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Abstract

Roughening a hydrophobic surface enhances its redting properties into super-

hydrophobicity. For liquids other than water, ronghs can induce a complete roll-up of a
droplet. However, topographic effects can also robgartial wetting by a given liquid into

complete wetting to create super-wetting. In thasky a model system of spreading droplets
of a non-volatile liquid on surfaces having lithaghically produced pillars is used to show
that super-wetting also modifies the dynamics oéaging. The edge speed-dynamic contact
angle relation is shown to obey a simple power-daa such power laws are shown to apply

to naturally occurring surfaces.
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Liquids and droplets of liquids are of great impoxte in many processes ranging from
ink-jet printing to DNA technologies. Understandihgw droplets sit on solid surfaces and
how they spread out to form films is relevant tolgems as diverse as ring-stain formation
due to the drying of spilt drops of coffeto microfluidics. However, solid surfaces are
rarely smooth and flat, but are usually rough ovehandulations, pores or other surface
structure. In recent years, the effect of surfap@graphy on wetting has become the focus of
much interest since the demonstration in 1996 bgla@h al® of a hydrophobic fractal-like
surface. Since then, these super-hydrophobic sgfaave been constructed in a wide variety
of ways, from lithographic fabricatiénto transformation of simple plasticsSuper-
hydrophobic surfaces have a range of interestinggsties from droplet impact with a time
of contact independent of sp8ezhd to drops rolling down these surfaces undeillagp
forces at a speed faster than a solid sphere wollldnder gravity. In nature, some plants,
such asNelumbo nucifera (L.) Druce, structure the surface of their leaves so thair the
chemical hydrophobicity is enhanced into super-bptbicity’ and, in the Namibian desert,
a beetle Sencora sp., controls the topography of its back surface tlogrewith regions of
chemical hydrophobicity and hydrophilicity to caltedrinking water from fog-laden wirt.
Super-hydrophobic principles also apply to othquils whose equilibrium contact angles
can also be enhanced by surface roughness oraeXtlnle the topographic enhancement of
contact angles to create non-wetting surfaces das bxtensively studied, the opposite effect
of topography induced reduction in droplet contamgles and increases in the rate of droplet
spreading to create super-wetting and super-sprgagffects has not been so extensively
studied.

For a droplet, hydrophobicity and wetting is gowestrby the balance of forces at the
contact line arising from the three interfacialgi®ms, J&y, )& and )y, occurring at the solid-
vapor, solid-liquid and liquid-vapor interfacesspectively. Projecting the liquid-vapor force
horizontally using the contact angl and establishing a horizontal force balance gives

Young’s Law,

COSHéQ' = J’S\i/;ys_ (1)
LV

where &° is the equilibrium contact angle. An alternatiview to balancing forces is to
consider the interfacial tensions as surface eeerger unit area of the interface. In this

approach the effect of increasing the area covieydtie contact line by a small amoufA,
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is to replace the solid-vapor interface by a sbidid interface and so change the surface
free energy by )& -)6v)AA. In addition, the movement of the liquid creates aalditional
liquid surface area dkAcosfdresulting in a surface free energy increasg@NAcosd .*° If

the surface free energy is to be at a minimum theroverall change in surface free energy
must vanish and this gives Young’s Law for the Blguum contact angle (Eq. (1)).
Roughness, or topographic structuring, of the serfmodifies this argument because the
solid surface has a larger areAA, than the horizontal projection of the area, wheig a
roughness factor and is greater than one. Whitstdlnghness alters the surface free energy
change at the solid interface, it does not alter ltuid-vapor contribution. In energetic
terms, the overall effect of topography is to regulan equilibrium contact angle on a rough

surface,d), given by Wenzel's equatid,
cosf} =rcosfs 2)

Wenzel's equation predicts that roughness will easjge the intrinsic wetting behavior
of a surface as determined by its surface chemi&mpancement of both non-wetting and
complete wetting are predicted. If the contact aragi the smooth surface is larger thaf, 90
roughness will further increase the observed comtagle, but if it is less than 9@ughness
will reduce the observed contact angle. The chamgbkgdrophobicity induced by roughness
can be large with equilibrium contact anglesCbt15 on flat surfaces being converted to
angles in excess of 166n rough surfaces. Moreover, Wenzel's equatiomyests that on a
rough surface, complete wetting will be achieved d partial wetting liquids satisfying
cost.>1lr.

