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1.1. Young’s model
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Figure 1. Schematic of wetting state based on Young’s model [21].
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1.2. Wenzel model
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Young®] %7 (0y) ol wheh Zepxivt[24].

cos@y =r * cosOy (2)

Ow: Wenzel modelell A 9] A2 H=7}

0y: Young’s modelol A 2] A2 H&£H7Z

r: roughness factor

Figure 2. Schematic of wetting state based on Wenzel model [21].
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1.3. Cassie—Baxter model
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0cp: Cassie—Baxter model 4] ¢]

CRIEE !
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q4 d57
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Figure 3. Schematic of wetting state based on Cassie—Baxter model

[21].
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1.4. Cassie—Wenzel wetting transition

Wetting transition (Z1¢] AFe]) & Cassie—Baxter model?} Wenzel
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Q91[26,27]° 2l <A 3¥ Cassie—Baxter modelS YERJA Z

i

O

Fod intermediate stateE YWEFE 4 +=d 1 o & Figure 4 oA %}

28 partial wetting state7} QtH[28].

Figure 4. Schematic of Cassie—Wenzel wetting transition.
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lotus rose rose filled microstructure
Cassie Wenzel Wenzel filled microstructure
Cassie filled nanostructure Wenzel filled nanostructure Wenzel filled micro/nanostructure

Figure 5. Schematic illustrations of wetting scenarios for dual—scale
roughness [29].

4
1
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Figure 6. Wetting scenarios of (a) Cassie—impregnating regime (with
high adhesion) (b) Cassie-Baxter regime (with low adhesion) [30].
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Figure 7. Schematic of the self—cleaning mechanism: (a) droplet
sliding down on a normal flat surface (b) droplet rolling down on a

superhydrophobic surface [31].

Figure 8. Self—cleaning lotus leaf: (a—c) self—cleaning phenomenon
(d—e) cell papilla (f) wax tubules [33].
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Figure 9. Applications of superhydrophobicity: (a) lotus leaves (b)
wind shields (c) anti—wetting equipment (d) anti—glaze coated
surfaces (e) anti—corrosion substrates (f) anti—contamination
protective shoes [34].
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Figure 10. SEM images of shark skin with arrows indicating direction
of anisotropic water flow [35].

Figure 11. SEM images of rice leaf with arrows indicating direction of
anisotropic water flow [35].
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Figure 14. (a) rice leaf surface with anisotropic wettability (b) SEM
image of rice leaf surface. [14].
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Deposition Rebound  Partial rebound  Sticky state

Figure 15. Schematics of droplet impact behavior [38].
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Wetting state transition
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Figure 16. (a, b) Cassie-Wenzel-Cassie wetting state transition and (c,

d) resulting improvement in self—cleaning of micro-nanostructured

superhydrophobic surface [55].
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Figure 17. Strategies for contact time reduction [10].
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ojf gt ATES WTOE, Song TI[68] FHo] nHEEA
A= rice leaf 73 WA AR T4 AFS TEJL F
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Figure 18. Reducing contact time of a bouncing drop on rice—leaf like

surface [58].
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Figure 19. Comparison of droplets bouncing on the surfaces with and
without macrotexture for glycerol aqueous solutions (0, 40, 60, and

70% by weight) [18].
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polyester ZHZHIEALZ o]Foj2 FHAS ARSI F5  7HY
AL fe Ao w ApEstsiitt. AR 75ulY o] (denier), 1A
1508I40o], FHAtelE 600dYolE ARE3te] A4 (C.K TEXTILE,
=) SR Ald AL Table 1o et whel o £5AF 719
AL FRY M w2 X S TR TS 9 1AEs
84 v (MODEL BX53F2, OLYMPUS, Japan) &%
Ao (Figure 20) A89 olF EF o H4E 7|Fo=
g stith. Control AlE+x Hol glo] AAE #3FH A=,
FEA tst hxFo R ALEE

Az FANE Fol AW A (60%—Sodium  dodecyl
benzenesulfonate, A3, =) 5g/Le sodium carbonate
anhydrous anhydrous ©99%) (W4 3}=6), 3t=) 5g/L.o] &% LN
NEFH] (weight %) 1:300.2 FHIFA L, A 8E A 50-55T oA
4533 A"y, 1 %, E2& TRF 103 oY FEI

FAEET A A 242 7F A AxsFe] AFLEFI L)
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Table 1. Specimen codes and characteristics

