamd finally adhered to the

rose petals; otherwise, the droplets have bouncadbat-impact speedlhe droplets tend to adhere

to the petals with the increasing Weber numbers, as reflactdee residual droplets (red dotted

circle in| Fig. 3¢ The additional viscous dissipation during the droplet-petal interaction in the high

Weber number state is attributed to cooperation between the irregular morph®logy

(micropapillas,|Fig. 2a) and the sticky superhydrophobicity of the rose petals. Anomalous droplet

formation was initialized during the spreading phase; however, the asymmetrical speed of the

moving contact line was evident in the receding phase from a two-dimensional perspective in the

schematidKig. 3a-d). The lateral rebounding of a droplet can be manipulated becauseioétte

gradient on the textured surfété| and the unbalanced Young's force expressed

dF =o|cosb,, — codg,| ds, 1)

where cost,, and cosf, are the apparent contact angles of the right and left Ei(je%a-d),

respectively, whichwere evaluated instantaneously by image analysis the differential of the

moving contact line, and dF is the transient unbalanced Young's force, which resists the inertia of the

droplet. Thus,as |COS¢9Rt— co§u| increases(the droplet is more distorted),; Rlso increases,

resulting in a more "hydrophilic" substrate, which is consistent with that showin.ife. Here, the

effective unbalanced Young's force)Ean be simplified as

1 .
A o< |cOSg, — COF,, | o : (- —6.| (2)

via analyzing the simulationsA contains a constanté, so that A is in the same order of

magnitude as the quantitative result, which is advantageous for comparison verification.
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a We =4t =33 ms "——C We =4 t =5.9 ms = ———

We =4 We =16 We =27 We =39 We =50
t=13.4ms t =20.5 ms t=19.8 ms t=18.5ms t=19.5ms

Fig. 3 Simulaed and experimental analysis and verification of the unbalanced Young's force
caused by the SSH&)-(d) Simulation analysis of droplets are observed to be in the most laterally
unbalanced. Unbalanced droplet morphology due to irregular micropapillaes in the receding phase.

Consequently, the Young's force increases, causing additional energy dissipation. The results of the
simulation show that the difference betwee®sd,, and cosf, is more significant as the Weber

number increases, so higherdventually lead to droplets adhesidine scale bar= 1.81m. (e) The
guantitative similarity of various morphologies of pinging tiny drop{etsl dotted circlepn a rose
petal as the Weber number increased. The rose petals became more "hydrdptilistale bar= 1
mm.

However, the aforementioned effective unbalanced Young's fqrisetfansient and difficult to
quantify via experiments. Thus, the dimensionless size of the residual droptets, / D,, is used

to investigate the extent of the dynamic petal effect due to the intuitive result of the dypedahic

effect is reflected in the residual moisture on the RPS, as shpwn %Fi@hese retained liquids
the RPS are essentially caused by varying degrees of the @aggazel transitiofil,12] which
can be regarded as the partial wetting state. This partial wetting state is mainly governed by the
effective water hammer pressure verified by Tao[é64|
Few =kpCv, ©)]

9
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where C is the speed of sound in water, and k is the fitting parameter of the corresponding
experiment. Hereiny o« We’*and thenP.,,, o« dWe”® where @ =kpC .In this case, we assumed

that that dFis in a two-dimensional environment, thus, dRd A4 are in the same dimension and

related. Together with Eql4{3), the quantitative estimation of dynamic petal effect of RPS would

yield dF, oc (¢ = aWe™) oc A oc aWE . Thereby,

2
L= 0.0366(%DO oz, )

pv°D,

where 4<W, = < 27.Eq. @) are satisfied in our experimenisid. 3

D

andFig. 4n): the

dynamic water-repellency of the SSHS is only closely related to the impact velocity dvbfiets

(v). The limit (W.<4) was considexd as the inconspicuous dynamic petal effect regime, while the

critical total wetting state occurs whe&w>27.Furthermore, the simulation resuiEig[. Ja-d angFig.

-d) qualitatively reveal the adhesion water caused by the lateral effect of the droplets di$he SS

in this study. Thus, the aforementioned effective unbalanced Young's fawoeilE yield

2
A =0.02502Y o gos8 (4)
v
pv°D
Herein,4<W,=——<50.The results of the simulation (the blue line |Fig. 4R)

v

satisfactorily confirm the positive effect of the lateral effect on droplet adhesion. The\RBSts
unigue asymmetric natural sticky superhydrophobic, resulting in solid edges with discontinuous

physical properties (e.g. wettability) that directly affect the receding speed of the threeqitase

line, which is striking at higher at high Weber numbers. As shown in yellow dotted cit¢les 4,

significant asymmetric receding line velocities and morphology are observed on both sides of the

droplet, in contrast, symmetrical edge velocities occur at low Weber nt{ﬂﬁigerg b-c).

Qualitatively, the synergy of the multiple lateral asymmetric effects and sticky will thekeSHS

more sticky and "hydrophilic" at high droplet impinging velocities regime (see the ii|n.

10
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We 2 g D 53 Is.sxmz
2 55 . 0.0

Fig. 4 Quantitative and qualitative comparisons of the effects of multiple lateral pinning on the
RPSs wetting characteristic§a) Investigations of the correlation between lateral effects and sticky
adhesion on the SSHShe insets show the extent of the dynamic petal effect, from pinning tiny
droplets (partial rebound, lilac region) to no bouncing sticky region (light green area) as the Weber
number increases. Satisfactory qualitative similarities are revealed in experimental and numerical
results (purple and blue fitted lin@)he critical of the partial bouncing region and sticky regioftds
27 (green line)(b)-(d) The simulated velocity field as the droplets develop to their most asymmetrical
morphology. Axisymmetric droplet morphology occurs under the low Weber number régfimel),
but note that the higir impinging velocities (corresponding té/. = 50 result in remarkable
unbalanced receding velocities (yellow dotted circle).Both versions of the investigatiaomedinthe
same characteristic that asymmetric interactions caused by high weber number reduce the possibility

of droplet bouncingThe scale bar=dm.
3.3 Droplet bounce dynamics

In order to verify the above-mentioned theory, three SSHSs (the RPS, SSHS-1 and SSHS-2) and
a SHS were selected as the target substrates. When a droplet hits a rough solid surface, it may bounc
or stick, after undergoing the spreading and receding stages. The interfacial behdneadroplets
corresponds to the hydrophobicity (e.g., CA and CAH) of the substrate and is significantly dffected
the wettability (e.g., high adhesion) of the interfacé We examined the droplet impact on the four

11



254 aforementioned surfaces. For droplets, the low-impact velocity edsnla low kinetic energy level.

255 [Fig. 5(llustrates the dynamic wetting process of the droplets on RPS, SSHS-1, SSHS-2 ané SHS at

256 very low Weber numbei/{(.= 4, correspondingp v=0.362-0.001 m/s; see also Supplementary Movie

257 Sl). Droplets with sufficient kinetic energy can generally bounce off sticky superhydrophobic

258 substrates at a very low Weber numb¥ér;: 4 (Fig. 5a-c). Partial pinning occurred at the bottom of

259 the droplet resulting in a slightly longer contact time than that on the SHSge&&oplementary
260 Information for more details). The bounce of the dwegs partially inhibited when the droplet
261 impaced the sticky superhydrophobic substrate compared with that on the superhydrophobic

262 substrate under the corresponding impacting velocity.

RPS = 7 mm : E
0 ms 2.0 ms 3.5 ms 5.5 ms 7.5 ms 9.5 ms 13.0 ms 13.4 ms 13.8 ms
[y SSHS-1 memm 2 mm u ! 9 o
263 0 ms 2.0ms 3.5ms 5.5ms 7.5 ms 9.5 ms 12.0 ms [2.5ms 13.8 ms

c SSHS-2 === 2 mm

_Q__A__n__ﬂ__‘_Q_Q_Q_Q_

0 ms 2.0 ms 3.5 ms 5.5 ms 7.5 ms 9.5 ms 12.0 ms 12.1 ms 123 ms
0 ms 2.0ms 3.5 ms 5.5ms 7.5 ms 8.3 ms 9.5 ms 10.0 ms 10.5 ms
264 Fig. 5Snapshots of théroplets” dynamic behavior on RPS, SSHS-1, SSHS-2 and SHS 4,

265 correspondingo v=0.362:0.001 m/s)(a—c) Time evolution of an impacting droplet on RPS, SSHS-1

266 SSHS-2, respectively. The droplet morphology becomes asymmetrical during the receding phase.
267 Droplets can still rebound, but the substrates exhibit some visq@litynpact phase diagram of a

268 droplet impacting the SHS. The dropliéts off the substrate with less contact time and remains more
269 symmetric compared with that on the aforementioned substrates. Supplementary Muaedes

270 more detailsThe scale bar=gm.