In practice, super-hydrophobic surfaces do notregtifollow Wenzel's equation, but
involve incomplete liquid penetration so that tleplet sits on a composite air-solid surface;
the contact angle on a smooth surface for whiclgloass results in non-wetting behavior is
then reduced below 8¢ In this form of super-hydrophobicity (or, if thigliid is not water,
super-non-wetting) the equilibrium contact anglelesermined by the fraction of area of the
solid tops,@s, in the planar projection of the area rather tthenroughness. The equilibrium

contact angle is then given by the Cassie-Baxteagon >

cosfl =-£+ ¢S(coseg‘ + 5) (3)



where&=1. In a similar manner, it can be anticipated thatcomplete wetting predicted by
Wenzel's equation will only occur if the surfacatiee can completely imbibe the volume of
the deposited droplet. If it cannot then an equiim droplet may form on a composite
liquid-solid surface and a Cassie-Baxter type afagigpn, Eq. (3), but witls=-1 will likely be

valid *®°

In this work we show that similar consideratiorsdimg to modification of equilibrium
angles can be applied to the dynamics of liquideagting on rough or textured surfaces.
When a droplet spreads on a smooth and flat sugdeeiseuille flow occurs and a viscous
dissipation proportional tgve?/ @is created, whergis the viscosity ande is the edge speed
of the drop° This dissipation is equal fve where the driving forc€ is proportional to the
unbalanced component of the liquid-vapor surfacsitm: yv(cosg’ - cosf ). For small
angles and complete wetting surfacés €0°) this gives the Hoffman-de Gennes Law with
the edge speed proportional to the cube of therdimaontact angle, i.ac0&. Roughness
will modify the driving force toyyv (rcosé’ - cos) and with the viscous dissipation we
predict that for small angles an additional termeclly proportional to the dynamic contact

angle occurs®i.e.
ve 06(r -1)+ 9(92 - regz)/z (4)

The derivation leading to this equation ignores erpography induced modification to
the logarithmic cut-off term occurring in the vismodissipatiornt? It is also known that a pre-
wetting film can spread ahead of the macroscopapldt and the thickness of this film,
whether the drop effectively spreads on a compasilid-liquid surface and the effect of any
slippage have not been included. Nonetheless 4¢@rovides a first approximation of how
dynamic wetting may be modified by surface topobgag-or complete wettingg=0°), the
effect of roughness is predicted to produce a itiansrom a cubic law to a linear ldWand
the spreading of the droplet to become determinethé topography. We emphasise here
that the topography changes the surface free esemgrolved in droplet spreading and so the
predicted effects are not simply about a film ould spreading within the channels defined

by the topography.



To test the prediction for topography induced swpetting we created multiple sets of
surfaces structured with circular pillars of diaeret5um arranged in a square lattice with a
30 um lattice parameter across an area of size Xxdntm. The heights of the pillars were
increased systematically until a maximum heigh7@fum, equal to an aspect ratio greater
than four, was achieved; above this height maimgirvertical side walls for the pillars
became difficult. These surfaces were fabricategpdgerning a layer of SU-8 photoresist
(Fig. 1). Equilibrium measurements for drops of evajave contact angles of°8dn the flat
SU-8 and 14%on the tallest of the patterned surfaces comp@redpredicted 14&rom Eq.
(3); when hydrophobised these angles were®, 1155 and 155, respectively. We therefore
conclude that these surfaces demonstrate supeojbtyalboic properties of the Cassie-Baxter
type (Eq. (3)). We also investigated the wetting aon-wetting properties of these surfaces
for a range of liquids by measuring the equilibrioomtact angles using small droplets whose
volume (11 pl) could be entirely accommodated within the teatwf the surfaces. We
observed complete wetting (i.e. film formation) tatl SU-8 pillar surfaces for liquids, such
as ethylene glycol, which have contact angles gis &8 51 on the flat SU-8 surfacg.From
this we conclude that a Wenzel type enhancemecbuwiplete wetting can occur on these

surfaces.