Sample | Weave | Weave Yarn diameter Weave Distance
Code type density Repeat between
(threads | Warp | Weft | Rib | (Weft center of
/inch) Yarn | Direction) | Rib yarns
Control | T | 15970 | 754 | 150d | - - -
weave
R—R 150d X1
750 129 x 65 +600d 750 pm
R—R 150d X2
1000 129 x 70 +600d 1000 m
R—R Rib 150d X3
129 x 75 75d 150d | 600d 1250
1250 | weave * +600d m
R—R 150d X5
1750 129 x 80 +600d 1750 gm
R—R 150d X7
9950 129 x 85 +600d 2250 m
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Sample Code

Surface image

Optical microscope image

Control

R—R 750

R—R 1000

R—R 1250

R—-R 1750

R—-R 2250

LI N S T

i iy o
2250.um

LU B U O

(B R I I B AR

Figure 20. Surface images and optical microscopic images of specimens.
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AE7F & dAe E3 FEAE (Glycerin, >99%) (N4 36,
=) EEgAe FEAEY  Azguz ARE 243
THIEFA T [44-45]. & AFeMdE= & 100%¢ S AE60:E540

weight% ZHENE AREsI3lom, A= Aol e 4A 9

2 Table 29} #Zt}.

o
kit
o
=3
2
0%
)

Table 2. Density, surface tension, and dynamic viscosity for glycerol

aqueous solutions [44, 45]

Glycerol Density Surface tension Dynamic viscosity
weight (%) o (g/cm3) | ¢ (mN/m) ¢ (mPa.s)
0 1.00 72.0 1.0
60 1.15 64.6 10.8
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I molaE AHVIE Ad EZoAE AEed vk ARAVE
L8dskr] flskel AbA Eeb=wl oS H&AeATH46]. 4Pl RIE
w21 9] ICP Etcher 80plus (Oxford instrument, UK)E& AF&3}3it).
&g A AlRE A el el &2 Fil kaptone tape® APHS
FAstel wAgd F, Ay 180 WE Ql7kskel AW ol ko] 40

s w F9 £ 20 sccmf] AbA EEkEviE 883

Eohzrk o F e AE BHE AFstelr] ek v mHy A
5 Ad FAS—17(1H, 1H, 2H, 2H—Perfluorodecyltrichlorosilane 96 %,
C10H4Cl3F17Si, Alfa Aesar, UK) = AFH&3to] 7] Z& (Chemical vapor
deposition, CVD) 3} % t}.

718

o\

2o WF 2E(Vacuum Oven C-DVDI1, CHANGSHIN
SCIENCE, &= Alg™ &7]o] ¥ FAS—17 200u% 55 &7
U3 80° CollA 2 AIZF AgstR o, 75° C tF2A 2E(Thermo
Stable n—32, DAIHAN Scientific Co, 8t=) oA 2413t Ax $ AL&
SFATH61].
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A3 A NS 54 24 2 37t

1. 8 7%

i)

A8

Zdtz=nt o o WE A5 19 I WEE gl flske] Az}
FAF @7 (Field—Emission Scanning Electron Microscope, FE—
SEM, SIGMA, Carl Zeiss, Germany) & AF&-3FSith F-EAQ1 EH] o~
H Ao AEAS Folstr] flste] W53 % 7] (Ion Sputter Coater,
G20, GSEM, Korea) & AF&-3te] 120% &<k 30 mA°lA °F 10nm F

AR ZWS ZEFUSH o]F 0° & SEM stages AAst] ARE

ERE FAS-17 71 Sl ot 2w gety 24 RsE
staolsly] 9ste] olyx] EAF XA 33 (Energy—dispersive X-ray
spectroscopy, EDS, Bruker, X Flash Detector 4010, Germany) <
olgateith mAel Amel Ak Eehzel A AR, Ak Eehznl

714 Z23sk A7 9

-

N
Exl
(2

oA whA, Ak, Eaol 2AS EAsAT

o
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Figure 21. An image of contact angle analyzer.
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Measurement

direction Sliding Angle Shedding Angle

Parallel (/)

Perpendicular (1)

Figure 22. Conceptual images of dynamic contact angle measurements

on specimens.
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W PR o] wE #e4el olRHS oty ¢stol

TR FAL) T R FB(HT BFeNA FH HFZH(CA) I
4 AFZHShA, SA)Q Aolm 2 (4),(5),(6)F 3ol FFH7te

Anisotropy of Contact Angle, A6 =CA L -CA// (4)
Anisotropy of Shedding Angle, A6 =ShA 1 -ShA// (5)

