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Abstract

Superhydrophobicity is the extreme water repellevickighly textured surfaces. The

field of superhydrophobicity research has reachestage where huge numbers of
candidate treatments have been proposed and juayes been made in theoretically

describing them. There now seems to be a movea mractical concerns and to

considering the demands of individual applicatiotsdead of more general cases. With
these developments polymeric surfaces, with thegehvariety of properties have come
to the fore and are fast becoming the method ofcehfor designing, developing and

producing superhydrophobic surfaces.
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SUPERHYDROPHOBIC SURFACES

Superhydrophobicity is where roughness, or surfapmgraphy, modifies the
surface interaction with a liquid to enhance thpaapnt hydrophobicity relative tc
a smooth surface. Droplets on such surfaces caretsngs move extremel
easily, leaving the surface dry as shown in theecamage where a fibrou '
polymer repels a stream of water. As research sofoerhydrophobic surfaceaE

b

reaches a degree of maturity where approaches warerous and theoretic
understanding is well-formed, focus shifts towandgre practical concerns fo
individual applications and the role of polymerss leme to the fore. On pag
1203 of this issue, Neil Shirtcliffe, Glen McHaledaMichael Newton review

progress in this field and consider how polymelsvalesearch to move out of th‘
laboratory and add value to superhydrophobicitptoviding suitable properties.
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Superhydrophobicity is undergoing a transition framfreshly exciting research area to application.
Research has moved from generating surfaces andratadding, to planning complex structures and
structure-liquid interactions. It is often no lamgenough to just have a superhydrophobic or
superoleophobic surface - it must now also fulfthey practical performance requirements. Thisewvi
considers how polymers allow research to move btiielaboratory and add value to superhydrophgpbici
by providing those extra properties.
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1. Introduction

Superhydrophobicity is where the roughness, or aserftopography, modifies the surface
interaction with a liquid to enhance the apparsamlrbphobicity over that of a smooth surface of the
same material. In general, small water dropletflairsurfaces form spherical shapes truncated by
the surface. The angle at the edge of a water dwopa polymer will be up to 120° for
polytetrafluoroethylene (PTFE) but not much gredtera flat surface. Roughened surfaces can
achieve angles that are difficult to measure bex#usy approach 180°. Some such drops can also
move over the surface extremely easily becausestickiness is determined by the difference
between the advancing and receding angles, whiohbeavery high or very low on roughened
surfaces. In a recent review we suggested regptliatitle of superhydrophobic for those surfaces
with low contact angle hysteresis.

Increasing the roughness of a wettable surfaceases its wettability, increasing the roughness of
a non-wettable surface increases its repellence. water repellent surface is roughened the contact
angle between water drops and the surface increbaeshey adhere more strongly, because the
roughness increases the interaction area undeirtipe Eventually the roughness becomes so great
that bridging over the roughness, leaving gas psckader the liquid, is lower in energy than
wetting the whole surface. If this is taken torerties the interfacial contact area between solild an
liquid becomes very low. In this case drops ofiliqwill roll over the surface if it is slightlylted,
carrying particulate contamination away and leavingesidue.

These possibilities have been covered in greatilde¢fore”®> The theories date back to early
studies of textiles, showing that the shape ande#egf roughness combined with the contact
angles on a flat surface can be used to predictdifierent surfaces will behave. Although the
beginnings of the theory were decades ago, refinesvae still being made.

The sizes for superhydrophobicity vary from tensmérometers dowh The smallest dimension
where superhydrophobcity functions is unknown, satuglies show that structures on a unitary
nanometre scale may behave differehtiyt few surfaces can be prepared with nanomette sc
roughness that are flat on a micrometer and mitlienscale. Many effective artificial and natural
superhydrophobic surfaces have roughness on bugthlscales.

Superhydrophobic surfaces have been produced ewaddering variety of ways, reviewed in many
publications recentff:91011.12.13.14.151617.18.1920Tha royghness shape and size can vary widely
from ordered pillars to chaotic roughness, fromtipl@s to fibers, and from materials such as
metals to inorganic and organic compounds. Owinthé number of reviews recently published,
this one will be confined to polymeric surfaces andhe of the unique properties offered by them.