The experiments on dynamic wetting used video-l@®fof the spreading of small
droplets (initial volumel 1 pl) of non-volatiie PDMS (polydimethylsiloxane) oilef
viscosity 10 000 cSt; PDMS completely wets the 88k-8 surface. The size of these droplets
was less than the capillary length so that surtacsion dominates and the shape of the

volume, contact diameter and dynam
contact angle, and confirmed the validity
the spherical cap shape assumption. The d
volume remained constant over much of t

spreading time, but the final stage in tl
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o . FIG. 1. Scanning electron microscope images of
draining into and filling the surface structurghographically structured surfaces showing a seua

Visually the separation between the dr0p||§ftice of 15um diameter cylindrical pillars with a 30
pm lattice parameter:; (a) view of a field of piflar

spreading regime and draining into a filrand (b) close-up view of the pillars.

spreading was characterised by the PD!



was clear for the surfaces with the tallest pagte®n these patterns the surface structure can
be seen in the images, via the surface reflecggd, Iduring the period the droplet spreads
from initial contact angles of in excess of’ bwn to around 30-35As the latter angles
occur, the reflected view of the structure of theface is lost in the image as a film
completely fills the pattern at the droplet edgel apreads out in advance of the droplet.
During this final stage the drop dynamics changed tb the loss of drop volume and the
complication of the drop spreading on a pre-wetfilng of the oil. The speed of the droplet
spreading for drops of similar volume was visitdgtier on the textured surfaces than the flat
surfaces. Previous studies of spreading of droge8DMS on smooth and abraded glass
surfaces have been reported by Cazabat and Eplben these studies mainly involved data
for low contact angles and the film spreading stag¢heir work, contact area was measured
rather than drop profile. The technique used talpce the abraded surfaces would also have
resulted in a constant roughness factor, whereamiircase the roughness factor is varied

systematically in a highly controlled manner.

When the volume of a spreading droplet is condfamtedge speed can be converted
into a rate of change of the angle. For a sphec@plshaped droplet, the edge speed-dynamic

contact angle relation for a rough or texturedatefbecomes,

%D —97’3[(r—1)+(92—r9§2)/2] (5)
For a smoothrE1l) and complete wetting surfac&0°) this equation integrates to give a
simple (Tanner’s) power law behaviowd,0 (t+t,)" with n=3/10 for the dynamic contact
angle’®*®|f the surface roughness dominates, a simple pdéavebehaviour should still be
observed, but with an exponentref3/4. In the intermediate regime the exponemtill lie
between these two values. Similarly, the edge spgadmic contact angle relation (Eq. (4))
will appear to follow a power laweg[l 6P with the exponents related by= 3/(3+1).
Equation (5) also predicts that for sufficientlyghivalues ofr, liquids which are partially
wetting on a smooth surface, but complete wettinghe rough surface, may also follow a

power law withn=3/4.



A typical loglog plot of the edge 0 . . T T T
speed (determined numerically from the
contact diameter) and dynamic contact
angle is shown in Fig. 2; the solid Iinef;, 2 .
indicates the initial trend of the slopge < g(xxx"""

Data equivalent to Fig. 2 where obtained a

minimum of six times for each height of -4 . L L L

1.4 15 1.6 1.7 1.8
pattern and repeated on several separately

. . log 6
fabricated surfaces of the same heightp g , A log-log plot of the edge spedgnamit

pattern. Figure 3 shows the log-log plot of contact angle relationship for a polydimethylsilog
droplet on a surface with 1Bm diameter pillars «

the dynamic contact angle data 1o, height 45um and lattice parameter 3am (xxx

corresponding to the data in Fig. 2 and its symbols); the slope of this data during the ini
spreading [=1.296) is also shown. The upper s

fit to G=A/(t+ to)”; the percentage change in curve with a slope gb=3 is data for a smooth surf:

. ) . ) (shifted upwards by 0.5 for clarity).
volume with time is also given and shows
that the fit no longer follows the data once théuwte loss exceedsl % of the initial drop
volume. Analysis of the oscillations in the edgeexp indicates that successive maxima and
minima correspond to changes in contact diameténerop equal to the lattice parameter
(i.e. 30um); this is due to microscopic stick-slip motion tbe droplet edge reflecting the

lattice of the pillars.

