RESEARCH ARTICLE | FEBRUARY 21 2023
Bouncing droplets on micro-grooved non-wetting surfaces
300

Shi-Zheng Wang (EtH1F); Xianfu Huang (855c&) & © ; Longquan Chen (B&ER)
Ying-Song Yu (510#)) &

‘ '.) Check for updates

Physics of Fluids 35, 027118 (2023)
https://doi.org/10.1063/5.0134783

@ B

View Export
Online  Citation

N
O
=
LL
Yo

@)

N
O

N

>
i a
Q.

Physics of Fluids
Special Topic:

Selected Papers from the 2023 Non-Newtonian
Fluid Mechanics Symposium in China

AlIP

£ Publishing Submitloday

22:€5:€0 #7202 Idy 80


https://pubs.aip.org/aip/pof/article/35/2/027118/2869398/Bouncing-droplets-on-micro-grooved-non-wetting
https://pubs.aip.org/aip/pof/article/35/2/027118/2869398/Bouncing-droplets-on-micro-grooved-non-wetting?pdfCoverIconEvent=cite
javascript:;
javascript:;
https://orcid.org/0000-0002-5859-8135
javascript:;
https://orcid.org/0000-0002-6785-5914
javascript:;
https://orcid.org/0000-0002-3914-1121
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0134783&domain=pdf&date_stamp=2023-02-21
https://doi.org/10.1063/5.0134783
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2299170&setID=592934&channelID=0&CID=844984&banID=521657150&PID=0&textadID=0&tc=1&scheduleID=2219359&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fpof%22%5D&mt=1712548402938906&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpof%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0134783%2F19822711%2F027118_1_online.pdf&hc=0f6e0474b51f286fec83f704d2cd7e950f43ea57&location=

Physics of Fluids

ARTICLE scitation.org/journal/phf

Bouncing droplets on micro-grooved

non-wetting surfaces 0 ©

Cite as: Phys. Fluids 35, 027118 (2023); doi: 10.1063/5.0134783
Submitted: 14 November 2022 - Accepted: 26 January 2023 -

Published Online: 21 February 2023

© Mt @

View Online Export Citatior CrossMark

Shi-Zheng Wang (£ it iF)),' Xianfu Huang (%t 5),”*
and Ying-Song Yu (4xifis)"*

Longquan Chen (B 5 5%),°

AFFILIATIONS

'Department of Mechanics, School of Civil Engineering, Architecture and Environment, Hubei University of Technology,

Wuhan 430068, People’s Republic of China

“State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190,

People’s Republic of China

*School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

"Yangtze Delta Region Institute (Huzhou), University of Electronic Science and Technology of China, Huzhou 313007,

People’s Republic of China

>School of Physics, University of Electronic Science and Technology of China, Chengdu 610054, People’s Republic of China

®Innovation Demonstration Base of Ecological Environment Geotechnical and Ecological Restoration of Rivers and Lakes,
Hubei University of Technology, Wuhan 430068, People’'s Republic of China

2 Authors to whom correspondence should be addressed: huangxf@imech.ac.cn and yuys@hbut.edu.cn

ABSTRACT

Water droplets impinging on micro-grooved polydimethylsiloxane surfaces were studied. Depending on the impact velocity and surface
roughness, different phenomena such as no bouncing, complete rebound (CR), bouncing occurring with droplet breakup (BDB), partial
rebound, and sticky state were observed. The lower limit of impact velocity for bouncing droplets can be determined by balancing the kinetic
energy of the droplet with energy barrier due to contact angle hysteresis. To predict the upper limit of impact velocity for bouncing droplets,
a high-speed camera was used to record droplet impact at an ultrahigh speed and it was found that the transition from CR to BDB was attrib-
uted to a local wetting transition from the Cassie—Baxter state to the Wenzel state. Based on the experimental observation, a theoretical
model was developed to predict the upper limit of impact velocity taking into account the penetration of the liquid into the micro-grooves.
In addition, there was a shorter contact time of bouncing droplets with the decrease in the Weber number and surface roughness has a small

influence on the contact time in our experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0134783

I. INTRODUCTION

Micro-/nano-grooved surfaces usually exhibit a great anisotropy
in surface wettability, which could be utilized for directional liquid
transportation.” ° Hence, such textured surfaces have found great
applications such as water repellency,” water harvesting,” and conden-
sation heat transfer enhancement.” Meanwhile, droplet impinging on
solid surfaces is ubiquitous in nature and the industry, and it has
found great applications in agriculture and the industry.”'’ Therefore,
an investigation of droplet impact on micro-grooved surfaces is of
great significance.

