(Ydk=3)

Journal of the Korean Society of Visualization, Vol. 19, No. 3 (15~21), 2021
(Manuscript received : 2021.07.18./Revised : 2021.09.07./Accepted : 2021.09.27.)
DOL:http://dx.doi.org/10.5407/iksv.2021.19.3.015

ISSN 1598-8430 Print
ISSN 2093-808X Online

A e BE) SEGHE o4 w0l WE U 4% o

A%

Spreading and retraction dynamics of a liquid droplet impacting rough
hydrophobic surfaces:
Formation of micrometer-sized drops

Uijin Kim" and Jeong-Hyun Kim"

Abstract In this study, we investigated the dynamics of a droplet impacting rough hydrophobic
surfaces through high-speed imaging. Micrometer-sized structures with grooves and pillars were
fabricated on smooth Polydimethylsiloxane (PDMS) surfaces by laser ablation. We used Newtonian
and non-Newtonian liquid droplets to study the drop impact dynamics. De-ionized water and aqueous
glycerin solutions were used for the Newtonian liquid droplet. The solutions of xanthan gum in water
were prepared to provide elastic property to the Newtonian droplet. We found that the orientation of
the surface structures affected the maximal spreading diameter of the droplet due to the degree of
slippage. During the droplet retraction, the dynamic receding contact angles were measured to be
around 90° or less. It resulted in the formation of the micro-capillary bridges between the receding
droplet and the surface structures. Then, the rupture of the capillary bridge led to the formation of
micrometer-sized droplets on top of the surface structures. The size of the microdroplets was found
to increase with increasing the impacting velocity and viscosity of the Newtonian liquid droplets.
However, the size of the isolated microdroplets decreased with enhancing the elasticity of the droplets,
and the size of the non-Newtonian microdroplets was not affected by the impacting velocity.
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Fig. 1. 3D confocal images of the hydrophobic
surface containing micrometer-sized (a) groove and
(b) pillar structures. 2D surface profiles for (c)
grooved and (d) pillar structures. The measurement
lines of the surface profiles are included in 3D
confocal images. The period of the structures is
the same as 100 pm.
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Table 1. Static advancing and receding contact
angles of water on the hydrophobic surfaces
containing groove and pillar structures. Groove(p)
indicates the direction of the water droplet is
parallel to the grooved structures, while groove(t)
indicates the direction of the water droplet is
transverse to the grooved structures.

Advancing contact | Receding contact
angle angle
Groove(p) 161.5° £1.4° 121.4°£2.6°
Groove(t) 160.9° £0.7° 106.2° £1.3°
Pillar 162.5° £0.5° 129.4°+£2.5°
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Fig. 2. Steady shear viscosity measurements of the
test liquids as a function of shear rate.

HA] A 2 B I E A7) (D) 5O B
Ao w7k

nATEe] FE 2 Sk e A F= A
& AS 8l S A wee] A ek
I} Hest 79 (groove(p)), STt A2
W2 ek =221 74-%- (groove(t)), ~12]aL pillar
T2 A7 Zg-ollM Helbdds Xaslk
A H]'E-/] 1Y SE o]F B 9 5ol #d
e T2 257 55 AHESt] ﬂqﬂﬁ’iﬁ} r
Al go] 75 A EA T2 AFEE
Al A s dATtelr] sk A e
Aol o] AEFE WA APS F7H 0
2 Agsgich. 255 2ol sowt%e] MRS
23ete] =0 R} oF senl & FAE
Azbete] ARgalSith gl 2 woll e
02wt%S} 0.5w%2] HI&= E3ste] dek s}
(shear thinning) FAIE A=ellaL, Ao B4
g ofgh mA| Whgo] 7] Wsks A5
AREE BN A AE= Fig 200 AAEATE
#H Tl AFEE vA §A e e
Weka) Fhdel Alze] wigko] wejelA AHw

groove(t)®] 7d-7-ollA 7Fr] sk ATk
3. Zat 9 u#E

31 94 weel WEI 4% o2t

3t 7Vs TS 7 g 39l FEche
§ o) AEE A0 e Slalol



18 2]

lmam lmm Imm Tmm u Imum
- - - - -

Groove (1) ! ! - -

Groove (p)

Q_ e, e o i )

Pillerr
Fig. 3. Time evolution of a de-ionized water
droplet (Dy=3.lmm) impacting the rough
hydrophobic surfaces at We = 55.
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Fig. 4. Normalized droplet diameter of a de-ionized
water droplet (Dy/=3.1mm) as a function of time.
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Table 2. Size of liquid droplets isolated on grooved
structures of a rough hydrophobic surface. The
initial droplet size was 3.5mm. The unit of a
droplet falling height is mm, while the unit of the
isolated droplet is pm.