271 As the Weber number increases slightfy.£€ 16, correspondingo v=0.723+0.001 m/s), the

272 SSHS playsa more vital role in thelroplets’ dynamic behavior than does tB&H. Detaching the
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droplet from the SSHS was more difficult and differed greatly fitsrimteraction on the SHE-(g. §

Supplementary MovieS. The droplet morphology on all target substrates almost synchronous

during the spreading phase (0 ms < t < 3.5 ms) and was independent tafgétesubstrate

wettability and impact velocity, which is consistent with previous st{i3e36,46] For theRPS the

geometric center of the droplet changed and gradually moved away from the axis of symmetry,

indicating more sensitivity to the impact velocity of the droplet after 3.5 ms than\ae thfet (Fig.

andFig. 6a). Thus, the droplet exhibited difficulty in rebounding completely, even with a higher

initial kinetic energy, as illustrated by the residual secondary droplets on the sticky substrate (blue

ard green dotted circles [ifig. 6a, see also4An Supplementary Information). Interestingly, similar

wetting phenomena were observed on both SSHS-1 and SSHS-24¢-c). One dropletwas

difficult to lift off and was even pinned to the substrate (red dotted cirdleidn&t). Instead, the

droplet lifted off from the SHS quickly after undergoing a spreading and retracting imalse to

that of the above corresponding testing condition. We coefirtinat the dynamic response of the

droplets is critical to wetting the SSHS interface during the receding phaselwha&in< 16.

RPS = 2 mm
Lﬂ_- A B “ -"E’= {a;
0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5 ms 15.5ms 20.0 ms
o
p SSHS-1 == 2mm 6 v 9 9
0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5 ms 129 ms 13.0 ms
SSHS-2 == 2 mm ! ﬁ ﬁ
0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5 ms 129 ms 13. 0 ms
d SHS —— ) mm 8 8 8 8
2.0 ms 3.5ms 5.5ms 7.5 ms 9.0 ms 9.7 ms 10.0 ms 11.0 ms

Fig. 6 Sequential snapshots of ttheplets’ dynamic behaviors on the RPS, SSHS-1, SSHS-2 and

SHS {N.=16, corresponding to v=0.723+0.001 m/&) Impact phase diagram afdroplet impacting

the RPS. Note that this droplet was observed to be extremely asymmetric at t=5.5 ms. During the

13
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rebound phase, the liquid bridge (blue circle) is captured between the ejecting droplet and the
substrate. A residual secondary drofgethown in the green circléb) Drop impacting the SSHS-1
with a tiny droplet ejecting at t=7.5 mg) A droplet is completely trapped on the SSHS-2. A larger
liquid bridgeis observed at the interface and is circladred. (d) Sequential phase diagram af
droplet impacting th&HS. Almost no adhesiomas observed (Supplementary Movi€)SThe scale
bar=4mm.

Interestingly, as we predicted, the spreading phase of the dreystalso affected by the
substrate configuration, such as in the receding phase when the impact wedsdiigh (\.=50,
corresponding to v=1.304+0.001 m/s), which appears to be inconsistent with previous ktulkees.

present study, the surface tension and viscosity of the wester constant and were factors that

inhibited the droplet from recedify].|Fig. 7shows the dynamic process of the droplet impacting

the RPS and SSHS-2 (Supplementary Movig). SThe droplet morphology is extreiyie
asynchronized during the spreading phase af2nts. In addition, the droplet showed a maximum

twist compared with all previous test conditions and exéulatsurprisingly dF and could not to lift

off the substrateHig. 7a). Previously, we confirmed that droplets are more likely to adhere at high

Weber numbers, butidi not qualitatively clarifythe droplets’ reciprocating oscillation on the RPS.

Once the de-pinning effect is initialized (red boxHig. 7a), the de-pinning force for the moment,

including the inward and upward forces, will be activated (green Ipex irvg). The mechanism of the

corresponding state can be qualitatively explained by the blue 5ag. irp and the green box|kig.

, respectively. Note that dF, with both upward and inward vectors, drives the leftmost liquid to hit

those adjacent portions with lower receding velocities, instead, the de-pinning does not occur on the
rightmost, thus the droplet exhibits unbalanced and eventually cause reciprocating oscillation of a
droplet on a rose petal. The free liquid-gas interface adjacent to the petal is pinned again, causing

multiple viscous energy dissipation, and peeal eventually becomes more "hydrophilic”.

14
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RPS === 2 mm

__O_Q__.._MLLQ_

0

2.0 ms 3.5ms 5.5 ms 7.5 ms 9.0 ms 11.0 ms 16.0 ms

19.5 ms

C

Velocity [m/s] Velocity [m/s]

'5.0)(10'1 l5.l.’)><10'1
4,2x10°* 4.2x10°*
3.3x10°1 3.3x10°1

2.5%10* 2,5%x101
1.7x10* 1.7x10°1

Is.axm-z '3.3x1o-2
0.0 0.0

3.9 ms

Fig. 7Impact of droplets on the RPS at high velocitiés=50, correspondingo v=1.3049.001

m/s). (a) A droplet impacts the RPS, exhibiting a sharp anisotropic vibration that prevents it from

bouncing off the substrat&s we predicted, the non-negligible unbalanced Young's force increases

with higher Weber number regime due to the strong asymmetrical solid-liquid interaction (See

Supplementary Movie Sfor more details)I'he scale bar=thm. (b)-(c) Side-view snapshots of force

analysis of the de-pinning procedure (3.6-3.9 ms). The velocity vectors of the particles are represented

by arrows, and the zoomed area (blue bitee, scale bar=25@m) indicates that the high inward

velocities vector only occurs at the wall before de-pinning. Subsequently, the leftmost particles have

both inward and upward velocity vectors, which then impact adjacent low-velocity portions, causing

unbalanced oscillations and additional energy dissipation, ultimately depleting the energy of the

upward impact of the droplets(green bthe scale bar=30Qm).

3.4 Unique mechanism for suppressing oscillation

The TCL is always accompanied by the whole process of solid-liquid interaction, which does

not merely increase the effective interfacial friction but also suppresses the bouncing [d&jplets

The size of the annular TCL can be quantified by the length of the horizontally overlapping lines

(Dy). As a function of the time scale,,lvas normalized by the initial diametes|Big.

15
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can bounce from both a sticky superhydrophobic substrate and a superhydrophobic substrate, which

was reflected in the similarity of the TCL when the droplet underwent a symmetrically evolved

interaction with the substrat&\(=4,|Fig. §a). The TCL evolved as a function of time scales, and the

peaks of these curves correspond to dhglet’s maximum spreading diameter {£) when it
impacedthe four selected substrates. The maximum spreading Bagier (DmaDo) ~ W2°=1.405

is a critical parameter for evaluating inertia-dominated wetting kinetics based on mass conservation,
which is consistent with the conclusions drawn by Clanet Bt9&l.This also indicates that the
droplet’s dynamic response is independent of the substrate configuration and remains dominated by
inertia within a low Weber number regimen. For the higher50, the effect of the substrate

configuration on the impact dynamics of the dropless more effective. All droplets accomplished

the spreading process in 3 ms, then experienced a more time-consuming recedingiphgse (

The distinguishable curves indicate that the droplet morphal@gymore sensitive to the substrate
configuration than that within the high Weber number regimen. We also noticed that the rose petals
exhibited the strongest robust liquid viscous effit compared with the other three target
substrates during the solid-liquid interaction process. In addition, the comparative analysis indicated
that the droplet spreadingas strongly suppressed at the liquid-petal interface, and the excess

restoring force (reflected in the viscosity of the dropletad transformed into the surface energy of

the irregular twisting droplet (t =7.5 ms|kig. 7a). The irregular droplet twist caused the surface

energy to be consumed by both the viscosity of the droplet and the partial pinningfdfiegbetals

based on the energy conservation argument, eventually leading to droplet adhesion. Conversely, the
spreading and retraction of the droplets were maximized because the SH®ettedawest contact

angle hysteresis among all selected subsifatdsAnalysis of the contact line shedthat this twist

was relatively stable, while the other three selected substrates exhibited larger fluctuations.

16
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355 c 2.4 T T T T T T T
23r 7 181 .
22+ .
I 1.6 1
N 2.1F 1
- 14+ .
20+ 8
191 We=27| 2] We=27| |
L — |No=50 We=50
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20 40 60 80 100 120 140 20 40 60 80 100 120 140
Time (ms) Time (ms)
356 Fig. 8 Transient contact diameter of the droplet impacting the four substrgg$\at4 and(b)

357 W=50. The differencavas not significant under the low Weber number regimen. Nevertheless, the

358 substrate configuration dominated the droplet topographiy.=50. (c) Comparative analysis of the
359 horizontal flatness factprs,, under moderate/N.=27) and high {V.=50) Weber numbers. The lateral
360 droplet response was consistent in the latter ¢d¥e€Comparative analysis of the vertical flathness
361 factor, Zy, under moderate \{;=27) and high (V.=50) Weber numbes. Unexpectedly, the

362 high-impact velocity of a droplet led to a lower amplitude.

