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2.1.1. Young’s model
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Figure 1. A illustration and the equation of Young’s model[14].
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2.1.2. Wenzel model
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Figure 2. A illustration and the equation of Wenzel model[14].
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2.1.3 Cassie—Baxter model
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Figure 3. A illustration and the equation of Cassie—Baxter model[14].
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Figure 4. Slip of a water droplet from an inclined hydrophobic surface
(left) where the water droplet crawls over the dust particles and an
inclined superhydrophobic surface (right) where the dust particles

are collected and taken away: self—cleaning. [17]



2.1.4 Wetting transition
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Figure 5. Schematics of wetting states on structured surfaces for
partial wetting model[19].
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JLEEHE RN SRS

lotus rose rose filled microstructure

JLOR, JLALR, JLAIL

Cassie Wenzel Wenzel filled microstructure

JLFLL, JLALAL FULTL

Cassie filled nanostructure Wenzel filled nanostructure Wenzel filled micro/nanostructure

Figure 6. Schematic of nine wetting scenarios for a surface with
hierarchical roughness. [21]

et

Cassie-Baxter regime

Figure 7. Schematic of droplets on superhydrophobic surfaces with
high adhesion (Cassie—impregnating regime) and low adhesion
(Cassie-Baxter regime). Surfaces have hierarchical structure with

same microstructure pitch value and different nanostructure density
[22]
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structures and contact angle, related to capillary pressure (Pc).
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1. A& 3 AJeF

2 AFo = EeAE 100%2] A5l ZHE (Goodfellow, UK),
A& (Young Poong Filltex Co. Ltd., 3t=), B & (TEXTORY, 3=)<

AFEEFR o AISE EAS Table 1[2813 2014 & 4= St}

N

A& A= 7y Aol A= FA9 309 F
carbonate anhydrous (>99%) (g 3=&), =)o) &3l
A Azste] 40TolA 30+3F Agatdltt. O § T893 s/TE
FAske] Aol 24A3F AzEGIYh. B-PET #EF9 A
oFA|E (acetone, Junsei chemical Co., Japan)e AFg3ste] Z53F

THTE TASke] A elA 24A1%F

ad7he] TS Y8l AP EF (sodium  hydroxide,  Junsei
chemical Co., Japan)= AF&silen, A3 7has 9@
polydimethylsiloxane (Dow Chemical Company, USA), 184 silicone
elastomer curing agent (Dow Chemical Company, USA) 181l

tetrahydrofuran ()4 s}=-&), st=1)S AFE-skiT}.
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Table 1. Characteristics of the Biaxial PET film (B—PET) [28]

EFAANYA] (mN/m) | BFZ(C ) | Tg(C) | Tm(T)
Biaxial
43 83.4*0.6 79.1 252.3
PET film
21
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Table 2. Characteristics of the PET fabrics

Material 100% Polyester
Fabric type Woven

Weight (g/m’) 145

Density (ininch) | 130X70
Thickness (mm) | 0.21

Material

100% Polyester

Fabric type

Knit (Double jersey)

Weight (g/m?)

207

Gauge (in inch)

o0G

Thickness (mm)

0.59
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ABFACH35]. o F AEo] pHTO| E2F W7hd] S2: FHFE 9

T9om 24X 7 A% 3 PDMS H ZH-S 239t
253 A
2.2.1. gojo]A

Zet=vl oA st 5 vHS AFststr] S8 Aol S sl o
o]&= tF2 ¥ (ThermoStable n—32, DAIHAN Scientific Co, Korea)
of| ] sttt Aoflo]d Al =E 130TCE skl 24h Bt W35t

¥ oUAE dFoEZRN AT 5SS THFHT35].
2.2.2. Polydimethylsiloxane § ¥

A& JdE AR W JdUAE 957 98 23S ZHUAE
A A QA PDMSE AR&3te] § 3" (dip—coating) = X133 38}31
oo 3% Al ded PDMS §E wE7] 98 9H] 1:100 2o
2 0.1% v/v PDMS¢ PDMS <F¢] 0.1H] 184 silicone elastomer
curing agentE tetrahydrofuran £ Y1 102 &< 253 A&
AAEGlTE o] F 4% FF EZFoAH A EE A 40T 2

ol A 30E7 AZFAFTH29].
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Algel wd FxE FAds] fAs AR FAF AvlA (Field—
Emission Scanning Electron Microscope, FE—SEM, SUPRA/AURIGA,
Carl Zeiss, Germany)= AREsFIth HEgh, Eg o AE AR A% F
EAeln® 7171 AAgAl AA7E A EH AlgelX chargingo]l 2Ast