The high roughness used for superhydrophobicityrhade them difficult to integrate into daily
life. Roughened surfaces are fragile so becomeagathand surfaces that are designed to repel one
liquid are often easily wet by another. Naturgbestnydrophobic surfaces have an advantage over
artificial ones in that they can regenerate comusly. Artificial surfaces are more difficult to
regenerate and therefore applied research hasrtostesl on areas where damage is low, lifetime
is short or reapplication is cost effective. Iremg materials can be made harder and stiffer than
polymers, but even the stiffest materials are gatimaged when very small and most inorganic
surfaces must be coated to render them hydrophoBrcause of this, polymer materials with their
versatility, surface properties and ease of forniiage proved to be good substrates for producing
superhydrophobic surfaces despite usually beingstifan inorganic materials.

Although polymers have lower hardness than somegamic compounds their toughness,
particularly when combined with inorganic fillersan be very high. Tough superhydrophobic
surfaces are a must because of the high aspeztfeatures making them fragile and any particles



that become embedded in the surface must be renvattealit damaging the structures.

Recent publications show that elastomer surfacasd hybrid materiafé can stand up to large
amounts of wear and still be superhydrophobic. ®Bebaviour depends on a combination of
relatively rounded features and either hardnedlexibility so that the surface returns to its anig
state after the deforming forces are removed.

In a previous review we showed the variety of mdthdhat could be used to produce
superhydrophobic surfaces. Here we consider methseed for polymers since that time, the effect
of the shape of the topography and a few effe@tsdhe particularly suited to polymers that allow
superhydrophobicity to progress from being an egBng phenomenon to being a versatile tool.

2. Generation of Polymeric Superhydrophobic Surfaces

2.1 Paint Technology

The most commercially successful route to supedpiuobicity so far has been to modify existing
paint technology. Paints typically contain padg;lsolvent and a polymeric binder. If the particle
loading is high and binder content is low as tHeesd evaporates particles or aggregates distert th
binder to generate a roughened surface, such ashtban in Figure 1a. This is the most common
method used in commercial products. Methods likes tcan generate very effective
superhydrophobic surfaces with mostly random textuwith careful choice of binders and filler
the surface morphology can be varied and some netoan be produced cheaply enough that
nature's continual repairs can be approximatedcbgional reapplication of paint.

An interesting extension of this is to use carbanaifibers and PTFE to generate a conductive and
superhydrophobic coating that can shield low amyth filequency electric fields. The binder in this
case was a mixture of polyvinylidenefluoride (PVD&)d polymehtylmethacrylate (PMMA), a
useful compromise to impart adhesion, hydrophopitd resistance.

Another common method is to take an existing rosigtace, such as that of concrete and treating it
with a thin hydrophobising agent. These are typicgurface adherent molecules such as silanes,
but fluorocarbon block copolymers are also commdh the other block attaching to the substrate.
As these are only slightly linked with polymer teology they are not discussed in depth here.

2.2 Layer-by-layer Deposition

This is a method where positive and negative paol/iare coated onto surfaces in sequence.
Roughness can develop if one of the componentaitansolid particles (often inorganic) or a third
component (Figure 16}:>> As long as the last layer is hydrophobic, or drbphobic capping
layer is used, superhydrophobicity will appear ra#teough cycles. This is a simple method for
research, being useable wherever the starting ralstean be obtained. It is suitable for covering
complex objects, but becomes difficult when largeaa or large numbers of parts are desired and
the types of topography possible are limited.s lvery effective, however, for adding a small scale
roughness and hydrophobicity to a surface thdtesady rough.

2.3 Electrodeposition/Electropolymerisation

Rough surfaces for superhydrophobicity have beeatreldeposited in metéfs but polymers are
more interesting as they can be deposited withdplarbicity already present, allowing single stage
deposition as long as the polymer deposited bectyd®phobic(Figure 1&?®2° Such surfaces
can coat complex objects and can be used to pemt-tonductive areas, leaving the rest of a
substrate clear. There has been recent attentidheoformation of oil repellent surfaces usings thi
route®® There is quite a bit of choice in polymer thandae used as the electrodeposition
backbone. Roughness can be developed by difflisniied growth, crystallisation or patterned by
arranging conducting areaslepending on the system.



Figure 1 Superhydrophobic polymers with the topography poed in various manners, a) paint (From J. Yang et
al., Appl. Surf. Sci255, 3507-3512, 200%Elsevier, reproduced by permission), b) layer-byetadeposit (From X.
Liu et al., J. Mater. Chem., 20099, 497-504, The Royal Society of Chemistry, repratuby permission), c)
electrodeposited polymer (From T. Darmanin et bBapgmuir 26, 17596-17602, 20109American Chemical
Society, reproduced by permission), d) Laser sedlgfrom C. Wohl et al., Langmu6, 11469-11478, 2010.
©American Chemical Society, reproduced by permigsienElectrospun polymer with water and oil dré¢ipsom D.
Han and A. Steckl LangmuR5, 9454-9462, 200%2American Chemical Society, reproduced by permigséoml f)
nanocast polymer (From S. Kang et al., ACSN4n6323-6331, 201®American Chemical Society, reproduced by
permission).