363 Attenuation of the droplet oscillation is similar to the underdamped harmonic oscillator, which
364 has the characteristics of a vibration system composadming, damping, and mass with a certain
365 degree of freedo[fi3]. To quantify this oscillation, the oscillation frequencies were analyzed in the

366 horizontal (f=1/T\=wn/27) and vertical (E1/T,=w/27) directions using the fast Fourier transform
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algorithn{50,51]in MATLAB. Under the high Weber numbers, the droplet oscillation frequency was
lower than that under the moderatgract velocity condition, wherg 4, = 80 Hz< f;,; = 93 Hz and

funso = 76 Hz< f,7 = 90 Hz (the frequency of a free-oscillating dropletl®9 HZ52]). Thus, the

lower frequency and smalt amplitude of the droplet oscillation®veal that more energy is
dissipated by the viscous force at high-impact velocities. Additionally, mutations in the degree of
freedom of the droplet-spring system due to pinning/depinning can severely inhibit lateral but not

vertical droplet oscillations during the retraction process; thus, the lower part of the droplet will again

collide with the petal, causing multiple surface energy dissipation as demonstr@
Artificial SSHSs (e.g., SSHS-1, SSHS-2) are more isotropic with respect to the rose petals but can

also become more "hydrophilic* under high Weber numbers. In addition, the underdamped harmonic

oscillator, especially in the horizontal directiofid. &), are highly efficient on the RPS. The

pinning effect of the high regimen experienced random oscillation in an underdamped manner on the
rose petals. The flatness fact@h=Dn/Do, and the dimensionless vertical dimension of the drogjet,

=D./Do, were defined to investigate the degree of oscillation. Furthermore, we analyzed the

oscillation phenomenon of the depositional droplet under moderéte7) and high (V. =50)

Weber numbers as denoteg¢Hig. § resulting in greater damping and droplet stiffregss,. =50. The

increased velocity appest to attenuate the oscillation amplitude faster than did the collisi@n of

lower velocity droplet on the same petal, indicating a higher effective damping coefficient.

4. Conclusions

There seems to be no consensus on the static petal [@fte2ts 26]anda large amount of the
previous studies have mainly focused on the wettability of superhydrophobic
surfacefl5-21,42]These all determine that the dynamic petal effects are still far from being fully
understood yetWe systematically investigated the impact dynamics of droplets on the interfaces of
rose petals, imitation rose petals and SHS. Spherical droplet retention is attributed to the
sophisticated energy-consuming system at the droplet-petal intetfiaeengenious combination of
a sticky superhydrophobic texture and an irregular texture. The pinning effect significantly modified

thedroplets’ dynamic wettability. The sticky superhydrophobic surface is a type of supgrhptiio
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surface with various defects; thus, the above combination effect should be avoided when designing
water-repellent surfaces. Asewnentioned, the roses may reveal more "hydrophilic* at heavier
precipitation. These findings may offer possibilities for designing high-efficiency energy conversio

and harvesting,10,27]
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Abstract
Hypothesis

Bionics and dynamic interface wetting intensely appeal to many research communitieshdile to
unique practical implications. The rose petals had a highly robust dynamic water-retaining capacity
under heavy precipitation. We predicted that the roses became more "hydrophilic" at higher Webe

numbers.

Experiments

Fresh rose petals were directly impacted by droplets, and facile artificial petal-like substdates a
superhydrophobic substrates were used in the comparative analysis. The wetting dynamics of the
droplet (e.g., topography, bounce dynamics, contact time, three-phase contact lines, and oscillations)

were investigated when interacting with four selected target substrates.

Findings

The present work first time investigated the dynamic wetting rule of the sticky superhydrophobic
substrates (SSHS). Simulated and experimental investigations confirmed that the unique coupling
synergy between the pinning effect and the inhomogeneous micropapillaesdr@sulbpsided
contact line velocities, which remarkably suppressed the lateral oscillation and rebounding. This may
be a new strategy when designing dynamic water-repellent surfaces andpspemsang avenue for

emerging areas such as super-efficiency energy conversion and harvesting.

1


http://ees.elsevier.com/jcis/viewRCResults.aspx?pdf=1&docID=75879&rev=2&fileID=2113217&msid={A8241BF7-D0A5-4567-A302-61E5A3FC9928}

28
29
30

31
32
33
34
35
36
37
38
39
40

41

42
43
44
45
46
47

s
64
65

Keywords. dynamic petal effect, droplet impact, asymmetric wetting, sticky superhydrophobic

1. Introduction

Rain droplets on lotus leaves may be less striking than rain droplets on rose petals. Water droplets

can attach to rose petals without rolling off, even at great tilt angles. However, water draphets

remain on lotus leaves after a rain. Thetus effect is synonymous with superhydrophobicity, and

superhydrophobic surfac®¥IS) exhibits a statiapparent contact ang{€A, 6) of greater than 150°

with a very low contact angle hysteresis (CAlday)[1-4]. Interestingly, rose petals can exhibit an

extremely high CA similar to that of th#otus effect, but with high CAH

(Figl

n)5]. This "sticky

superhydrophobic” substrate §SHS) phenomenon known as the "petal effect” was first proposed by

Jiang et aJ6] and has since drawn much research attention due to its widespread use in emeging field

such as self-cleanifigj, droplet transfer, transportati@, biochemical separation, and energy

harvesting9,10]. In addition, studying thelynamic wetting mechanism oin SSHS provides

information for enhancing functional surface designs.

Fig. 1 Dynamic wetting phenomenon on rose pet@gsRetention of spherelike droplets on rose

petals in the rainb-€) Schematic diagram of the interfacial procesaaroplet impacting a rose petal

at low-impact velocities. The scale bamm.

Generally, the static-wetting state of rough surfaces can be explained by the classicgl wett

theory of Cassie-Baxtgrl] and WenzglL2]. In the Cassie-Baxter model, the rough solid surface is

completely filled with liquid, resulting in high water adhesion. Howesetrapped air is observed in

2
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the Wenzel model, which is attributed to hydrophobijtity. The superhydrophobicity exhibited on

the lotus leaf results from the combination of convex epidermal cells and extremely low-density
biowax layer§l4]. The lotus effect should be governed by the idealized Cassie-Baxter model. For the
lotus effect, research on fabricating and characterizing biomimetic surigceending, both
theoretically and experimentallys—21]. In contrast, fewn-depth studies have examined the petal
effect; thus, the accurate mechanism of the petal effect wetting behavior remains|[2&iclear
Nonetheless, the Cassie-Baxter and Wenzel models are used by most scientists to explain \aettability
the interface. Adhesion of water dropl&isose petals has been attributed to the Wenzel state based on
the geometric parameters of the rose petal surface determined for both biological and artificial samples

These parameters include the diameter, spacing and secondary nanostructure of the

micropapillag¢23](Fig. 1|b-e). In contrast, the opposite conclusion has also been suggested, in that the

petals microstructure is considered to benefit adhesion, but this conclusion cannot be explained by the
classic Cassie-Baxter wetting thef@4|. Thus, the rose petal wetting mechanssms puzzling S.
Yang et al25] observed that the interaction between droplets and rose petals was completely in
accordance with the Wenzel state, and these authors found no air cushion using micro computed
tomography. Visualization technology has been developed, which has facilitated analyzing this
mechanism. Optical microscopy observations using micron-scale resolution have recently shown that
the wetting behavior of droplets on rose petals is unstable because gas molef@iowhe space
over the liquid, thus altering the wetting stateisTlie a mutual transformation from the Cassie and
Wenzel stat€86]. This contradictory conclusion was likely reached because dynamic observations
were applied to the latter; that is, the movable air cushion dissgpa#ier connecting to the
atmosphere, resulting in continuous wetting at the three-phase contacQine (T

Thus, the static-wetting mechanism of the petal effect remains unclear, and deteritsining
precise dynamic wetting process challenging. Experiments and simulations in which droplets
impact the substrate have long been used to investigate the dynamic wettability of natural, artificial
and chemically heterogeneous surfé2és To our knowledge, previous investigations of the
substrate’s configuration after being impacted by the droplet mainly included liquid[Zbin

superhydrophilicitj29], hydrophobicity30], superhydrophobicif$1], elastic

3
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superhydrophobicifi32,33], and vibrating superhydrophobidiBy|; however, no reports regarding
droplet impact orSSH surfaces (the petal effect) have been publisheat al[35] reported the
dynamic wetting characteristics of water droplets on various substrate configurations at CA = 160°,
154°, 153°, 122°, 124°, and 11%Bten et al[36] verified that a relationship exists between the
trapped air and the interface adhesion when a droplet impattky hydrophobic substrate. In the
two aforementioned studies, the droplets were released from the same height as that impacting the
substrate, which wagnsufficient to summarize the rules of dynamic wetting on sticky
superhydrophobic surfaces.

This paper describes the dynamic wetting rule on a SSHS (i.e., the petalsffecmparing
the wetting state ora superhydrophobic surface. The quantitative (experiments) and qualitative
(simulations) investigation confirm that the dynamic unbalance wetting mechanism of the petal effect
is due to the coupling of the lateral interaction of the droplets with the pinning effect, thus providing
novel insights into why rose petals can retain water droplets and new rational guidelines for wetting

functional surface design.