Figure 4 summarises the complete data set forpghsading exponents of PDMS oils
on the multiple surfaces. The data points for tkpoaent,p, (xxx symbols and left hand
axis), show that as the height of the pillars

. : 1.8
increases in the power-law changes from

p=3 towards p=1 as predicted Eq. (4).q 1.6

Exponents p determined using the edge_?’lA

AVINV %

speed-contact angle method are slightlyq -

lower than those determined using fits to the

dynamic contact angle variation with time, -0.6 0 0.6 1.2 1.8

. . logt
but in both cases the trend from cubic to 9
FIG. 3. A log-log plot of the dynamic contact angled

linear is unambiguous. The dynamic contagine with a fit of G11/(t+t)°%* for the experiment on

angle-time exponem variation with pillar the textured surface corrgsponding to the -data'g'nEF.
The percentage change in drop volume is also shown

height ((ooo) indicated by the right-handlower curve and right-hand axis).



axis) shows a change from Tanners Le % 0.8
n=3/10 towardsn=3/4 as predicted by Eq & 6‘ % % i
(5). The insets in Fig. 4 show th T 3=i %r 108 £
equilibrium shapes of drops of water on fl é x ¥ E
: 2 b 404 =
and tall patterned surfaces and illustre LU R Q L
-] e " .

that as increasin attern height caus %‘r}*

- ) p X : 1 : ' o 0.2
equilibrium non-wetting of water it car 0 0 A0 B an

also cause result in faster spreadi Height 2, um

dynamics for droplets of other liquids. In aFIG. 4. Exponentp extracted from the edge speed-
dynamic contact angle dataxx) for spreading of

final set of experiments, we investigatecholydimethylsiloxane oils on textured surfaces; the

whether a naturall oceurrin sy er_dotted curve indicates the trend from a cubic nedr
y 9 P form with increasing pillar height. Each data pamst

hydrophobic surface would also, whengn average of experiments on several drops and
surfaces. The dynamic contact angle-time exponent

presented with a complete wetting liquidyariation with pillar height (00o) is indicated hige
éight—hand axis. The inset images show the equilibr
shape of water droplets on the flat surfaés=§4°),
behaviour consistent with eq. (4). PDMSand a surface consisting of figh tall pillars @:=142).

demonstrate dynamic contact angl

oil drops spreading on a sprout lebfgssica oleracea), which has an equilibrium contact
angle to water in excess of P6fesulted in exponens 2, thus indicating topography driven

spreading.

Our measurements support the idea that a supeopiydbic surface can also act as a
super-wetting surface. Moreover, complete wettimgitls spread on these surfaces at a
greater speed than on flat surfaces and their digsafollow a simple power law behavior.
This modification of complete wetting and spreadivas significance for processes such as
inking, where enhanced spreading is desired, antbating processes were the maximum
coating speed is determined by the dynamic comtiagle reaching 180In addition, current
attempts to create super-hydrophobic self-clearsagfaces (e.g. for use in automobile
windows) may suffer as a result of the surface hoegs/structuring causing difficulty in
removing films of oil. Finally, in nature the suctatopography used by some plants (and
beetles), to achieve water-repellent and self-atgprsurfaces may lead to a greater

susceptibility to man-made environmental contannomat

Acknowledgement

The authors’ acknowledge the financial supporhefK EPSRC and MOD/Dstl.



References

1. R. D Deegan, O. Bakajin, T. F. Dupont, G. Hul®rR. Nagel and T. A. WitteMNature
389, 827 (1997).

2. M. W. J. Prins, W. J. J. Welters and J. W. Wegkescience 291, 277 (2001).
3. T. Onda, S. Shibuichi, N. Satoh and K. Tslygngmuir 12, 2125 (1996).

D. Oner, T. McCarthy, Ultrahydrophobic surfadesgmuir 16, 7777 (2000).
H. Y. Erbil, A. L. Demirel, Y. Avci and O. Mergcience 299, 1377 (2003).
D. Richard, C. Clanet and D. Quéxiature 417, 811 (2002).