2.4 Plasma and L aser Treatment

When polymers are treated with a plasma or lagerctsres that are superhydrophobic can be
generated directly. Plasma treatment leads tonpaiyshrinkage and the generation of random
roughness or the roughness can be directed byiagpdyresistant mask. Often it is necessary to
hydrophobise the surface of the polymer again dfemtment, but some methods, such as the
treatment of silicone in GE? can produce roughness and maintain hydrophohitiéysingle step.
Laser treatment is less random and allows the fiitomaf designed structures(Figure 1d), but is



less suited for large surfacEs. Laser treatment is often more effective at prauyc
superhydrophobic surfaces than anticipated due-tieposition of vaporised material in clusters on
the treated surfaces. Plasma deposition is atgdyheffective and leads to a hard, dense polymer
which is relatively resistant to damaifé®> The structures formed in a depositing plasma llysua
arise from diffusion limited growth.

2.5 Electrospinning

Electrospun fibers are particularly effective gbeling water due to their very large surface area
and high curvature. Asmatulu et®afor example used polystyrene and PVC fibers andvel that
the repellence depended upon the diameter of thersfi Earlier studies demonstrated the
effectiveness of allowing the fibers to partialgtract or adding particles, forming structures they
called “strings of beads”. These methods breakctmact line of an adherent liquid into smaller
sections. The smallest fibers produced by elegpinnéng are a few tens of nanometres in diameter
and are therefore especially suited for superhyubjzity.

As discussed above, if oil is to be repelled omewéf is to be prevented from being drawn inte th
structures of a superhydrophobic surface it is Iysungcessary to use a fluoropolymer. This has
particular problems for electrospinning as fluorypters do not hold charge and therefore do not
spin well. One way around this is not to spin Igtkaut to add other materials and rely solely on
electrospray to produce a blobby surface. Thisbeen achieved in various wdysith great
success, but the surface is not fibrous and so sdnie potential benefits are lost.

It is possible to form mats of fluoropolymers, hyimming a blend of polymers as a mixtiire
through co-axial needl&sor attaching the fluorocarbon to another polythér It is also possible

to use functionalised solvents to carry chdfgeAll of these routes allow the formation of
perfluorinated fibers on one step, although angwofibers can be treated in a second step coating a
finished mat®. Such fiber structures are then highly hydropbabid also oleophobic.(Figure 1e)
The materials are very effective medicallypossibly due to their high surface area and pore
volume, possibly also due to their superhydrophohitire.

2.6 Other Fiber Surfaces

Other methods for producing fibrous coatings inelwbnventional spinning, which can produce
fibers down to a micrometer in size. These havaditionally been used to produce
superhydrophobicity, although weaving usually gates relatively adhesive surfaces because
liquid drops can form long contact lines. As dedaby McCarthy et & and McHale among
otherd?® it is important to remember that the structurethinimmediate vicinity of the contact line
determine its behaviour, not the average acrossrihiee surface or under the droplet. If a contact
line can align or pin with features or groups ddttees, this will alter the liquid shedding and wet
adhesion behavior.

Carbon fibers and nano-tubes have been used farlsggdrophobic surfaces for some time, but
usually these have been grown on a surface at tamopes incompatible with polymers. They can
be used without modification, depending upon tleation of catalyst and fiber structure, or can be
coated with fluorocarborf€:*®

More recently carbon fibers have been applied tigrpers and allowed to sink into the surface.
This has proved very effective and is very sifipleAn interesting variation on this has been to
coat cotton fibers with carbon nano-fibers with elymer linkagé®. This has shown good
properties against washing and similar surfaces hagisted hot watey factors often causing
problems for superhydrophobic textiles. This axieeresistance is probably due to the multiple
length scale overhanging fiber structure for reasdescribed later.



A simple and relatively low cost method has beescdbed more recently where short fibers are
accelerated into a polymer in a softened stat€he fibers align hydrodynamically in flight scath
they are mostly perpendicular to the surface amdtapped when the polymer hardens. The
density of the fibers can be altered and relatilaige surface areas can be treated.

2.7 Casting and Molding
Polymers lend themselves particularly to moldirithaugh to replicate superhydrophobic surfaces
micro- or nano- casting is required and mould fzdiron can be a problem.