= 7
LN

N

S

WA 87 Qs W FZ8 7] (Ion Sputter Coater, G20, GSEM,
Korea) & AF&3ko] 30 mAolA 120% &<t ¢F 10nm FAZ xdH F
g8 AAsdth o] $ SEM stage® 07 2 A3t 1
th o] w dojx ojmA 2K scale barg ©]&3to] s AR Wl b

TUE SYste] vlolam Txe 1AS 53 F Frsgc. £o vt

mlo

st

)2z T2 AANE S4e7 e Aehie mA ALY 277
(KES—FB4—A Surface Tester, KATO THECH CO., LED, Japan) & A}
&3to] ok AlE delA AR o 33e] dig md ARY] s 54
< Hakalt

H F2Es AN ARe A

o
KU
ot
o,
gh
)
2
=
il
e
e
=2

AYEJ=A FAs7] s YA 4 XA 3 (Energy —
dispersive X—ray spectroscopy, EDS, Bruker, X Flash Detector 4010,

Germany)< AF&sisith. wiAg A5, &Z28 dF & o FHSH

(~f

AR BRelN Wi, Ak, A9 24 BARAT
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W AelE @ Azel de 22HS B e AAEEAe A

3.5 £ 0.3l 9 125 £ 0.3u9 &=
Aow HE72e 24T ¥ BEaA 24 AR 8 24 4AF g2

stel 103 W 5 Fahgit.

Figure 9. An image of the contact angle analyzers.
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Figure 10. Principle setup employed for measuring water shedding

angles (WSA, o). [30]

27 A 21



rlo
=3
ne)
=2
it
ol
o
il
o
AN
o
=l
o
K-
>
O
S
l
=3
ne)
o

Sliding angle

MAe] 7lmolm EWao] = "WolA7] AlFshe 4RE Sske A

Sliding angle

Horizontal Surface

Figure 11. Schematic representation of sliding angle
measurement [33].
. -5 =]
28 e A-] ) E” i



S
FH
e
=2
X
1o,
of  d
o
fifo
X
off
Mo
X

4.1. 394 &F

Za&7h g (NX3-S301-0117—1555 IDT)E o] &3sto] E4L-9]
%S 60fpse] 1000 =ZHdow HJFow Motion studio

32(IDT) & AH&stol 298 Axle A3

4.1. BN W= HT °lF SE 53

o

BoeReld BUee FE &5 okl 4 W Bl et
the AolA at BAY ASE@), st W m), v UEF SE @)
293 v AL £EE Uehith oo A%E adls o A

$3he FANEE g 98K ST sl BYET £ Aol
A, vodle B 4 Ade £md 0% dYsel vE

Tt [40].
22
2as=v —v_ (4)

=]l BHolM & W Fie FdE FEE AR

]_oﬂ ouﬂ N

off

| #ZHel A58 & dWe WA

o
WIS o W AU Ao el BWsd AR EHAY B

29 "':l"'\-_i "%I:.- ] i



W, dtis olE Al

, Ax+

9

U

L
R

X2

(5)

Xa—Xy

t; — 1ty

Ax
==

At

j‘ﬁ : r_|'| tﬂr T

A -

30



A]

TEE

A9
mpo] 2 2 —thi

=

—
-

1. A2 7}zl w

) o o W o ~ FOE T oM oW
N BN (R B B2
= o - ol - hn_ ~ o ~ W|_| -
S o EOW - R
wm =3 m ) B o] ov ﬂm o= W X °
W2 ST > S B )
< 2 v TN L3S N F
o w E] XO o my WTM ) ,M.L " o1 o A
— — o ) ﬂ_Al
3t B T2 ® Y g T o o9
ﬂ_ol o El B ™ ﬁﬂ ‘_mﬂu E.E E.E w o 5 ,mﬁu
Y o o N = g ]
X w BT X o 7o
3 ~ ® o N W [~ S N
ojy o < ~ ) do = O o
YT E e i Yo% g
3 - B S
Th! o Nl @ an Y L = 7o
S = = 22 3 % T T W
® 9 S H It X 2 w 5 B
o oL, B v K -
® 5 w2z Wwg o
Srxr o 2w 2z 3ae e o
% £ = op T v n T BT mrﬁ R o
EE g roT oL 4% g Y B e g
Bog - ogwe ® 30 g g
2 RS T R T pwm L W ~ o T w
o Mo oT w T o
7 g How D M o
w 2 L E 3TN N7 L% wmew Yoy
©oE oo o d WP LT R oW TN
B oA & 7T W ooN * B W T