2. Experimental materials and methods

2.1 Surface fabrication and characterization

To capture the commonality of droplet dynamics on the SSHS, three target substrates were
fabricated, including the rose petal surface (RPS) and engineering sticky superhydrophobis surface
(SSHS-1 and SSHSK2Besides, the superhydrophobic surface (SHS) is used for comparative

verification.
2.1.1 Rose petal surface (RPS)

A fresh red rose was purchased from a flower market (Changchun, China), and & fhece o

rose petal (15 m x 1.5 mm) was fixed to a glass sheet which was neither cleaned nor altered.
2.1.2 Sticky superhydrophobic surface (SSHS)
We replicated the surface (SSHS-1) invented by Chen[8F glwith some modifications to the

chemical reactions. One-millimeter-thick zinc foil was ultrasonically cleaned in acetone and
deionized water. The zinc foil was etched in hydrochloric acid for 15 seconds, then washed

thoroughly in deionized water. Next, the zinc foil was etched in hydrochloric acid for 15 s, then
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immersed in 0.01 mol/L CuS@,0 for 12 minutes, thoroughly washed again in deionized water,

and immersed in 0.005 molLH3(CH,);sCOO0H for 30 minutes. We also established a micron-scale
with arrays on paraffin with low surface energies (SSHS-2) for comparisbi, Bipplementary

Information).
2.1.3 Superhydrophobic surface (SHS)

The 2mm-thick square copper plate was etched in hydrochloric and sanding with sandpaper then
treated with 1H,1H,2H,2H-perfluorodecyl trichlorosilane (Aladdin, Inc., China) via chemical vapour

deposition.
2.1.4 surface characterization

All characterization tests were performed indoors atC.29he surface morphology was
characterized by scanning electron microscopy (SEM; EVO MA 25/LS, ZEISS, Inc., Germitmny)
20-kV accelerating voltage and a three-position ultra-depth microscope (Smartzoom 5, IBEISS
Germany). The apparent contact angles were measured using a contact angle meter (DSA 22 KRUSS

Germany), wherein the water droplet volume wad.4
2.1.5 Experimental apparatus and image analysis

To analyze the dynamic wetting behavior of the droplets, an experimental system was
establishedo observe and record the droplet impacting the substrate (Fig. Supplementary
Information). This system generates the water droplets (2.14+0.01 mm) using anfh2setal
needle and a syringe driven by a microstepping motor. Using another microstepper motor, the
dropletto-substrate distance (H) can be varied, resulting in speeds(0808-1.128 m/s. The
resulting corresponding dimensionless numbers are the Weber nursgefDyy= 4-50, capillary
number G=uv/A= (4-16)x10% Reynolds number KpvDy/u= 866-3120, and Ohnesorge number
On=plpyDo)Y?= 2x10°%, with a density 0fp=997 Kg-n?¥, surface tension of=72x10° N/m, and

dynamic viscosity of u=0.89x1{Pa s, whicharethe water’s physical parameters.
2.1.6 Simulations

Qualitative simulation analyswas performed via the lattice Boltzmann method(the D3Q9 grid)

[38,39]
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3. Results and discussion

3.1 Morphology and wettability of the target substrates

SSHS-2 and SHS). The RPS could be visually characterized by a three-position ultra-depth

microscopeat 1000x magnification

(Fig.2

Fig. 2|illustrates the morphology and adhesive states of the selected substrates (RPS, SSHS-1

h). The irregular array constst of micropapillaes

averaging 22 um high and 192 um in diameter(similar to previous studié¢s,40]), which were

semiautomatically obtained from the written code in MATLAB and the open-source software ImageJ

by analyzing the selected images. The inset @a

illustrate that theCA of the RPS was 154°

+2°, and a 4uL droplet could adhere to the surface with a tilt angle of 180°. Similar wetting state

also occur orsticky superhydrophobic zinc foils fabricated by chemical etching. The imgEtg. 2¢

show that theCA of the SSHS-1 is 15#2°, andit exhibited high adhesior|i. Figd shows the SHS

with CA=153°+2° andcaq=3°+1°, indicating a typical lotus effect phenomenon, which is consistent

with previous studi¢d1,42] The microstructures|Fig. 2

b-g are SSHS-2, which are manufactured

by rapidly peeling off the copper mesh that was tightly attd¢b the solidified paraffin and the

colored box indicates the corresponding selected area. The inset |plot #f Figewise showsa

similar petal effect phenomenon, indicating A&8°+2° with alarge adhesive force. We established

a diagrammatic sketch of a typical SSHS-2 microstruc{ure @Y. in which the corresponding

statistical geometric parameters of the typical microstructwees short-side length: a=85##n,

long-side length: b=220+2m, width: w=50£2um, and height: h=5€2 um.
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Fig. 2 Characterization of the static wettabilities of (a) RPS, (b) 200-mesh copper mesh, (c)
SSHS-1, (d) SHS an@(k-h) SSHS-2.(a) Image of a fresh rose petal captured by a 3D super
depth-of-field microscopeta000x magnification (scale bar=2f). The darker red indicates the
top of the mastoid, while the relatively low area is showitight red. TheRP Sexhibited a petal
effect phenomenon with CA=154°+2° and high adhesaii|ustratedin the insets(b) SEM image
of the 200-mesh copper mesh (scale bar3s0) (c) SEM image of SSHS-1 (scale barg#4). The
insets indicate that the CA=156°+2° with the high adhesive phenoméhoSEM image ofa
superhydrophobic surface with CA=153°+2° (see inset). The scale bar=5@6) iegular array of
paraffin cubes with the same spacing and height. The insets indicate that CA=157°+2° with markedly
high adhesive behavior (scale bar=30@). (f) T-shaped paraffin microstructure (blue boxes
Compared with the top of the raised paraffin square column, the trace of the single copper wire was
almost smooth at the same magnification factor. (scale barm?Qg) The top of the raised paraffin
square column is shown in red box@s) Schematic diagram of a typical microstructure model
(orange box@s The microstructure dimensional parameteese a=85+2um, b=220+2um, w=50+2

um, and h=50+Zum (scale bar =2Qm).
3.2 Qualitative and quantitative analysis of Non-uniform lateral interaction on the SSHS

Simulations are performed to qualitatively explain the effect of the unbalanced Young's force

dF; on the wettability of the interfacdhe micropapillaes and droplets are of the same order of

magnitude to facilitate intuitive analys|s (Figh). Two-phase fluid dynamics equations are solved
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using the D3Q19 grid based on a lattice Boltzmann algof#ya9]. The micropapillaes of the RPS

are arranged in regular arsaguring a simulation. In addition, the larger micropapillaes (height =0.4

mm with diameter =0.4 mm) are configured with a CA of 150° to counteract the superhydrophobicity
whereas theCA of the secondary micropapillaes (height =0.2 mm with diameter =0.2 ixm)
configured for 110°. The high-impact velocity droplets oscillated randomly and finally adhered to the
rose petals; otherwise, the droplets have bounced at a low-impact speed. The droplets tend to adher

to the petals with the increasing Weber numbers, as reflactdte residual droplets (red dotted

circle in| Fig.3e). The additional viscous dissipation during the droplet-petal interaction in the high

Weber number state is attributed to cooperation between the irregular morph®logy

(micropapillas,|Fig. 2a) and the sticky superhydrophobicity of the rose petals. Anomalous droplet

formation was initialized during the spreading phase; however, the asymmetrical speed of the

moving contact line was evident in the receding phase from a two-dimensional perspective in the

schematid (Fig3|a-d). The lateral rebounding of a droplet can be manipulated because of the uneven

gradient on the textured surfété| and the unbalanced Young's force expressed

dF =o|cost,, — cod,| ds, 1)

where cosd, and cosf, are the apparent contact angles of the right and left sides)(ﬁig),

respectively, whichwere evaluated instantaneously by image analysis the differential of the

moving contact line, and dF is the transient unbalanced Young's force, which resists the inertia of the

droplet. Thus,as |COSHRt— cosﬁu| increases(the droplet is more distorted),; Rlso increases,

resulting in a more "hydrophilic" substrate, which is consistent with that shown iBeFigere, the

effective unbalanced Young's force)Ean be simplified as

1
A o< |cOSGs, — €O, | o : (90— 6.| 2

via analyzig the simulations.A contains a constan{5—, so that A is in the same order of

magnitude as the quantitative result, which is advantageous for comparison verification.
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a We =4t =33 ms "——C We =4 t =5.9 ms = ———

We =4 We =16 We =27 We =39 We =50
t=13.4ms t =20.5 ms t=19.8 ms t=18.5ms t=19.5ms

Fig. 3 Simulaed and experimental analysis and verification of the unbalanced Young's force
caused by the SSH&)-(d) Simulation analysis of droplets are observed to be in the most laterally
unbalanced. Unbalanced droplet morphology due to irregular micropapillaes in the receding phase.

Consequently, the Young's force increases, causing additional energy dissipation. The results of the
simulation show that the difference betwee®dsf,, and cosf, is more significant as the Weber

number increases, so higherdventually lead to droplets adhesion. The scale bar= 1.8epithe
guantitative similarity of various morphologies of pinging tiny droplets (red dotted circle) on a rose
petal as the Weber number increased. The rose petals became more "hydrophilic". The scale bar= 1
mm.