Anisotropy of Sliding Angle, A6 =SA L -SA// (6)
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3. &4 AsH HF AZ

3.1. 38 A%

7171 07 9 e Almel Hetshe AHe] AvE 2ak
Zhe 2} (NX3—-S301—-0117—1555, IDT Vision, USA) & ©]&3}4 4,000
frames per second(FPS)Z #%J o Motion studio 32(IDT)E

gl WA, RS

A% Balel 72e deba Kol 1A ERoZRE FalHiA
o=, HAo] HHA st W o] FAXT 43 olFseE BIFE
rebound®, AF-E mdo] TAE A UYWAY FAAA o|Ed=

rH

A$E partial rebound®, & AA7V} WY EYHA Esu %
Yol a2 Folsl= A$E deposition® 2 =F3F T

54 A AAe] ArE gGEsiglon (B 100%9 =8 A1E60:%40
weight% 384 Y Fol= lIemolAHE  10cm7Z7HA]  lcm

wAom ARG e AFe AR G5 Agel Fuaol

dxo] Py FE} W F YRS P We FH 1AQ 2250ms}
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5.6 pl

; 1.1mm

1

besesenagpeosascel)v

*— 2250um —*
=2.25mm

Figure 23. Schematic illustration of a liquid droplet with diameter of

2250mm [58].
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Figure 24. Schematic illustration of contact time [50].
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A3 AR Y 1

A 1A 7ol mE AR 54 W3

A Zgbzul o3 4 FAS—-17 CVD AHgle] & Algeo ud
5 W3lE dolry] e 21 gy W AR BHS s on 1

A= ofefi e}

1. A4 E2=m) oo & A FH

Alg ¥We F*%+= Scanning Electron Microscope (SEM)&
AFESle] A oW 7 A= Figure 259 2tk wiAHE Algs

e wEes dEhla glow, Sezwl o 8l FAS-17 CVDE
APt Alme] Aol FTEmh ol el dste] e AALC
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(a)

X10,000 X 50,000

Untreated

(b)

X10,000 X 50,000

8 min

Plasma etched

FAS—-17 CVD
after 8 min

Plasma etching

Figure 25. Scanning electron microscope images of (a) pristine

surfaces (b) plasma etched surfaces.

39



2. &5 743l e E9 4

FAS—17 CVD(Chemical Vapor Deposition, 382 714 Z2) o
mE ww g 24 WsE #Asy] flske]  EDS(Energy
Dispersive X—ray Spectroscopy) #4& X33} o™ A3}b= Figure
26°] el EDS A1 w2 FE (Pt sputtered coating) %
AYHEZ BE AFA Pt peake] WERRTE FAS-172 ¥4(C)
FAaME), 92C), E&2EF), #AGHE olFolAd Q7] wEe] 1
FF = F peaks &3] & 4 Stk CVD & A9 ¥W atomic
concentration> ®4 84.93 %, AtA 13.01 %, =4 2.05 %= F
peako] el wet FAS-17 CVD7F A&d oz olFofzls
kel et it

o

B
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(a) cps/eV
141
12
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e I e e e B e
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0

Energy [keV]
cps/eV

(b) 355
30%

20

10 1

0 T A\‘m& T T T T T
0.5 1.0 15 2.0 25 3.0 35 4.0 45 50
Energy [keV]

cps/eV

(c) 50
30

104

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
Energy [keV]

Figure 26. EDS patterns of (a) pristine specimen (b) plasma etched

specimen (c)FAS—17 CVD specimen after plasma etching.
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Table 3. Static contact angles for glycerol aqueous solutions of 0% and

60%

Glycerol ) ) Static contact angle (" )

weight DereCtlon to R-R |R-R [R-R |R-R |R-R

roove
(%) Control |\ pe 11000 | 1250 | 1750 | 2250

Parallel = = = = = =
) 180 |180 |[180 [180 [180 |180

0
Perpendicular | —~ - = - = =
(1) 180 [180 |180 |180 |180 |180
Parallel = = = = = =
) 180 [180 |180 |180 |180 |180

60 _ _
Perpendicular | —~ = = = = =
(1) 180 | 180 |180 [180 |180 |180
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=4 HEzZF 24 A A Ryl 125 (£0.3) 5 Ao
MAol HAxEol 3w Fxo Heke] wE shedding angle?t sliding
angle =74 A3 Table 49 Figure 27 % Table 53 Figure 289