When droplets are gently deposited on a micro-patterned surface,
the droplets will be at one of the three wetting states, viz., the
Wenzel wetting state'' (liquid fully occupies the cavities between the

micro- and nano-structures), the Cassie-Baxter wetting state'” (the
droplet sits on the surface with the existence of an air cushion between
the liquid and the bottom of the textured surface), and the mixed wet-
ting state'” (some part of the surface is Wenzel-wetted while other
part is Cassie—Baxter-wetted). Indeed, a pure Wenzel or Cassie—Baxter
wetting state is a rare occurrence. " The transition from the
Cassie—Baxter wetting state to the Wenzel wetting state is available
when an external pressure,l(‘ ' yibration,'” or surface acoustic wave”’
is applied to the system. Recently, such a wetting transition has been
also observed during the evaporation of sessile droplets on micro-
patterned surfaces.”’ ** Because the adhesion between the droplet and
the micro-/nano-grooved surface behaves differently between along
the longitudinal direction and along the transverse one (see Fig. 1),
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FIG. 1. Characterization of micro-grooved PDMS surfaces. (a) Top view of a micro-grooved PDMS surface, (b) LSCM characterization, (c) and (d) top view of micro-grooved

PDMS surfaces, and (e) schematics of a droplet on a micro-grooved PDMS surface.

micro-/nano-grooved surfaces have different surface wettabilities
depending on the shape of the stripe, the size of the stripe, the ratio of
the stripe width to the stripe-to-stripe spacing, and the arrangement of
stripes. Not only the static apparent contact angle but also the advanc-
ing and receding contact angles have different values along the two
directions. Usually, the apparent, advancing, or receding contact angle
along the transverse direction has a larger value than that along the
longitudinal direction.

During the latest decades, droplet impact on rough surfaces includ-
ing micro-/nano-pillar surfaces,”” %’ hierarchical surfaces,” wrinkled
surfaces,”’ micro-grooved surfaces,”” *’ and cylindrical ridges*' has been
widely investigated and it was found that different impact phenomena
including no bouncing (NB), complete rebound (CR), bouncing occur-
ring with droplet breakup (BDB), partial rebound (PR), sticky state (SS),
splashing as well as jetting, and bubbles will be observed depending on
parameters such as impact velocity, surface wettability, physical and
chemical properties of the liquid, substrate elasticity, and environmental
condition.”'” Tt has been widely accepted that the transition from CR to
BDB/PR has been attributed to the wetting transition from the
Cassie—Baxter state to the Wenzel state;”*””*>** *© however, there is still
a lack of more detailed experimental observation. Moreover, predicting
the lower and upper limits of impact velocity for bouncing droplets theo-
retically is of great importance. In addition, the contact time™" °' is
also an important parameter for bouncing droplets. In the works by
Wang et al,”*”” it was found that for the case of micro-pillared polydi-
methylsiloxane (PDMS) surfaces, surface roughness greatly influences
the contact time of bouncing droplets. As micro-grooved surfaces exhibit
great anisotropy, how does the contact time of impinging droplets
bouncing off these surfaces behave?

In this work, wettability of de-ionized water droplets on micro-
grooved polydimethylsiloxane (PDMS) surfaces and de-ionized water
droplets impinging on these surfaces are experimentally investigated.
It was found that these surfaces have quite low wettability, but the
effect of anisotropy is strong. The lower limit of impact velocity for
bouncing droplets was theoretically analyzed by balancing the kinetic
energy with energy barrier due to contact angle hysteresis. To elucidate
the upper limit of impact velocity for bouncing droplets, penetration
of the liquid into the cavities between the microstripes was experimen-
tally observed using a high-speed camera. Then, a theoretical model
was developed to predict the upper limit of impact velocity taking into
account liquid penetration. Moreover, the contact time of bouncing
droplets was analyzed and it was found that surface roughness has a
small influence on the contact time.