187.6pm(£0.3) ¢

-

R

262.6/m(=0.2), b
31

L
a—

1.29um(+0.04) 0]

-

A% vlolAE TE 114

SMD



433.3m(£0.4), de 206.7m(£0.3)& LHER

o
i

Fatan| 4 (MODEL BX53F2, OLYMPUS, Japan)l 2 HiE&S o]
AAA o2 THS HH oy 3o 77 AS Figure 13
Fa = 4 Utk ol w2k

0% gatel 17 A%

(A

e BHS B edT HolE Ad

|

r’l

oA, 1 A% A BF A

299.2/m(+0.3) 2] #oZ YElRtow SMD gt 3.18mm(+0.14)0] AT},
3

il
ol
=

PDMS § ZHS A3t A&7 AGE xW A% I o] &
2ZE EXEPEA #FHAE ] Y8 Energy  Dispersive X-—ray
Spectroscopy (EDS) #4& 3t¢lem 1 Ay= Figure 14% #t}

EDS &4 A WEPHIHES 3 AHE A= 2 Figure 1494

Zpzy Wi o] tiEk peake] WERETE PDMS 8949 A4 &4 C,
A& 0, £4& H, & SiE o] Fo|F 7] wFo] Si peaks E3 1
FHE g 4 9tk 7' F #E ¥WO atomic concentration
g4 73.98 at.%, AFA23.83 at.%, A 2.19 at.% °olY HAE
TN E ' 79.76 at.%, At 18.40 at.%, FA& 1.84 at.% = 7t
EHA Si peake] WER] wel W] PDMS FHo] o] FolFl &
gkl skttt

32 i’—'! 21 II



Untreated (X 150) 10 min plasma
etched (X10,000)

Biaxial
PET (B—PET)
film
(a)

Untreated (X 150) PDMS coated after
alkaline hydrolysis

treatment

(X10,000)

PET woven
PET knit

(b)

Figure 12. SEM images of the various substrates (a)Top view
SEM images of biaxial PET (B—PET) film. (b) Top view SEM images

of PET woven and knitted fabrics.
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Figure 13. The images of knitted fabrics (a) Top view of SEM

image. (b) Top view of optical microscope image.

34 2 M E g



2.0

5 6 7 (a) 1 2 3 ey 4 5 6 7

— T 0 ' T T T T
5 6 7 1 2 3 4 5 6 7

(b) keV
Figure 14. EDS patterns of fabrics. (a) Untreated polyester woven and knit, (b) Polyester woven and

knitted fabrics coated PDMS after alkaline hydrolysis treatment.
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woven knit

Figure 15. Static contact angles of 12.5(full color area), 3.5(shaded area) gl (£0.3 8) water droplet

on the B—PET film (black), PET woven (red) and knit (blue).
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Table 3. Static contact angles on the untreated specimens for water droplets of 12.5¢0 and 3.5x4

Droplet Nano scale | Micro—nano | Micro—nano
volume (g0) film scale woven | scale knit
) 12.5 83.4=0.7 0.0=0.0 0.0=0.0
Static contact
angle (° )
3.5 87.7£1.2 0.0=0.0 0.0£0.0

Table 4. Static contact angles on the fabricated specimens for water droplets of 12.5¢f and 3.5¢¢

Droplet Nano scale | Micro—nano | Micro—nano
volume (u0) film scale woven | scale knit
. 12.5 180.0=0.0 165.7%=1.3 166.2-1.8
Static contact
angle (" )
3.5 180.0=0.0 166.811.5 167.5=1.4
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Table 5. Shedding angles on the specimens for water droplets of

12.5 ¢l and 3.5 4

Droplet Nano scale | Micro—nano | Micro—nano
volume (zf) film scale woven | scale knit
+
Shedding 12.5 0.0£0.0 10£0.5 9+0.5
angle(® )
3.5 0.0=0.0 15*£0.4 14*£0.4

(b)

Figure 16. Schematic illustration of the water droplet contacted on

the woven fabric(a) and the knitted fabric(b) used in this study.
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Table 6. Sliding angles on the specimens for water droplets of 12.5