LHERA A

o] td B4 H=Z(Table 4, Figure 27)& REE A gA
shedding angle %t¢] sliding angle #ET 23kt o]+ shedding
angle 574 Al WS 7129 HHE WS "oty F545H7]

ol A3 Ag7F AFeke AlRko] vl &2 ®bd, sliding angle ]

5 7kAe] 1250, 1750, 2250m) A5, EH-go] Hatets 54,
B el #ARel 1 HAo] WoldsS shedding angle #k<
Eo}X] 1 sliding angle #< Solx| &= Hhtfo] AHdS B o 750mmel
7%, shedding angle¥ sliding angle 5% 1 Fto] 0.2 714 Zqkt},
°l&= R-R 7509 F5°] 7|ES wolaz-un Fxel HaiA

AA9H BE T2E G4 299 1% WAL AU Z anti-



W Fxee] #AE Fe e Sakai

tlo
=4

ELC R L

S [511 oFd 21(7) 3 7o sliding angles WERHSITE.
ma=mgsina-R (7)

o] 21 (7)ol m2 NA° AZF(mass), ax= 7} % (acceleration),
gv %9 7}4 % (gravitational acceleration), @+ sliding angle, R
fol Zej7ke= WEFH Wi WdFow #gsk= el &9 (resistance

= QA FHE =%

force)S 2Jw|sly, o] W sliding angleol] Zg3= W<l

=¥ A el Hske WA Bl [51].
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Table 4. Dynamic contact angles for water 100%

Specimen code | Direction to Groove | ShA(® ) SAC )
Control parallel 1.6(£0.1) 7.2(£0.8)
perpendicular 0.7(£0.2) 6.1(£0.5)
3 parallel 0.0(£0.0) 0.0(£0.0)
STl perpendicular 0.0(£0.0) 0.0(£0.0)
_ parallel 1.9(%0.1) 11.0(£1.9)
R 100 perpendicular 1.6(£0.2) 6.6(*1.3)
3 parallel 1.5(£0.1) 10.6(%£1.5)
Sl L2 perpendicular 1.5(£0.7) 14.7(£1.6)
B parallel 2.9(x£0.4) 8.6(£0.8)
R 1T perpendicular 2.3(£0.2) 12.2(£2.4)
3 parallel 3.7(£0.3) 4.0(£0.4)
SR azel perpendicular 3.6(%£0.3) 8.7(x1.7)
25 » 25
I - O0- ShA//
: —m—ShA |
20} 1 - O- SA/l 420
95,' : —8—SA | »
1 —
— o
D 151 : 115 5
© 1 Q
o : 2
c
- 10} ! {410
gl : ®
2 2 1 =
? 5 : 15
1
o
0 — 0

L] *- L L] 1 L]
Control 750 1000 1250 1750 2250

Spacing between ribs (um)

Figure 27. Dynamic contact angles on specimens for water 100%.
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AE7b 2 Y 2 2dAE

2.2. A Az WE FF HSZ

ofo

oHol A9 (Table 5, Figure 28),

shedding angle?} sliding angle 5% o)A Xt} =& 32 Bt

| 712 el 75 W= A3 Fdo] Wy A5

B

FEE A FE @9 gess ol A Ags T Qe 45

of wel AHe] AFo]l AGHELE Yibas F[562]> 7L
oA AHo] F2= AE Walsh= @l ¥H (resistance force) &
& (F,;, adhesion force,) ¥} A2 ( F,, shear stress)? $o=

stom, 4 @3 AN yy = A4 Bd FY, D e

0, + AX H=FZ(advancing contact angle), 0 &= 33

Z} (receding contact angle) Ay i N4 vAo HF WA, us

av .

o] Ax, o= A HEE Ve 75, yu 949 Z5A9 534
S 9ugtc}, olw] Mg (FE, shear stress)< A2 HEel

sfol, M9l HErt wobAW Aol Zol Wolx: AL Wk

Awteo] A EA4 GEH7o] Zrheb et

24
Fad = ;]/LVD(COS HR - HA) (8)

Fo= Aw(n) (9)
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Table 5. Dynamic contact angles on specimens for glycerol aqueous