Il. MATERIALS AND METHODS
A. Substrate preparation

Micro-grooved PDMS surfaces with the mass ratio of base
(DowsilTM 184 silicone elastomer base, Dow Europe GMHB C/O
Dow Silicones Deutschland GMBH) to curing agent (Dowsil™ 184
silicone elastomer curing agent, Dow Europe GMHB C/O Dow sili-
cones Deutschland GMBH) fixed at 10:1 were fabricated using the
peeling-off method.” The groove width w of 20, 40, and 80 um and
groove height h of 10, 30, and 40 um were set, respectively (the
groove-to-groove spacing d was fixed at 20 yum). The mass ratio of the
patterned surfaces was characterized using a laser scanning confocal
microscopy (LSCM, ZEISS LSM900, Germany; laser wavelength:
405 nm), as shown in Fig. 1. Solid fraction ¢p = WLHI and surface rough-

nessf =1+ Wz—fd were used to characterize these surfaces.
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TABLE I. Contact angles of water droplets on micro-grooved PDMS surfaces.

96 03 91‘
¢ f @) (T) @) (T) L) (M
0.50 1.50 125° = 2° 150° = 2° 137° = 2° 163° = 2° 111° £ 2° 115° £ 2°
2.50 126° * 2° 147° = 2° 138° = 2° 164° = 2° 118° £ 2° 118° £ 2°
3.00 125° £ 2° 146° *+ 2° 133° + 2° 164° = 2° 110° = 2° 112° = 2°
0.33 1.33 136° £ 2° 151° * 2° 142° * 2° 165° * 2° 122° * 2° 130° = 2°
2.00 135° £ 2° 146° *+ 2° 144° = 2° 165° * 2° 109° * 2° 113° = 2°
2.33 125° *+ 2° 144° = 2° 144° = 2° 165° * 2° 118° * 2° 121° * 2°
0.20 1.20 140° * 2° 156° = 2° 155° = 2° 165° * 2° 132° £ 2° 113° £ 2°
1.60 134° = 2° 143° £ 2° 151° *£ 2° 167° = 2° 132° £ 2° 125° £ 2°
1.80 128° = 2° 143° £ 2° 148° * 2° 168° £ 2° 127° = 2° 134° £ 2°

B. Measurement setup respectively. The ambient temperature and relative humidity for mea-
suring surface wettability were 26 * 1°C and 35% % 2%, respectively.
Deionized water droplets with an initial radius r, in the range of
1.12-1.16 mm dropped freely from the height at the range from 1.11 to
211.78 mm with the help of a NE30 needle, and the impact process was
recorded from both longitudinal and transverse directions using a high-

speed camera (NAC HX-5E 75X, Japan) at 10 000 fps. To elucidate the

Wettability of water droplets on these micro-grooved surfaces
was measured using a droplet shape analyzer (DSA30, Kriiss,
Germany). The apparent contact angle for water droplets was mea-
sured from the profiles of water droplets with a nominal volume of
2.0 uL. Contact angle hysteresis was obtained by tilting water droplets
with volume ranging from 6.0 to 30.0 uL at the rotating speed of 30°

per minute.”” *> When the droplets started moving downward, both
advancing and receding contact angles were acquired from the dis-
torted shapes. Considering the anisotropic wettability of these surfaces,
all experiments were conducted at least three times from both longitu-

transition from CR to BDB, droplet impinging on the micro-grooved
surface with a stripe height of 40 um was recorded using a high-speed
camera (NAC ACS-3, Japan) at 150 000 fps (though the transition from
CR to SS was observed during the impact of droplets on the micro-
grooved surface with a stripe height of 30 um, it is still difficult to

dinal and transverse directions, which are denoted as “L” and “T,”  observe the penetration of liquid into the cavities at 150 000 fps.). The
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FIG. 2. Snapshots of water droplets starting moving downward on inclined micro-grooved PDMS surfaces. Scale bars all represent 1 mm.
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ambient temperature and relative humidity for droplet impact
experiments were 21 * 2°C and 42% * 4%, respectively. Each
experiment was repeated at least four times to ensure the reproduc-
tivity. All videos were analyzed using the Image] software. The
Weber number (We) defined as We = pViry/y,, (where V; is the
velocity of the center of an impinging droplet at the instant just
before contacting the surfaces during the free fall, and p and y,, are
water density and the liquid-vapor interfacial tension, respectively)
was used for analysis.