0 and 3.514
Droplet Nano scale | Micro—nano | Micro—nano
volume () film scale woven scale knit
ke 12.5 0.0*0.0 18*£1.2 13+0.5
angle (" )
3.5 0.0=0.0 28+t1.2 271+1.6
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rebound 6742 FFeFATH S, ZAFA EWoAE
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Figure 17. Outcomes from a droplet impact on solid surfaces. (a)

Outcomes of water drop impact onto various tilted substrates, (b)

Droplet impact regimes on dry surfaces[41—42].
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50.1 ms

(a)

(b)

)

(d)

(e)

()

Figure 18. Outcomes of 3.5 @ and 12.5¢0 water drops
impact(h=1cm) onto various substrates(e=0° ): (a) 3.5 and(b)
12.540 onto nano scale film; (c) 3.5#¢ and (d)12.5¢¢ onto micro—
nano scale woven; (e) 3.5¢¢ and (f)12.5¢¢ onto micro—nano scale

knit.
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16.7 ms 60.1 ms

(a)

b)

(0)
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Figure 19. Outcomes of 3.5 @ and 12.5¢0 water drops
impact (h=10cm) onto various substrates(a =0° ): (a) 3.5¢¢ and(b)
12.5¢4¢ onto nano scale film; (c) 3.5#¢ and (d)12.54¢ onto micro—
nano scale woven; (e) 3.5¢¢ and (f)12.54¢ onto micro—nano scale

knit.



Table 7. Dynamic behaviors of water droplets according to the variables and the specimen on the

horizontal surface

Surface structure

50

Variable
Surface tilted Falling Droplet Nano scale Micro—nano Micro—nano
angle (" ) height (cm) volume (uf) film scale woven scale knit
3.5 Rebound Rebound Rebound
1
12.5 Rebound Rebound Rebound
0
3.5 Rebound Pinning Pinning
10
12.5 Rebound Pinning Pinning
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Pz Capillary pressure

Pd: Dynamic pressure

Pc > Pd

Droplet

Complete rebound

V: Impact velocity

Pc < Pd

Before impact

Partial wetting/ Wenzel state

Figure 20. Dynamic behaviors according to the balance of dynamic
pressure (Pd) and capillary pressure (Pc) when water droplet

impacts.
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Table 8. Dynamic behaviors according to the balance of dynamic pressure (Pd) and capillary pressure

(Pc) when water droplet impacts on the horizontal specimen surfaces

Surf tructur Nano scale Micro—nano Micro—nano
urtace structure film scale woven scale knit
Falling height (cm) 1 10 1 10 1 10
Dynamic 1
pressure Pd 97 980 97 980 97 980
(Pa)
Micro structure” Micro structure”
Capillary ) 922 AT77
pressure Pc > 2X10
(Pa) Nano structure Nano structure
> 2X10°6 > 2X10°6
Dynamic behavior | Rebound | Rebound | Rebound | Pinning | Rebound| Pinning

1D)Pa=1/2*% 0V (p: 998kg/m’, Viem=0.44m/s, Vieem=1.4m/s)
2)Pc=|—-2V 2% yLvxcos 0 a*/B| (yLv: 72.8mN/m, cos 8 a: ~0.98, B:187.6, 262.6m)
3)Pc=|—2% yLvxcos @ a*/r| (yLv: 72.8mN/m, cos 0 a: ~0.98, r:299.2/m)
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Figure 21. Outcomes of 3.5 8 and 12.5¢0 water drops

impact (h=1cm) onto various substrates(a =15° ): (a) 3.5 and(b)
12.540 onto nano scale film; (c) 3.5¢¢ and (d)12.5¢¢ onto micro—
nano scale woven; (e) 3.5¢f and (f)12.54¢ onto micro—nano scale

knit.
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(b)

()

Figure 22. Outcomes of 3.5 @ and 12.5¢0 water drops
impact(h=10cm) onto various substrates (e =15° ): (a) 3.5u¢ and(b)
12.540 onto nano scale film; (c) 3.5¢f and (d)12.5¢¢ onto micro—
nano scale woven; (e) 3.5¢¢ and (f)12.54¢ onto micro—nano scale

knit.