80wt% 0.2wt% 0.5wt%
Height | Water | glycerin in | xanthan in | xanthan in
water water water
20 j11+£2| 2143 612 5+1
80 |18+3| 26+4 7£2 6+t1

o] Mo} vido] mA W 7] P40l
n= GRS digfdos SRlsh] flete] 2R
o} Am=7} oF seu) = FElAlE gy} ek
e 255 B9 E3% Ad 93l fAE 27
AlZste] 3=0]7} 20mme} 80mme T+ 7l A
s AEe sl 74 W] A7) 3.5mm
2 A5k 288 W3k Table. 200 AA]
| A, 5L weroll A FAl Lo Hev)
S6vl ol 749 wiA g2 A7|7F oF 50%7 1
Z7khs A¥E BTk vbdel, fAldl ¥ &
W7t Frra 739 mA 3 gl AdE wA
o] 9715 U Wer 71502 °F 50~60%
A% 7Aadhs A4S Bk ol #A
A A T 5olzl et Azo] fA
5= oA HdES SAAA
Holl vlA] S @ Pr|ee A4S B
2 sk

A Fc}. SFA|9E Table. 201 #|A|E #
S BN Wer 7l wheh wAl A s A
71 S7PF vlerst Zlow ASHRIY. 1 olfE
Golr7] flste] 02wt%o] JHEE E5 fA| -2
T S SN 1 A3k, wer7t 2071 7
- °F 200mnvs, W7} 8091 749~ F 334mmys =
VS We 571l et §5 £} Stst
T FEE BT SN A e Send dd
E 52 Avgo] S7FETE Ao Hwrt o
oAl Aol Sl ol Al el FE &

©7h F7hE S fAlel A AEsk ol &

A
2
juitat

O e ot

%7]' .—é‘:ﬂ]’% ﬁ‘a' @E 7]:,1-/\§ ?_8]1 U]U .3]_7_” 7}
29 Ao Helth

=AM F B 7 7E2E e T
g FEshs A W= T4 WskE Aet
A W] 5 A 3 Aol FA
= wA A e A A R A7) WskE
VSBTE 7A4 B2o] vl S 7R S
Aol =8 uf Hof A= wero] Sl o
g AR om, T3 wegdl e A 22 v
11213 Aol wet groove(p), pillar, groove(t) 41
= Hd A7n7F A= Flo2 AS5H AT FA)
Weol & FRE Ve U aHdA 5T
) A B Bt vA 3 Alelell e e
BEA7F AR o, dhgh & F 2 9]l v
Al A B2 FAsIRITE G4 mAl A
9] A7)= A9 A, B4, Hel szolol] wet
ATk R frAle] - weret HA o] 27
2178 S7tell whet WAl A 2] 2717 S
o, A7t S5 1 2 A o] A
Ak Aol € w3k FrbE A Al A
a0 A7) Ak o® 7R Aol Bls) Aot
Ae Aoz d5HNeH, w1 fAeks 9y
Wer 7Yl & vA| W2 7] 571 Fd
F3] =3k S

ot

7|

o] AT AgE|Esta A UvkA
A7H] A gow FaElEyT)

REFERENCE

1) Rothstein JP,, 2010, "Slip on superhydrophobic
surfaces," Annual Review of Fluid Mechanics, Vol.
42, pp.89~109.

2) Cao L, Jones AK, Sikka VK, Wu J, Gao D., 2009,



o

N

AR e EEo) FESRE A Weel B % 55 o 21

"Anti-icing superhydrophobic coatings," Langmuir,
Vol. 25(21), pp.12444~12448.