lll. RESULTS AND DISCUSSION
A. Wettability of micro-grooved PDMS surfaces

Table T lists the values of apparent (0.), advancing (0,),
and receding (0;) contact angles for water droplets on these
micro-grooved PDMS surfaces. 0, and 0, were determined from
the snapshots of water droplets, which started moving downward
on the inclined patterned surfaces, as shown in Fig. 2. It was found
the static apparent, advancing, and receding contact angles have a
corresponding larger value along the transverse direction than
along the longitudinal direction, which is consistent with the
observation by Zhao et al.”® The reason is that when droplets
advance or recede along the transverse direction, more energy bar-
rier must be overcome.”®

B. Regime diagram of droplet impact

In this work, five impact phenomena were observed during the
impact of de-ionized water droplets on micro-grooved PDMS surfaces
depending on both impact velocity and surface roughness. When
droplets fall from a relatively low location, they have not enough
kinetic energy to overcome energy barrier due to contact angle hyster-
esis, and thus, they cannot bounce off the surfaces, which is called as
NB (it is also called as deposition) [as shown in Fig. 3(a) (Multimedia
view)]. Once the droplets have enough kinetic energy by increasing
the falling height, they may bounce off the surface and such a phe-
nomenon is called as CR [as shown in Fig. 3(b)]. Continuously
increasing the impact velocity, the kinetic energy of the droplets
becomes so large that part of the liquid penetrates into the cavities
between micro-stripes, resulting in more excess energy barrier due to
the increase in adhesion between the liquid and the textured surface.
Such an excess energy barrier prevents part of the liquid at the lowest
place from leaving the surface, while other part of the liquid still
departs from the surface. If there is only a minor part of liquid (no
more than approximately 5% of the droplet) remaining on the surface,
such a phenomenon is called as BDB [as shown in Fig. 3(c)]. PR is
named for the case of a relatively larger volume of the liquid left on the
surface [as shown in Fig. 3(d)]. In addition, SS was observed during
droplet impinging on the patterned surfaces at a relatively high impact
velocity [as shown in Fig. 3(e)] and its occurrence also depends on sur-
face roughness, as shown in Fig. 4. Figures 4(a)-4(c) summarize
regime diagrams of droplets impinging on these micro-grooved surfa-
ces (the lower and upper limits of the Weber number for bouncing
droplets, which are, respectively, denoted as Wey;, and Weyy, are
inserted as lines as shown in Fig. 4).

In addition, it should be noted that droplet oscillation during
the free-falling of a water droplet and air friction is not considered
in the above analyses. Droplet oscillation originates from its
detachment from the NE30 needle, and such a phenomenon has

scitation.org/journal/phf
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540090
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FIG. 3. Examples of droplet impact phenomenon. (a) NB, (b) CR, (c) BDB, (d) PR,
and (e) SS. Scale bars all represent 1 mm. Multimedia views: https://doi.org/10.1063/
5.0134783.1; https://doi.org/10.1063/5.0134783.2; https://doi.org/10.1063/5.0134783.3;
https://doi.org/10.1063/5.0134783.4; https://doi.org/10.1063/5.0134783.5

been analyzed by Korshunov'’ (for more details, please see Ref. 57
and literature therein). During the free falling of a water droplet, it
mainly experiences three forces, viz., gravity, buoyancy force, and
air friction. Considering that the density of air is far less than that
of water, the difference in the gravity and buoyancy force or the
net gravity exerted on the droplet can be approximately expressed
as Fg = %npgrg. The air friction force can be given as Fy = 6nnrov
(Refs. 58 and 59), where n and v are the viscosity of air
[20.2 x 107 Pas (Refs. 59 and 60)] and falling speed of the drop-
let, respectively. For the case of a water droplet freely falling from a
location at the height of about 220 mm, the falling speed when the
location of the droplet is at 0 mm is about 2 m/s (maximum impact
velocity). Taking these parameters, the net gravity and air friction
force are calculated to be, respectively, Fy = 62.4uN and
Fq = 0.875 pN, indicating that the effect of air friction force on the
falling velocity of a spherical droplet can be neglected.
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FIG. 4. Regime diagram for droplet impinging on micro-grooved PDMS surfaces with different stripe heights. (a) h= 10, (b) h= 30, and (c) h =40 um.