However, the aforementioned effective unbalanced Young's fqrisetfansient and difficult to
quantify via experiments. Thus, the dimensionless size of the residual droptets, / D,, is used

to investigate the extent of the dynamic petal effect due to the intuitive result of the dyeahic

effect is reflected in the residual moisture on the RPS, as shpwn %Fi@hese retained liquids
the RPS are essentially caused by varying degrees of the @aggazel transitiofil,12] which
can be regarded as the partial wetting state. This partial wetting state is mainly governed by the
effective water hammer pressure verified by Tao[é64|
R =kpCv, ©)]

9
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where C is the speed of sound in water, and k is the fitting parameter of the corresponding
experiment. Hereiny o We*®and thenPy,,, < oWe”® where a =kpC . In this case, we assumed

that that dFis in a two-dimensional environment, thus; dfd A4 are in the same dimension and

related. Together with Eql4{3), the quantitative estimation of dynamic petal effect of RPS would

yield dF, oc (¢ = aWe™) oc A oc aWE . Thereby,

2
L= 0.0366(%[)0 §6s3, 3)

2
D, e . .
where 4<V\/e=u<27.Eq. () are satisfied in our experimenis (Fit¢ and Fig.4f): the
v

dynamic water-repellency of the SSHS is only closely related to the impact velocitydrbftets

(v). The limit (W<4) was consideed as the inconspicuous dynamic petal effect regime, while the

critical total wetting state occurs wheé®>27. Furthermore, the simulation resylts (Big-d and Fig

-d) qualitatively reveal the adhesion water caused by the lateral effect of the droplets di$he SS

in this study. Thus, the aforementioned effective unbalanced Young's fawoeilE yield

2
A=0.0259LY 0 goo8 (4)
v
pv?D
Herein,4<W,=~——<50.The results of the simulation (the blue line |in Fig)

v

satisfactorily confirm the positive effect of the lateral effect on droplet adhesion. The\RBSts
unigue asymmetric natural sticky superhydrophobic, resulting in solid edges with discontinuous

physical properties (e.g. wettability) that directly affect the receding speed of the threeqitase

line, which is striking at higher at high Weber numbers. As shown in yellow dotted ciicles 40,Fig.

significant asymmetric receding line velocities and morphology are observed on both sides of the

droplet, in contrast, symmetrical edge velocities occur at low Weber nt{mberér Fe).

Qualitatively, the synergy of the multiple lateral asymmetric effects and sticky will thekeSHS

more sticky and "hydrophilic" at high droplet impinging velocities regime (see the iinE’gs 4).

10
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Fig. 4 Quantitative and qualitative comparisons of the effects of multiple lateral pinning on the
RPSs wetting characteristic§a) Investigations of the correlation between lateral effects and sticky
adhesion on the SSHShe insets show the extent of the dynamic petal effect, from pinning tiny
droplets (partial rebound, lilac region) to no bouncing sticky reflight green area) as the Weber
number increases. Satisfactory qualitative similarities are revealed in experimental and numerical
results (purple and blue fitted lin@)he critical of the partial bouncing region and sticky regionds W
27 (green line)(b)-(d) The simulated velocity field as the droplets develop to their most asymmetrical
morphology. Axisymmetric droplet morphology occurs under the low Weber number regimel{W
but note that the higit impinging velocities (corresponding to W 50) result in remarkable
unbalanced receding velocities (yellow dotted circle).Both versions of the investigatiaomedinihe
same characteristic that asymmetric interactions caused by high weber number reduce the possibility

of droplet bouncing. The scale bamn.
3.3 Droplet bounce dynamics

In order to verify the above-mentioned theory, three SSHSs (the RPS, SSHS-1 and SSHS-2) and
a SHS were selected as the target substrates. When a droplet hits a rough solid surface, it may bounc
or stick, after undergoing the spreading and receding stages. The interfacial behtdneadroplets
corresponds to the hydrophobicity (e.g., CA and CAH) of the substrate and is significantly dffected
the wettability (e.g., high adhesion) of the interfacé We examined the droplet impact on the four

11



254 aforementioned surfaces. For droplets, the low-impact velocity edsnla low kinetic energy level.

255 |Fig. 5 [llustrates the dynamic wetting process of the droplets on RPS, SSHS-1, SSHS-2 ané SHS at

256 very low Weber number (W 4, correspondintp v=0.362-0.001 m/s; see also Supplementary Movie

257 Sl). Droplets with sufficient kinetic energy can generally bounce off sticky superhydrophobic

258 substrates at a very low Weber numbess W|(Fig.5 g-c). Partial pinning occurred at the bottom of

259 the droplet resulting in a slightly longer contact time than that on the SHSge&&oplementary
260 Information for more details). The bounce of the dwegs partially inhibited when the droplet
261 impaced the sticky superhydrophobic substrate compared with that on the superhydrophobic

262 substrate under the corresponding impacting velocity.

RPS = 2 mm : E
0 ms 2.0 ms 3.5 ms 5.5 ms 7.5 ms 9.5 ms 13.0 ms 13.4 ms 13.8 ms
[y SSHS-1 memm 2 mm u ! 9 o
263 0 ms 2.0ms 3.5ms 5.5ms 7.5 ms 9.5 ms 12.0 ms [2.5ms 13.8 ms

c SSHS-2 === 2 mm

_Q__A__ﬁ__ﬂ__‘_Q_Q_Q_Q_

0 ms 2.0 ms 3.5 ms 5.5 ms 7.5 ms 9.5 ms 12.0 ms 12.1 ms 123 ms

SHS — 2 mm Q ° o

0 ms 2.0ms 3.5 ms 5.5ms 7.5 ms 8.3 ms 9.5 ms 10.0 ms 10.5 ms
264 Fig. 5 Snapshots of théroplets’ dynamic behavior on RPS, SSHS-1, SSHS-2 and SHS 4W

265 correspondingo v=0.362:0.001 m/s)(a—c) Time evolution of an impacting droplet on RPS, SSHS-1

266 SSHS-2, respectively. The droplet morphology becomes asymmetrical during the receding phase.
267 Droplets can still rebound, but the substrates exhibit some visq@Bitynpact phase diagram of a

268 droplet impacting the SHS. The dropletdidiff the substrate with less contact time and remains more
269 symmetric compared with that on the aforementioned substrates. Supplementary Movie S1 provides
270 more details. The scale bar=2 mm.

271 As the Weber number increases slightly.¥V¥6, correspondingp v=0.723+0.001 m/s), the

272 SSHS playsa more vital role in thelroplets’ dynamic behavior than does tB&H. Detaching the

12
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droplet from the SSHS was more difficult and differed greatly fitsrimteraction on the SHES (Fi§

Supplementary MovieS. The droplet morphology on all target substrates almost synchronous

during the spreading phase (0 ms < t < 3.5 ms) and was independent tafgétesubstrate

wettability and impact velocity, which is consistent with previous st{i3e36,46] For theRPS the

geometric center of the droplet changed and gradually moved away from the axis of symmetry,

indicating more sensitivity to the impact velocity of the droplet after 3.5 ms than\ae thfed (Fig.

and Fig6a). Thus, the droplet exhibited difficulty in rebounding completely, even with a higher

initial kinetic energy, as illustrated by the residual secondary droplets on the sticky substrate (blue

ard green dotted circles [in Fifga, see also4n Supplementary Information). Interestingly, similar

wetting phenomena were observed on both SSHS-1 and SSHS-Z[Fy. One dropletwas

difficult to lift off and was even pinned to the substrate (red dotted cirdle in6E)g.Instead, the

droplet lifted off from the SHS quickly after undergoing a spreading and retracting imalse to

that of the above corresponding testing condition. We coefirtinat the dynamic response of the

droplets is critical to wetting the SSHS interface during the receding phase whain<416.

RPS = 2 mm
0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5 ms 15. 5 20. 0 ms
o
0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5 ms 129 ms 13.0 ms
SSHS-2 == 2 mm ! ﬁ ﬁ
0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5 ms 129 ms 13 0 ms
d SHS 2 mm 8 8
2.0 ms 3.5ms 5.5ms 7.5 ms 9.0 ms 9.7 ms 10.0 ms 11.0 ms

Fig. 6 Sequential snapshots of ttheplets’ dynamic behaviors on the RPS, SSHS-1, SSHS-2 and

SHS (W=16, corresponding to v=0.723+0.001 m/g) Impact phase diagram of a droplet impacting

the RPS. Note that this droplet was observed to be extremely asymmetric at t=5.5 ms. During the

13
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rebound phase, the liquid bridge (blue circle) is captured between the ejecting droplet and the
substrate. A residual secondary drofgethown in the green circléb) Drop impacting the SSHS-1
with atiny droplet ejecting at t=7.5 mg) A droplet is completely trapped on the SSHS-2. A larger
liquid bridge is observed at the interface and is circled in (@dSequential phase diagram of a
droplet impacting th&HS. Almost no adhesiomas observed (Supplementary Movie S2). The scale
bar=4 mm.