3) Genzer J, Efimenko K., 2006,
developments in superhydrophobic surfaces and

"Recent

their relevance to marine fouling: a review,"
Biofouling, Vol. 22(5), pp.339~360.

4) Ou J, Perot B, Rothstein JP.,, 2004, "Laminar drag
reduction in microchannels using ultrahydrophobic
surfaces," Physics of Fluids, Vol. 16(12), pp.4635
~4643.

5) Ou J, Rothstein JP, 2005, "Direct velocity
measurements of the flow past drag-reducing
ultrahydrophobic  surfaces," Physics of Fluids,
Vol. 17(10), pp.103606.

6) Oner D, McCarthy TJ., 2000, "Ultrahydrophobic
Surfaces. Effects of Topography Length Scales on
Wettability," Langmuir, Vol. 16(20), pp.7777~
7782.

7) Nilsson MA, Daniello RJ, Rothstein JP., 2010, "A
novel and inexpensive technique for creating
superhydrophobic ~ surfaces using Teflon and
sandpaper," Journal of Physics D: Applied Physics,
Vol. 43(4), pp.045301.

8) Kim J-H, Puranik R, Shang J, Harris D., 2020,
"Robust Transferrable Superhydrophobic Surfaces,"
Surface Engineering, Vol. 36(6), pp.614~620.

9) Liu T, Kim C-J, 2014, "Turning a surface
superrepellent even to completely wetting liquids,”
Science, Vol. 346, pp.1096~1100.

10) Krumpfer JW, McCarthy TJ., 2011, "Dip-Coating
Crystallization on a Superhydrophobic Surface: A
Million Mounted Crystals in a 1 cm2 Array,"
Journal of The American Chemical Society, Vol.
133, pp.5764~5766.

11) Kim J-H, Kavehpour PH, Rothstein JP., 2015,
"Dynamic
superhydrophobic surfaces," Physics of Fluids,
Vol. 27, pp.032107.

12) Clanet C, Béguin C, Richard D, Quéré D., 2004,
"Maximal deformation of an impacting drop,"
Journal of Fluid Mechanics, Vol. 517, pp.199~

contact angle measurements on

208.

13) Yarin AL., 2006, "Drop impact dynamics:
splashing, spreading, receding, bouncing....," Annual
Review of Fluid Mechanics, Vol. 38, pp.159~192.

14) Schellenberger F, Encinas N, Vollmer D, Butt*
H-J., 2016, "How Water Advances on Superhydrophobic
Surfaces," Physical Review Letters, Vol. 116,
pp-096101.

15) Dufour R, Brunet P, Harnois M, Boukherroub R,
Thomy V, Senez V., 2012, "Zipping Effect on
Omniphobic Surfaces for Controlled Deposition of
Minute Amounts of Fluid or Colloids," Small,

Vol. &(8), pp.1229~1236.

16) Yeong YH, Milionis A, Loth E, Bayer IS., 2015,
"Microscopic Receding Contact Line Dynamics on
Pillar and Irregular Superhydrophobic Surfaces,"
Scientific Reports, Vol. 5, pp.8384.

17) Feng L, Li S, Li Y, Li H, Zhang L, Zhai J, et
al, 2002, "Super-Hydrophobic Surfaces: From
Natural to Artificial," Advanced Materials, Vol.
14(24), pp.1857~1860.

18) Bixler GD, Bhushan B., "Rice- and butterfly-wing
effect inspired self-cleaning and low drag
micro/nanopatterned surfaces in water, oil, and air
flow," Nanoscale, Vol. 6, pp.76~96.

19) Han J, Ryu S, Kim H, Sen P, Choi D, Nam Y,
et al, 2018, "Anisotropic drop spreading on
superhydrophobic grates during drop impact," Soft
Matter, Vol. 14, pp.3760~3767.

20) Kwon D, Lee S, Yeom E, 2019, "Experimental
investigation on water repellency and anisotropic
wettability of microgrooved polymer surfaces,"
Experiments in Fluids, Vol. 60, pp.169

21) Kim J-H, Rothstein JP., 2016, "Droplet Impact
Dynamics on Lubricant-Infused Superhydrophobic
Surfaces: The Role of Viscosity Ratio," Langmuir,
Vol. 32(40), pp.10166~10176.