C. Prediction of the limits of impact velocity
for bouncing droplets

In this part, both the lower and upper limits of impact velocity for
bouncing droplets on micro-grooved surfaces were theoretically ana-
lyzed. For droplets bouncing oft micro-pillared surfaces, the lower limit
of impact velocity was obtained from the condition that the kinetic
energy of the droplet just before contacting the surface Ex = 2mpVirg is
equal to energy barrier due to contact angle hysteresis during the impact
Es = myy, 12, (cos 0 — cos 0,) and expressed as™*

3y t2 0, — cos 0
VCL _ ylvrmax(cos ; cos a). (1)
2pry

Considering the anisotropic wettability of micro-grooved surfaces,
energy barrier due to contact angle hysteresis during the impact can be
approximately expressed as"’

Es = my 1l rk V/(cos 0,7 — cos 0,7)(cos 0, — cos 0,1),  (2)

where rI_and r%  represent the maximum contact radii along the
transverse and longitudinal directions, respectively. 01 and 0% repre-
sent the advancing contact angles measured from the transverse and

longitudinal directions, respectively. 07 and 0% represent the receding
contact angles measured from the transverse and longitudinal direc-
tions, respectively. The values of 03, 02, QrT, and GTL are listed in
Table 1. Thus, by balancing E with Es [Eq. (2)], the lower limit of
impact velocity for bouncing droplets can be given as

31T 1t \/(cosd,T — cos 0,7) x (cosO,- — cos 0,1)
Ve, = . .
2pry

(©)

As shown in Fig. 4, there exists a threshold of impact velocity to deter-
mine whether a phenomenon is classified as CR or BDB. This thresh-
old is also named as the upper limit of impact velocity for bouncing
droplets. As mentioned in Refs. 26, 27, 32, and 4145, the existence of
the upper impact velocity can be attributed to the wetting transition
from the Cassie-Baxter state to the Wenzel state. To verify this
hypothesis, water droplets impinging on micro-grooved PDMS
surfaces were experimentally studied using a high-speed camera at
150 000 fps. Figure 5 shows the snapshots of some droplets impinging
on the micro-grooved PDMS surface with ¢ = 0.20 and f=1.80.
When We was very low (We = 1.1), it can be seen from the enlarged
images that there was a visible gap between the liquid and the substrate
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_(a) We=1.1

0 ms 0.139 ms 3.856 ms 5.582 ms 9.734 ms 10.723 ms 12.374 ms 18.382 ms

(b) We=2.2

0ms 0.100 ms 0.785 ms

mﬁa-nnsz.z

1 ms 10.789 ms 11.767 ms 11.773 ms 12.920 ms

(c) We=2.8

0 ms 0.146 ms 3.596 ms 5.055 ms 9.723 ms 10.922 ms 10.929 ms 11.932 ms 12.590 ms

0 ms 0.132 ms 3.266 ms 5.261 ms 7.792 ms 10.589 ms 11.322 ms 13.332ms 14.852 ms

FIG. 5. Snapshots of droplets impinging on a micro-grooved PDMS surface with ¢» = 0.20 and f= 1.80. Inserted scale bars represent 0.5 mm. Multimedia views: hitps://doi.
0rg/10.1063/5.0134783.6; https://doi.org/10.1063/5.0134783.7; https://doi.org/10.1063/5.0134783.8; https://doi.org/10.1063/5.0134783.9

during the retraction process [as shown in Fig. 5(a) (Multimedia
view)], indicating the droplet was currently at the Cassie-Baxter wet-
ting state. Because the droplet did not have enough energy to over-
come energy barrier due to contact angle hysteresis, the droplet
could not bounce off the surface. When We was 2.2, visible gaps
were also observed during the retraction process and the droplet
completely bounced off the surface later [as shown in Fig. 5(b)]
because it had enough kinetic energy to overcome energy barrier.
When We was 2.8 [as shown in the enlarged images in Fig. 5(c)] or
6.1 [as shown in the enlarged images in Fig. 5(d)], one micro-
groove was fully occupied with the liquid during the retraction
process (a dark spot was observed between two neighbor micro-
stripes during the retraction process as shown in the enlarged
images), indicating that there was a local wetting transition from
the Cassie—Baxter state to the Wenzel state. Such a transition
leads to a great increase in the adhesion between the liquid and the
surface. As a result, the majority of the droplet departed from
the surface with a minor part remaining on the surface, viz., a phe-
nomenon of BDB was observed.