Figure 23. Schematic diagram of a drop impact: decomposition of

velocity into normal and tangential components.
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Table 9. Dynamic behaviors according to the balance of dynamic pressure (Pd) and capillary pressure

(Pc) when water droplet impacts on the tilted surfaces

Surf — Nano scale Micro—nano Micro—nano
LRSS SlAG s film scale woven scale knit
Falling height (cm) 1 10 1 10 1 10
Dynamic 1
pressure Pq 90 911 90 911 90 911
(Pa)
Micro structure” Micro structure”
Capillary ] 922 477
pressure Pc > 2X10
(Pa) Nano structure Nano structure
> 2X10°6 > 2X10°6
Dynamic behavior | Rebound | Rebound | Rebound | Rebound | Rebound | Pinning

1)PD=1/2* © *V( © : 998kg/m3, Vlcmzo.43m/s, Vl()cnl=1.35m/s)
2)Pc=|—-2V 2% yLvxcos 0 a*/B| (yLv: 72.8mN/m, cos 8 a: ~0.98, B:187.6, 262.6m)
3)Pc=|—2% yLvxcos @ a*/r| (yLv: 72.8mN/m, cos 0 a: ~0.98, r:299.2/m)
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0.3 : 0.264 @ Film-1cm
’ @ Woven - 1cm

[ 0.254
- ‘ @ Woven - 10cm
i . @ Knit-1em

0.25 i
0.2 0.171
0.15 |

0.103 0.111

: 0.093 0.089
0.1 [ . 0.082 Q
: ® o D

3.5 | 125 | 35 | 12.5| 3.5 | 125 | 3.5 | 12.5

Average sliding velocity (m/s)

0.05

film woven knit

Water droplet volume (p2)

specimen

Figure 24. Average sliding velocity at different water droplet
volumes. Average sliding velocity of 12.5, 3.5u¢ (£0.3x) water
droplets impacting on tilted surfaces (@ =15° ). Droplet impact on the
nano scale film surface (black), micro—nano scale woven surface

(red) and micro—nano scale knitted surface (blue).
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Table 10. Weber numbers of water droplet at different falling

heights and water droplet volumes

Falling Impact Droplet volume| Droplet
height (cm) velocity (m/s) () S | SR b

3.5 1.88 5.00

1 0.44
12.5 2.88 7.69
3.5 1.88 50.51

10 1.4
12.5 2.88 76.85
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Figure 25. Dynamic behaviors according to Weber number (We)

when water droplet impacts on various superhydrophobic surfaces.
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Figure 26. Dynamic behaviors according to Weber number (We)

when water droplet impacts on various tilted superhydrophobic

surfaces (a=15°).
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Abstract

Dynamic behaviors of water
droplets on the superhydrophobic

surface at various conditions

Ji Min Lee

Department of Textiles, Merchandising and Fashion
Design

The Graduate School

Seoul National University

In this study, polyester film, woven and knitted fabric which have
different microstructures were employed to analyze the dynamic
behaviors of water droplet on each surface. To do so, variables that
have an impact on water droplet behaviors, such as the water droplet
volume, the drop height and the surface inclination were controlled.
Surface wettability and dynamic behaviors of water droplet were
explained through the Weber number and pressure balance between
dynamic pressure and capillary pressure.

The static contact angle according to the volume of water droplet
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on each surface decreased slightly as the volume increased, but the
difference was insignificant. The shedding angle as well as the sliding
angle, however, decreased.

On a horizonal surface, when the falling height was lcm, a similar
behavior occurred within each surface regardless of the volume.
However, when the falling height was 10cm, the tendency to pin onto
the surface increased. On the surface inclined at 15°, regardless of
the volume, the same behavior was observed within the surface as
on the horizontal surface at the falling height of 1cm. When the falling
height was 10cm, the tendency of pinning to the surface increased,
but the degree of pinning was reduced by the inclination. According
to the pressure balance, rebound occurred on the horizontal surface
when the dynamic pressure of the water droplet was as low as 97 Pa
and the capillary pressure on each surface was greater than the
dynamic pressure. On the other hand, the water droplet was pinned
onto the surface when the dynamic pressure of the water droplet was
as high as 980 Pa and the capillary pressure on the woven and knitted
fabric was smaller than the dynamic pressure. However, on a surface
inclined at 15° the tendency of the water droplet to rebound
increased as the dynamic pressure decreased with the impact of
inclination. It was observed that with the average sliding velocity of
water droplet on the tilted surface, the larger the droplet volume, the

higher the average velocity of water droplet. Also, the average
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velocity on the knitted fabric was higher than that of the woven. When
the drop height was low, the average velocity was high. At the lower
Weber number, rebound occurred on all surfaces. However, at the
relatively higher Weber number, the tendency of pinning onto the
surface increased. The tendency was especially high when the

surface had micro scale sized pores.

Keywords : Impact condition, dynamic behavior, rebound, surface

structure, dynamic pressure, capillary pressure, Weber number
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