Interestingly, as we predicted, the spreading phase of the dreydstalso affected by the
substrate configuration, such as in the receding phase when the impact wedsdiigh (W.=50,
corresponding to v=1.304+0.001 m/s), which appears to be inconsistent with previous studies. In the

present study, the surface tension and viscosity of the weter constant and were factors that

inhibited the droplet from recedify].|Fig. 7|shows the dynamic process of the droplet impacting

the RPS and SSHS-2 (Supplementary Movig). SThe droplet morphology is extreiyie
asynchronized during the spreading phase af2nts. In addition, the droplet showed a maximum

twist compared with all previous test conditions and exéulatsurprisingly dF and could not to lift

off the substrate (Figiq). Previously, we confirmed that droplets are more likely to adhere at high

Weber numbers, butidi not qualitatively clarifythe droplets’ reciprocating oscillation on the RPS.

Once the de-pinning effect is initialized (red box in Fig), the de-pinning force for the moment,

including the inward and upward forces, will be activated (green Ipox ii@id.he mechanism of the

corresponding state can be qualitatively explained by the blue pox irpFagd the green box|in Fig.

, respectively. Note that dF, with both upward and inward vectors, drives the leftmost liquid to hit

those adjacent portions with lower receding velocities, instead, the de-pinning does not occur on the
rightmost, thus the droplet exhibits unbalanced and eventually cause reciprocating oscillation of a
droplet on a rose petal. The free liquid-gas interface adjacent to the petal is pinned again, causing

multiple viscous energy dissipation, and the petal eventually becomes more "hydrophilic”.

14
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Fig. 7 Impact of droplets on the RPS at high velocities=8, correspondintp v=1.3049.001

m/s). (a) A droplet impacts the RPS, exhibiting a sharp anisotropic vibration that prevents it from

bouncing off the substrat&s we predicted, the non-negligible unbalanced Young's force increases

with higher Weber number regime due to the strong asymmetricaHisplid interaction (See

Supplementary Movie S3 for more details). The scale bar=2(b)r(c) Side-view snapshots of force

analysis of the de-pinning procedure (3.6-3.9 ms). The velocity vectors of the particles are represented

by arrows, and the zoomed area (blue box, the scale bayF®yOndicates that the high inward

velocities vector only occurs at the wall before de-pinning. Subsequently, the leftmost particles have

both inward and upward velocity vectors, which then impact adjacent low-velocity portions, causing

unbalanced oscillations and additional energy dissipation, ultimately depleting the energy of the

upward impact of the droplets(green box, the scale bargB90

3.4 Unique mechanism for suppressing oscillation

The TCL is always accompanied by the whole process of solid-liquid interaction, which does

not merely increase the effective interfacial friction but also suppresses the bouncing [d&jplets

The size of the annular TCL can be quantified by the length of the horizontally overlapping lines

(Dy). As a function of the time scale,,lvas normalized by the initial diametes|[Big. 8

15
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can bounce from both a sticky superhydrophobic substrate and a superhydrophobic substrate, which

was reflected in the similarity of the TCL when the droplet underveesymmetrically evolved

interaction with the substrate (¥4 | Fig.8 a). The TCL evolved as a function of time scales, and the

peaks of these curves correspond to dhglet’s maximum spreading diameter {£) when it
impacedthe four selected substrates. The maximum spreading Bagier (DmaDo) ~ W2°=1.405

is a critical parameter for evaluating inertia-dominated wetting kinetics based on mass conservation,
which is consistent with the conclusions drawn by Clanet Bt9&l.This also indicates that the
droplet’s dynamic response is independent of the substrate configuration and remains dominated by
inertia within a low Weber number regimen. For the higher3®, the effect of the substrate

configuration on the impact dynamics of the droplets was more effective. All droplets accomplished

the spreading process in 3 ms, then experienced a more time-consuming receding phése (Fig.

The distinguishable curves indicate that the droplet morphal@gymore sensitive to the substrate
configuration than that within the high Weber number regimen. We also noticed that the rose petals
exhibited the strongest robust liquid viscous effit compared with the other three target
substrates during the solid-liquid interaction process. In addition, the comparative analysis indicated
that the droplet spreadingas strongly suppressed at the liquid-petal interface, and the excess

restoring force (reflected in the viscosity of the dropletad transformed into the surface energy of

the irregular twisting droplet (t =7.5 ms|in Figp). The irregular droplet twist caused the surface

energy to be consumed by both the viscosity of the droplet and the partial pinningfdfiegbetals

based on the energy conservation argument, eventually leading to droplet adhesion. Conversely, the
spreading and retraction of the droplets were maximized because the SH®ettedawest contact

angle hysteresis among all selected subsifatdsAnalysis of the contact line sheathat this twist

was relatively stable, while the other three selected substrates exhibited larger fluctuations.
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Fig. 8 Transient contact diameter of the droplet impacting the four substr&s\at4 and(b)
W=50. The differencevas not significant under the low Weber number regimen. Nevertheless, the

substrate configuration dominated the droplet topography=80Mc) Comparative analysis of the
horizontal flatness factord,, under moderate (W27) and high (\&£50) Weber numbers. The lateral
droplet response was consistent in the latter ¢gd¥€Comparative analysis of the vertical flatness
factor, ¢y, under moderate (W27) and high (\&50) Weber numbersUnexpectedly, the

high-impact velocity of a droplet led to a lower amplitude.

Attenuation of the droplet oscillation is similar to the underdamped harmonic oscillator, which
has the characteristics of a vibration system composadming, damping, and mass with a certain
degree of freedof[f3]. To quantify this oscillation, the oscillation frequencies were analyzed in the

horizontal (f=1/T\=ww/27) and vertical (E1/T,=wn/27) directions using the fast Fourier transform
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algorithn{50,51]in MATLAB. Under the high Weber numbers, the droplet oscillation frequency was
lower than that under the moderatgract velocity condition, wherg 4§, = 80 Hz< f,,7 = 93 Hz and

funso = 76 Hz< f,7 = 90 Hz (the frequency of a free-oscillating droplet1®9 HZ52]). Thus, the

lower frequency and smalt amplitude of the droplet oscillation®veal that more energy is
dissipated by the viscous force at high-impact velocities. Additionally, mutations in the degree of
freedom of the droplet-spring system due to pinning/depinning can severely inhibit lateral but not

vertical droplet oscillations during the retraction process; thus, the lower part of the droplet will again

collide with the petal, causing multiple surface energy dissipation as demonstrated i} Fig.

Artificial SSHSs (e.g., SSHS-1, SSHS-2) are more isotropic with respect to the rose petals but can

also become more "hydrophilic* under high Weber numbers. In addition, the underdampeddarmoni

oscillator, especially in the horizontal directic@), are highly efficient on the RPS. The

pinning effect of the high regimen experienced random oscillation in an underdamped manner on the
rose petals. The flatness fact@h=Dn/Do, and the dimensionless vertical dimension of the drogjet,

=D./Do, were defined to investigate the degree of oscillation. Furthermore, we analyzed the

oscillation phenomenon of the depositional droplet under moderate2X)y and high (\W/=50)

Weber numbers as denoted in Fpresulting in greater damping and droplet stiffnessat30. The

increased velocity appest to attenuate the oscillation amplitude faster than did the collisi@n of

lower velocity droplet on the same petal, indicating a higher effective damping coefficient.

4. Conclusions

There seems to be no consensus on the static petal [@ffe2ts 26]anda large amount of the
previous studies have mainly focused on the wettability of superhydrophobic
surfacefl5-21,42]These all determine that the dynamic petal effects are still far from being fully
understood yetWe systematically investigated the impact dynamics of droplets on the interfaces of
rose petals, imitation rose petals and SHS. Spherical droplet retention is attributed to the
sophisticated energy-consuming system at the droplet-petal intetfiaeengenious combination of
a sticky superhydrophobic texture and an irregular texture. The pinning effect significantly modified

thedroplets’ dynamic wettability. The sticky superhydrophobic surface is a type of superhgbiop
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surface with various defects; thus, the above combination effect should be avoided when designing
water-repellent surfaces. Asewnentioned, the roses may reveal more "hydrophilic® at heavier
precipitation. These findings may offer possibilities for designing high-efficiency energy conversio

and harvesting,10,27]
Conflicts of interest

There are no conflicts of interest to declare.
Acknowledgments

This study was supported by the National Key Research and Development Program of China
(Grant No. 2018YFA0703300), the National Natural Science Foundation of China (Grant No.
51575227, 51875243, 51706084), the Science and Technology Development Program of Jilin
Province (Grant No. 172411GG010040701) and the Ph.D. Interdisciplinary Research Funding

Scheme of Jilin University (Grant No. 10183201828).
Author contributions
C.Z. and Y.Z. conceived the study. Y.Z. and J.W. performed the experiments. J.Y., C.S..and Y.L

performed the simulations. Y.Z. wrote the paper. All the authors analyzed the rdafeggul the

paper, made comments.
References

[1] M. Nosonovsky, B. Bhushan, Energy transitions in superhydrophobicity: Low adhesion, easy
flow and bouncing, J. Phys. Condens. Matter. (2008). doi:10.1088/0953-8984/20/39/395005.