D. Richard and D. QuérBurophys. Lett. 48, 286 (1999).

C. Neinhuis and W. Barthlo#nnals of Botany 79, 667 (1997).

A. R. Parker and C. R. Lawrendture 414, 33 (2001).

10. P. G. De GenneRgv. Mod. Phys. 57, 827 (1985).

11. R. N. Wenzelind. Eng. Chem. 28, 988 (1936).

12. J. Bico, C. Tordeux and D. QuéEgyophys. Lett. 55, 214 (2001).

13. R. E. Johnson and R. H. DettreContact angle, Wettability and Adhesion, Advances in
Chemistry Seried3, 112 (1964).

14. D. Quére, A. Lafuma and J. Biddanotechnology 14, 1109 (2003).
15. D. QuéréPhysica A 313, 32 (2002).

16. G. McHale and M. I. NewtoGolloids and Surfaces A206, 193 (2002).
17. G. McHale, N. J. Shirtcliffe and M. I. Newtofpalyst 129, 284 (2004).
18. A.M. Cazabat and M.A. Cohen-StudrtPhys. Chem. 90, 5845 (1986).

© © N o 0 &



Figure captions

FIG. 1. Scanning electron microscope images obdjthphically structured surfaces showing
a square lattice of 1jam diameter cylindrical pillars with a 3@m lattice parameter: (a) view

of a field of pillars, and (b) close-up view of thiflars.

FIG. 2. A log-log plot of the edge speed-dynamicmtact angle relationship for a
polydimethylsiloxane droplet on a surface with|ifh diameter pillars of height 45m and
lattice parameter 3im (xxx symbols); the slope of this data during the ihigreading
(p=1.296) is also shown. The upper solid curve witblape ofp=3 is data for a smooth

surface (shifted upwards by 0.5 for clarity).

FIG. 3. A log-log plot of the dynamic contact angled time with a fit ofg01/(t+to)®°* for
the experiment on the textured surface correspgnttinthe data in Fig. 2. The percentage

change in drop volume is also shown (lower curwt right-hand axis).

FIG. 4. Exponentp extracted from the edge speed-dynamic contacteadgla ¥xx) for
spreading of polydimethylsiloxane oils on textusdfaces; the dotted curve indicates the
trend from a cubic to linear form with increasintigp height. Each data point is an average
of experiments on several drops and surfaces. Vhandic contact angle-time exponent
variation with pillar height (000) is indicated liye right-hand axis. The inset images show
the equilibrium shape of water droplets on a) tlaé $urface €=84"), and b) a surface

consisting of 52um tall pillars @=142).
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FIG. 1. Scanning electron microscope images obdjthphically structured surfaces showing
a square lattice of 1jam diameter cylindrical pillars with a 3@m lattice parameter: (a) view

of a field of pillars, and (b) close-up view of thiflars.
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FIG. 2. A log-log plot of the edge speed-dynamicntect angle relationship for a
polydimethylsiloxane droplet on a surface with|ifh diameter pillars of height 45m and
lattice parameter 3fim (xxx symbols); the slope of this data during the ihigreading
(p=1.296) is also shown. The upper solid curve witblape ofp=3 is data for a smooth

surface (shifted upwards by 0.5 for clarity).

11



-0.6 0 0.6 1.2 1.8
log t

FIG. 3. A log-log plot of the dynamic contact angled time with a fit ofg01/(t+to)®°* for
the experiment on the textured surface correspgnttinthe data in Fig. 2. The percentage

change in drop volume is also shown (lower cune raght-hand axis).
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FIG. 4. Exponent$p extracted from the edge speed-dynamic contacteadgla ¥xx) for
spreading of polydimethylsiloxane oils on textudfaces; the dotted curve indicates the
trend from a cubic to linear form with increasintgp height. Each data point is an average
of experiments on several drops and surfaces. Vhandic contact angle-time exponemt
variation with pillar height (000) is indicated ltiye right-hand axis. The inset images show
the equilibrium shape of water droplets on the slatface £.=84°), and a surface consisting

of 52um tall pillars @=142).
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