(a) (b)

w i
___micro-grooved PDMS (

e

S O —

\ ___micro-grooved substrate (

Figure 5 demonstrated that with the increase in impact velocity,
more kinetic energy is available to force the penetration of liquid into
the micro-grooves. When the liquid does not contact the bottom
between the stripes, the droplets can still bounce off the surfaces.
Based on our experimental observation and the works by Jung and
Bhushan™ and Wang et al.”**’ to predict the upper limit of impact
velocity for droplets bouncing off micro-pillared surfaces, here a theo-
retical model was developed to predict the upper limit of impact veloc-
ity for droplets bouncing off micro-grooved surfaces, as shown in
Fig. 6. Using the geometrical conditions (%)2 +(r —0)>=r? and
J* + (r, — ) = 13 (where 9 is the height of a meniscus between the

microstripes, r; and r, are the two principal curvature radii, respec-

tively), it is easy to obtain the relationships: r, = % and r, = ;‘)

Because the maximum of 4 is several ten times greater than w, thus
the Laplace pressure can be approximately expressed as

11\ 8,0
AP:ylV(—+—)z uiz .

n o n

4

FIG. 6. Schematics for predicting the
upper limit of impact velocity. (a) Along
the transverse direction and (b) along the
longitudinal direction.
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TABLE II. Analysis for the lower and upper limits of impact velocity for bouncing

droplets.

¢ f riax (mm) rkm (mm) Exp. Theor. Vg{? (m/s) himax (m)

Ver, (m/s)
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hammer pressure is not considered. The dynamic pressure can be
: 45
givenas™’

APy = 0.5pVZ. (5)

Balancing the Laplace pressure with the dynamic pressure, the upper
limit of impact velocity (Vcy) for bouncing droplets can be given as

0.50 1.50  1.79 198  0.67 0.29 0.67 9.84
250  1.86 2.01 0.68 0.27 0.68 29.8 167,,0
300 194 213 076 032 076 39.8 Veu =\ (6)
0.33 1.33 1.32 1.62 021 0.19 0.62 9.46
200 134 1.68 022 023 0.83 29.0 Using the critical geometric condition /jma 4+ 6 = h (where hy is the
233 1.60 182 024 025 0.73 39.3 penetration depth, as shown in Fig. 6), the upper limit of impact veloc-
020120 126 143 018 019 037 9.24 ity can be further expressed as
1.60 1.21 1.37 0.17 0.16 0.66 27.6
1 — :
1.80 128 156 021 017 046 38.8 Veu = M. ?)
pw
In addition to the Laplace pressure, there are still dynamic The maximum of penetration depth can be given as
pressure and water hammer pressure acting on impinging drop- 292
lets. Because the action time of water hammer pressure is much Pimex = h — P ¥eu (8)
shorter than the time of droplet impact, the effect on water 167
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FIG. 7. Contact time of bouncing droplets on micro-grooved PDMS surfaces with different stripe heights. (a) h= 10, (b) h= 30, and (c) h=40 um.
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Table 1I lists the analysis for the lower and upper limits of impact
velocity for bouncing droplets. The theoretical values of the lower limit
of impact velocity were all underestimated, which could be attributed
to the neglect of energy dissipation and the underestimation of the
liquid—vapor interfacial area. Substituting the experimental values of
the upper impact velocity for each case and other parameters into Eq.
(8), the maximum of penetration depth h; was obtained and listed in
Table II, indicating that at the critical point, one or more micro-
grooves were nearly occupied with the liquid.