[2] W. Barthlott, C. Neinhuis, Purity of the sacred lotus, or escape from contamination in biological
surfaces, Planta. 202 (1997481

[3] L.Chen, Z. Xiao, P.C.H. Chan, Y.K. Lee, Z. Li, A comparative study of droplet impactigmna
on a dual-scaled superhydrophobic surface and lotus leaf, Appl. Surf. Sci. 257 (201888357
doi:10.1016/j.apsusc.2011.04.094.

[4] P-G. de Gennes, F. Brochard-Wyart, D. Quéré, Capillarity and Wetting Phenomena, 2004.
doi:10.1007/978-0-387-21656-0.

[5] E. Bormashenko, T. Stein, R. Pogreb, D. Aurbach, “Petal effect” on surfaces based on
lycopodium: High-stick surfaces demonstrating high apparent contact angles, J. Phys. Chem. C.

(2009). doi:10.1021/jp900594k.

19



424 [6] L. Feng, Y. Zhang, J. Xi, Y. Zhu, N. Wang, F. Xia, L. Jiang, Petal effect: A superhydrophobic
425 state with high adhesive force, Langmuir. (2008). doi:10.1021/1a703821h.

426 [7] J.C.Bird, R. Dhiman, H.M. Kwon, K.K. Varanasi, Reducing the contact time of a bouncing drop,
427 Nature. 503 (2013) 38388. do0i:10.1038/nature12740.

428 [8] J.Li, Z.Jing, F. Zha, Y. Yang, Q. Wang, Z. Lei, Facile spray-coating process for the fabricati

429 of tunable adhesive superhydrophobic surfaces with heterogeneous chemical compositions used
430 for selective transportation of microdroplets with different volumes, ACS Appl. Mater. Interfaces.
431 (2014). doi:10.1021/am5015937.

432 [9] S.Zhang, J. Huang, Z. Chen, S. Yang, Y. Lai, Liquid mobility on superwettable surfaces for
433 applications in energy and the environment, J. Mater. Chem. A. (2019). doi:10.1039/c8ta09403a.
434 [10] H. Li, W. Fang, Y. Li, Q. Yang, M. Li, Q. Li, X.-Q. Feng, Y. Song, Spontaneous droplets gyrating
435 via asymmetric self-splitting on heterogeneous surfaces, Nat. Commun. {6.d.) 1

436 doi:10.1038/s41467-019-08919-2.

437 [11] A.B.D. Cassie, S. Baxter, Wettability of porous surfaces, Trans. Faraday Soc. (1944).

438 doi:10.1039/tf9444000546.

439 [12] R.N. Wenzel, Resistance of solid surfaces to wetting by water, Ind. Eng. Chem. (1936).

440 doi:10.1021/ie50320a024.

441 [13] D. Khojasteh, M. Kazerooni, S. Salarian, R. Kamali, Droplet impact on superhydrophobic

442 surfaces: A review of recent developments, J. Ind. Eng. Chem. 42 (2d16) 1

443 doi:10.1016/j.jiec.2016.07.027.

444  [14] C. Neinhuis, W. Barthlott, Characterization and distribution of water-repellent, self-cleaning
445 plant surfaces, Ann. Bot. 79 (1997) 6677. doi:10.1006/anbo.1997.0400.

446 [15] J. Lin, Y. Cai, X. Wang, B. Ding, J. Yu, M. Wang, Fabrication of biomimetic superhydrophobic
447 surfaces inspired by lotus leaf and silver ragwort leaf., Nanoscale. 3 (201112828

448 [16] T. Verho, C. Bower, P. Andrew, S. Franssila, O. Ikkala, R. RH, Mechanically durable

449 superhydrophobic surfaces., Adv. Mater. 23 (2011)-678.

450 [17] L. Jiang, Y. Zhao, J. Zhai, A lotus-leaf-like superhydrophobic surface: a porous

451 microsphere/nanofiber composite film prepared by electrohydrodynamics., Angew Chem Int Ed

20

03
64
65



452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

03
64
65

Engl. 43 (2004) 433&1341.

[18] X.M. Li, D. Reinhoudt, M. Crego-Calama, What do we need for a superhydrophobic surface? A
review on the recent progress in the preparation of superhydrophobic surfaces, Cheminform. 36
(2007) 13501368.

[19] Q. Sun, H. Liu, T. Chen, Y. Wei, Z. Weli, Facile fabrication of iron-based superhydrophobic
surfaces via electric corrosion without bath, Appl. Surf. Sci. 369 (2016877
doi:10.1016/j.apsusc.2016.02.069.

[20] M. Nosonovsky, B. Bhushan, Hierarchical roughness optimization for biomimetic
superhydrophobic surfaces, Ultramicroscopy. 107 (2007 %R
doi:10.1016/j.ultramic.2007.04.011.

[21] H. Mertaniemi, R. Forchheimer, O. Ikkala, R.H.A. Ras, Rebounding droplet-droplet collisions on
superhydrophobic surfaces: From the phenomenon to droplet logic, Adv. Mater. (2012).
doi:10.1002/adma.201202980.

[22] L. Gao, T.J. McCarthy, How Wenzel and Cassie were wrong, Langmuir. 23 (200783862
doi:10.1021/1a062634a.

[23] B. Bhushan, E.K. Her, Fabrication of superhydrophobic surfaces with high and low adhesion
inspired from rose petal, Langmuir. (2010). doi:10.1021/1a904585.

[24] H. Teisala, M. Tuominen, J. Kuusipalo, Adhesion mechanism of water droplets on hierarchically
rough superhydrophobic rose petal surface, J. Nanomater. (2011). doi:10.1155/2011/818707.

[25] S. Yang, J. Du, M. Cao, X. Yao, J. Ju, X. Jin, B. Su, K. Liu, L. Jiang, Direct insight into the
three-dimensional internal morphology of solid-liquid-vapor interfaces at microscale, Angew.
Chemie - Int. Ed. (2015). doi:10.1002/anie.201411023.

[26] H. Jin, Y. Li, P. Zhang, S. Nie, N. Gao, The investigation of the wetting behavior on the red rose
petal, Appl. Phys. Lett. 108 (2016). doi:10.1063/1.4947057.

[27] A.L.L. Yarin, DROP IMPACT DYNAMICS: Splashing, Spreading, Receding, Bouncing...,

Annu. Rev. Fluid Mech. 38 (2006) 15B92. doi:10.1146/annurev.fluid.38.050304.092144.
[28] Z. Che, O.K. Matar, Impact of Droplets on Liquid Films in the Presence of Surfactant, Langmui

33 (2017) 1214612148. doi:10.1021/acs.langmuir.7b01901.

21



480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

03
64
65

[29] C. Shen, C. Zhang, M. Gao, X. Li, Y. Liu, L. Ren, A.S. Moita, Investigation of effectsedireg
contact angle and energy conversion on numerical prediction of receding of the droplet impact
onto hydrophilic and superhydrophilic surfaces, Int. J. Heat Fluid Flow. (2018).
doi:10.1016/j.ijheatfluidflow.2018.09.015.

[30] R. Kannan, D. Sivakumar, Drop impact process on a hydrophobic grooved surface, Colloids
Surfaces A Physicochem. Eng. Asp. (2008). doi:10.1016/j.colsurfa.2007.12.005.

[31] Y. Liu, L. Moevius, X. Xu, T. Qian, J.M. Yeomans, Z. Wang, Pancake bouncing on
superhydrophobic surfaces, Nat. Phys. 10 (2014)%1% doi:10.1038/nphys2980.

[32] C. Zhang, Z. Wu, X. Zhang, Y. Yue, J. Wang, Effect of Feather Elasticity of Kingfisherdkiing
Droplet Impact Dynamics, J. Bionic Eng. (2018). doi:10.1007/s42235-018-0061-5.

[33] C. Zhang, Y. Zheng, Z. Wu, J. Wang, C. Shen, Y. Liu, L. Ren, Non-wet kingfisher flying in the
rain: The water-repellent mechanism of elastic feathers, J. Colloid Interface Sci. 541 (2019)
56-64. doi:10.1016/j.jcis.2019.01.070.

[34] P.B. Weisensee, J. Ma, Y.H. Shin, J. Tian, Y. Chang, W.P. King, N. Miljkovic, Droplet impact on
vibrating superhydrophobic surfaces, Phys. Rev. Fluids. 2 (2017) 103601.
doi:10.1103/PhysRevFluids.2.103601.

[35] Z. Li, Q. Kong, X. Ma, D. Zang, X. Guan, X. Ren, Dynamic effects and adhesion of water droplet
impact on hydrophobic surfaces: bouncing or sticking, Nanoscale. 9 (201782359
doi:10.1039/C7NR02906C.