solution of 60%

Specimen code | Direction to Groove | ShA(C ) SA(C )
Control parallel 5.7(£0.2) 16.5(£1.2)
perpendicular 2.1(£0.4) 9.0(£0.7)
3 parallel 0.0(£0.0) 0.0(£0.0)
STl perpendicular 0.0(£0.0) 0.0(£0.0)
_ parallel 9.8(£0.1) 15.1(%£1.3)
R 100 perpendicular 2.1(£0.7) 7.5(£1.7)
B parallel 5.8(%£0.3) 12.7(£2.4)
Sl ey perpendicular 2.8(*£0.4) 15.4(%£2.2)
B parallel 10.2(%£0.3) [10.1(£1.5)
Sl e perpendicular 4.2(%0.9) 16.2(%£4.7)
3 parallel 10.3(£0.9) [12.0(£0.4)
R 2250 perpendicular 4.6(x£0.4) 16.3(£6.6)
25 /£ 25
= a0- ShA //
—H—ShA L
__20} fo- sAl 120
o —.—SIAJ_ v
L) | S
215} : 115 5
(4] : «Q
g 10 i 4110 -
o ! —
e | 2
@ 51 ! 15
:
1
|
0 T L_* L] L] L L] 0
Control 750 10001250 1750 2250

Figure 28. Dynamic contact angles on specimens for glycerol aqueous

solution of 60%.

Spacing between ribs (um)
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Anisotropy (°)

L 09000

Control 750 1000 1250 1750 2250
Spacing between ribs (um)

Figure 29. Anisotropy of dynamic contact angles on specimens for

water 100%.

ol

H -_1l| u-| I



(a) (b)
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> =
\

Figure 30. Schematic image of contact line (a) continues and (b)

discontinues formed on the surface of R—R 1000.
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(a) (b)

Figure 31. Schematic image of contact line for the surface of R—R 1750.
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Anisotropy (°)

-9 1 . | ] 1 1 1
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Figure 32. Anisotropy of dynamic contact angles on specimens for

glycerol aqueous solution of 60%.
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Figure 33. Droplet impact behavior by height on specimens for 100%

water.
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Figure 34. Droplet dynamic behavior on specimens of 1cm height.
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Figure 35. Droplet dynamic behavior on specimens of 6¢cm height.
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Figure 36. Droplet contact time of 1cm and 6cm height for 100%

water.
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Figure 37. Retraction mechanism of impinging droplets [56].
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Abstract

Wettability of superhydrophobic
fabric with anisotropic surface
structure

Sun Young Han
Department of Textiles, Merchandising and Fashion Design
The Graduate School

Seoul National University

In this paper, the effect of the anisotropic surface structure of
superhydrophobic textiles on the wettability and dynamic behavior of
droplets was investigated. To this end, superhydrophobicity was
implemented in polyester fabric with anisotropic surface structures,
and the anisotropies of the contact angles were derived from
measuring the static and dynamic contact angles according to the
viscosity and falling direction of the droplets. Droplet dynamic
behavior and contact time were measured by varying the viscosity

and drop height, and comparative analysis was performed.

The static contact angle showed a value close to 180° in all

85



samples regardless of the direction of the surface structure. The
shedding angle was found to be smaller in the direction perpendicular
to the groove than in the parallel direction, and the sliding angle was
smaller in the perpendicular direction when the groove (rib) spacing
was smaller than the diameter of the base area of the droplet, and
also smaller in the parallel direction when the groove spacing was

larger than the diameter of the base area.

In the case of dynamic behavior, in all samples except for the
groove spacing of 750um, it demonstrated that the larger the spacing,
the more favorable the rebound. As for the contact time, in all
samples except for the sample having the groove spacing of 750um, it

tended to be shorter as the spacing between the grooves increased.

Static contact angle was close to 180° regardless of the viscosity
of the droplet, and dynamic contact angle, both shedding and sliding
angle, increased as the viscosity increased. In the case of dynamic
behavior on the horizontal plane, the higher the viscosity of the
droplet, the more difficult it is to rebound and the longer the contact

time.

The R—R 750 sample, which had the smallest spacing between
the grooves, showed the best results in shedding angle, sliding angle,
dynamic behavior and contact time. This is understood because the
three—dimensional multi—layer structure made by grooves minimized
the contact area with the droplet to form a structure advantageous

for anti—wetting.

In this study, it was confirmed that rice—leaf like rib weave
textiles with anisotropic structures are advantageous for anti—

wetting, and the difference in wetting properties increases depending
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on the direction when the groove spacing is widened.

Keywords : superhydrophobic fabric, surface structure, anisotropy,

dynamic contact angle, dynamic behavior, contact time
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