D. Contact time of bouncing droplets

The contact time is an important parameter for impinging drop-
lets. As mentioned in Refs. 26 and 4750, the contact time can be
reduced to a great extent by designing micro-/nano-patterned surfaces.
The characteristic value of the contact time t is 2.61/ pr /7, (Ref. 47).
Figure 7 shows the contact time of impinging droplets on the micro-
grooved PDMS surfaces in our experiments (although a minor quantity
of liquid was left on the surfaces for the case of BDB, the contact time
for this case was also included). From Fig. 7, it can be found that the
values of the contact time were all larger than the characteristic value,
which could be attributed to the anisotropic wettability of micro-
grooved surfaces. Moreover, with the decrease in the Weber number,
there was usually a shorter contact time, which could be attributed to
the penetration of liquid. More liquid penetration induces the increase
in the actual solid-liquid interfacial area, which will hinder the retrac-
tion of droplets more greatly (Table III). We also found that for the
case of droplets impinging on a micro-grooved surface with a solid frac-
tion of 0.50 and surface roughness of 1.33, the contact time for We of
1.4 was longer than that for We of 4.5, which might be attributed to the
small extent of liquid penetration because the values of impact velocity
for the two cases are both relatively low. In conclusion, surface rough-
ness only had a small influence on reducing the contact time.

The contact time (f.) can be divided into three parts, viz., spread-
ing time (fs), time of the pinned contact line stage (p), and retraction
time (fr). Considering the anisotropic wetting characteristics of
micro-grooved surfaces, fg, tp, and fg all had different values along the
longitudinal and transverse directions, as shown in Table III. From
Table III, it can be seen that bouncing droplets all had a relatively a
longer spreading time, a shorter time for the contact line pinning stage,
and a relatively longer retraction time along the longitudinal direction
than along the transverse direction, which could be attributed to the
fact that the liquid spreads more easily along the longitudinal direction
than along the transverse direction.

IV. CONCLUSIONS

Water droplets impinging on micro-grooved PDMS surfaces
were experimentally studied. Different phenomena including NB, CR,
BDD, PR, and SS were observed depending on impact velocity and
surface roughness. The transition from CR to BDB was further studied
experimentally, and it was found that this transition can be attributed
to the local wetting transition from the Cassie—Baxter state to the
Wenzel state. Both the lower and upper limits of impact velocity for
bouncing droplets were theoretically analyzed. In addition, the contact
time of bouncing droplets was also discussed. It was found that there
was a shorter contact time with the decrease in Weber number and
surface roughness only had a small influence on the contact time. We
envision that this work will highlight the application of droplets and
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TABLE lll. Analysis of contact time of bouncing droplets (unit: ms).

¢ f We t ' &' ' T wR'Y #®KT Note

050 150 70 144 25 22 19 30 100 92 BDB
87 157 23 21 15 33 119 103 BDB

95 173 24 21 17 33 132 119 BDB

250 68 152 28 25 11 27 113 100 BDB

93 156 25 24 09 1.7 122 11.5 BDB

300 85 167 26 24 17 28 124 11.5 BDB

105 172 24 21 19 34 129 11.7 BDB

033 133 14 149 34 32 29 46 86 71 CR
45 130 24 25 22 35 84 70 CR

60 138 21 22 16 3.0 101 8.6 BDB

92 191 24 21 12 23 155 147 BDB

200 1.7 124 3.0 3.0 22 43 72 51 CR

72 155 24 23 09 24 122 108 CR

81 169 24 22 11 24 134 123 BDB

233 35 147 28 28 18 40 101 79 CR

61 158 26 23 15 37 117 98 CR

81 159 24 22 17 27 118 11.0 BDB

020 120 08 128 3.8 32 22 48 68 48 CR
1.8 129 38 32 23 48 68 49 BDB

35 147 23 26 18 41 106 80 BDB

160 06 128 34 39 14 37 80 52 CR

16 146 3.0 29 10 41 106 76 CR

31 143 28 28 12 24 103 91 BDB

67 160 21 23 17 22 122 115 BDB

180 14 141 39 40 19 40 83 61 CR

32 136 31 24 18 40 87 72 BDB

59 158 27 26 11 22 120 11.0 BDB

patterned surfaces with anisotropic wetting characteristics in agricul-
tural and industrial fields.
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