[36] Y. Shen, J. Tao, Z. Chen, C. Zhu, G. Wang, H. Chen, S. Liu, Rational Design of the Naunestru
Features on Superhydrophobic Surfaces for Enhanced Dynamic Water Repellency, ACS Sustain.
Chem. Eng. 6 (2018) 9958965. doi:10.1021/acssuschemeng.8b01200.

[37] J. Li, Z. Jing, Y. Yang, L. Yan, F. Zha, Z. Lei, A facile solution immersion process for the
fabrication of superhydrophobic ZnO surfaces with tunable water adhesion, Mater. Lett. 108
(2013) 26#269. doi:10.1016/j.matlet.2013.07.024.

[38] L. Moevius, Y. Liu, Z. Wang, J.M. Yeomans, Pancake bouncing: Simulations and theory and
experimental verification, Langmuir. 30 (2014) 130623032. doi:10.1021/1a5033916.

[39] C.M. Pooley, K. Furtado, Eliminating spurious velocities in the free-energy lattice Boltzmann

22



508 method, Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. (2008).

509 doi:10.1103/PhysReVvE.77.046702.

510 [40] B. Bhushan, M. Nosonovsky, The rose petal effect and the modes of superhydrophobicity, Philos.
511 Trans. R. Soc. A Math. Phys. Eng. Sci. (2010). doi:10.1098/rsta.2010.0203.

512 [41] P.B. Weisensee, J. Tian, N. Miljkovic, W.P. King, Water droplet impact on elastic

513 superhydrophobic surfaces, Sci. Rep. 6 (2016) #0i:10.1038/srep30328.

514 [42] R. Gupta, V. Vaikuntanathan, D. Sivakumar, Superhydrophobic qualities of an aluminum surface
515 coated with hydrophobic solution NeverWet, Colloids Surfaces A Physicochem. Eng. Asp. 500
516 (2016) 4553. d0i:10.1016/j.colsurfa.2016.04.017.

517 [43] U.U. Ghosh, S. Nair, A. Das, R. Mukherjee, S. DasGupta, Replicating and resolving wetting and
518 adhesion characteristics of a Rose petal, Colloids Surfaces A Physicochem. Eng. Asp. 561 (2019)
519 9-17. doi:10.1016/j.colsurfa.2018.10.028.

520 [44] B.A. Malouin, N.A. Koratkar, A.H. Hirsa, Z. Wang, Directed rebounding of droplets by

521 microscale surface roughness gradients, Appl. Phys. Lett. 96 (2019).94

522 doi:10.1063/1.3442500.

523 [45] T. Deng, K.K. Varanasi, M. Hsu, N. Bhate, C. Keimel, J. Stein, M. Blohm, Nonwetting of

524 impinging droplets on textured surfaces, Appl. Phys. Lett. 94 (20@®) 2

525 doi:10.1063/1.3110054.

526 [46] A. Alizadeh, V. Bahadur, W. Shang, Y. Zhu, D. Buckley, A. Dhinojwala, M. Sohal, Influence of
527 substrate elasticity on droplet impact dynamics, Langmuir. 29 (2013)-45249.

528 doi:10.1021/1a304767t.

529 [47] M.I1. Smith, V. Bertola, Effect of polymer additives on the wetting of impacting droplets, Phys.
530 Rev. Lett. (2010). doi:10.1103/PhysRevLett.104.154502.

531 [48] D. Zang, X. Wang, X. Geng, Y. Zhang, Y. Chen, Impact dynamics of droplets with silica

532 nanoparticles and polymer additives, Soft Matter. (2013). doi:10.1039/c2sm26759d.

533 [49] C. Clanet, C. Béguin, D. Richard, D. Quéré, Maximal deformation of an impacting drop, J. Fluid
534 Mech. 517 (2004) 19208. doi:10.1017/S0022112004000904.

535 [50] P.D. Welch, The Use of Fast Fourier Transform for the Estimation of Power Spectra: A Method
23
oS

64
65



536 Based on Time Averaging Over Short, Modified Periodograms, IEEE Trans. Audio Electroacoust.
537 (1967). doi:10.1109/TAU.1967.1161901.

538 [51] S. Lin, B. Zhao, S. Zou, J. Guo, Z. Wei, L. Chen, Impact of viscous droplets on differetievetta
539 surfaces: Impact phenomena, the maximum spreading factor, spreading time and post-impact
540 oscillation, J. Colloid Interface Sci. 516 (2018)-88. doi:10.1016/j.jcis.2017.12.086.

541 [52] L. Chen, Y. Wang, X. Peng, Q. Zhu, K. Zhang, Impact Dynamics of Aqueous Polymer Droplets

542 on Superhydrophobic Surfaces, Macromolecules. 51 (2018)-7827.
543 doi:10.1021/acs.macromol.8b01589.
544
24
03
64

65



Dynamic wetting phenomenon on rose petals
Click here to download high resolution image

10.0 ms

e

21.0ms

20060066



http://ees.elsevier.com/jcis/download.aspx?id=2112937&guid=0167dd02-c085-42e7-8286-a431ca59a0d2&scheme=1

Characterization of the static wettabilities
Click here to download high resolution image



http://ees.elsevier.com/jcis/download.aspx?id=2112938&guid=cabee802-8b6c-47d0-9a2b-fdeaa679035e&scheme=1

Simulated and experimental analysis and verification
Click here to download high resolution image

a We =4 t =3.3 ms I | C We =4 t =5.0 ms

We =4 We =16 We =27 We =39 We =50
t=13.4ms { =20.5 ms t=19.8 ms t=18.5 ms t =19.5 ms


http://ees.elsevier.com/jcis/download.aspx?id=2112939&guid=f055d71f-ca3f-42d9-a44e-573528ae13e8&scheme=1

Quantitative and qualitative comparisons
Click here to download high resolution image

a v T v T v T v T v T
0.30

Velocity [nvs)
26x10"
'uxm'
" 17x10
1.3x10%

8310

Ia.zuo-'
0.0
Velocity [mvs)
3.0x10'
lz.suo'l
- 2.0x10°!
1.5x%10!
1.0x10
5.0%10'7
0.0
Veloctty {my's]
5.0x10!
ld.zx 10t
3.3%10
2.5x10°*
1.7x10

I0.3k 10
0.0

3 10.25

§\\
rd
-

0.20

0.20

A

0.156 «Q

-—-.—-

Sticky region

0.15 F 10.10

4
010} &

0 100 200 300 400 500
We

.40.05
= Z-Experiments| |
< A-Simulation || op

~27

o
O(ﬁ



http://ees.elsevier.com/jcis/download.aspx?id=2112940&guid=4ae97fe1-e0de-4fa2-a080-7b548c6018e3&scheme=1

Snapshots of the droplets' dynamic behavior (We= 4)
Click here to download high resolution image

q RPS = 2mm

O O

0ms 2.0ms 3.5ms S5ms 7.5ms 9.5 ms 13.0 ms 13.4 ms 13.8 ms
b SSHS-1 == 2 mm

0 ms 2.0ms 3.5ms S5ms 7.5ms 9.5ms 12.0ms 12.5ms 13.8ms
c SSHS-2 == 2 mm
0 ms 2.0ms 3.5ms 5.5ms 7.5 ms 9.5 ms 12.0 ms 12.1 ms 12.3ms

d SHS 2 mm

'
‘ ' .
i

0 ms 2.0ms SSms 7.5 ms 8.3 ms 9.5 ms 10.0 ms 10.5 ms


http://ees.elsevier.com/jcis/download.aspx?id=2112941&guid=ae0bd19e-5b47-4871-ba7d-0b8b626f0ccd&scheme=1

Snapshots of the droplets' dynamic behavior (We= 16)
Click here to download high resolution image

a RPS — 2 MM

0

15.5ms

0 ms 2.0 ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5ms
o

b SSHS-1 w= 9 mm ﬁ 3

0 ms 2.0ms 3.5ms S.5ms 7.5 ms 10.0 ms 12.5ms 12.9ms 13.0ms
c SSHS-2 wss== 2 mm ﬁ

0 ms 2.0ms 3.5ms 5.5ms 7.5 ms 10.0 ms 12.5ms 12.9 ms 13.0 ms
d SHS m— 2 mm & 8

0 ms 20ms 35ms 5.5ms 7.5ms 9.0ms 9.7 ms 10.0 ms 11.0 ms


http://ees.elsevier.com/jcis/download.aspx?id=2112942&guid=90aae0ed-e1e0-4536-ba0a-a558e06a85f0&scheme=1

Impact of droplets on the RPS at high velocities
Click here to download high resolution image

a RPS wmm= 2 mm

MLLL

0 ms 2.0ms 35ms Sms 7.5 ms 9.0 ms 11.0 ms 16.0 ms 195 ms

c

Vedocaty [mv's) Velocty [mi's]
50x107 50%10"

la,zuo? l4.2x10 ’
33x10° 33x10
25x%10" 25x10*
1.7%10" 17=10*

Ia.suo 2 is.ax 10
0.0 0.0

3.6 ms



http://ees.elsevier.com/jcis/download.aspx?id=2112943&guid=b7ff7a85-070b-45ad-805a-809a3eee2d96&scheme=1

Unique mechanism for suppressing oscillation
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