Polydimethylsiloxane (PDMS) is often used to copya#l patterns due to its flow characteristics
and ease of mould removal. The technique is knasvnano-imprint lithography (NIL). It is still a
challenge to copy natural superhydrophobic surfasgh features of 5 nm or less, although
application of high electric fields has been fowadmprove copy fidelity in both the negative and
the positive copy® Other possibilities include increased pressure #me application of
ultrasound?

Other polymers have also been cast against haraee heat resistant substrates and have shown
some success. Some studies have used nanopououisiam oxide as templates and have been
able to generate aligned fiber forests, these tenfibrm into bunches and behave as dual size
structures, and are particularly effective superbgtiobic surfaces(Figure 1F. Usually the fibers

are brought together during the drying of the seiveontent. They are initially held by capillary
forces and then by solid-solid interactions as liqeid dries, which can lead to interesting
arrangements and rearrangementsTypical fibers produced have a diameter of 50-86 and a
high aspect ratio.

Other types of imprint lithography have been depetbto reach small scales and are suitable for
the generation of superhydrophobic surfaces. Theskide capillary lithography, where the
polymer is deposited in a layer on the substrat@oald is applied and the features in the mould
filled by capillary action” and electrostatic structure formatiin These techniques usually require
the formation of large areas of patterned mould,dan form complex multilevel structures in a
single step using polymers. This is of major ieserin microfluidics, where the generation of
superhydrophobic structures inside channels allgatgg through electrowetting and reduction of
pumping pressure through interfacial i

Phase separation, crystal growth, coating othdases and other methods have also been used to
generate superhydrophobic polymers, these possbilnave been covered in the other reviews
cited above.

3. Value Added Super hydrophobicity using Polymers

Simple superhydrophobicity is not robust enougtefbective enough to warrant its use in more
than niche areas. There are, however, far morenpat applications for surfaces that are capable
of a little more than just repelling watérsome example areas are described here.

3.1 Water proof, Breathable Surfaces

Breathable waterproof jackets have been producesoime timé®. An ideal breathable waterproof
surface has a superhydrophobic top layer to pretnenpores becoming blocked by a film of water.
A natural analogy is the surface of some lichenictviprobably use the effect to maintain access to
air while it is rainin§*. As the main technical use is for clothing, polysihave been the material
of choice, despite problems with washing and maiirtg a water repellent, rough surface.

3.2 Antireflective Super hydrophobic Surfaces
One of the possible ways for antireflective coagirtg function it by providing a gradient of



effective optical density for light to enter a nt&einstead of a single sudden jump. This can be
achieved by depositing different materials, butglosurfaces smaller than the wavelength of the
light and typically conical in structure allow thedfective density of the material to increase
smoothly from air to bulk so also have the poténiafunction as antireflective layers and if
hydrophobic will be superhydrophobic as well. Thgnics the eyes of moths, that have to have
large relative size and low reflection to avoidaatting predators.

This dual function was recognised some time ago, aedpite a mismatch between the ideal
structures for each function a dual function caawh this type is highly desirable, particularly fo
solar cells. This is because solar cells are oftesed in inaccessible locations and, therefore,
would ideally be self cleaning and maintenance teenhance their long term efficiency and
viability. Other light gathering devices, such lasge lenses also have the same problems of
reflection, and dust and waterborne contaminatibat tcan be solved by an antireflective,
superhydrophobic coating.

Initially coatings suggested for this purpose wpredominantly inorganic with a hydrophobic
surfac&, but recently some organic suggestions have beerfopward, partly due to current
research into polymeric solar cells. These includger by layer materidi$ and PDMS
microstructure¥. Polymeric coatings can be made flexible and pleeal, because of the relatively
low refractive index of many polymers it is eadierget antireflective properties with them than
with inorganic coatings.

3.3 Ice Resistance

Many surfaces are affected by ice deposition, giitamh to the wings of aircraft, bridges, ships and
power cables are affected, costing considerablessuiithough superhydrophobic surfaces cannot
prevent the eventual formation of ice, a reductonthe ice adhesion strength leads to significant
advantages, as the size and weight of equilibriurtdtup and pieces breaking off can be reduced,
thus improving safety and reducing maintenance.

Simple treatments, such as thin coatings of PTFEomghened surfac®shave shown reduced
adhesion but few studies have investigated longien stability. The same team looked at three
surfaces and showed that they degraded over igiclgsand became worse than smooth surfaces.
They postulated that asperities become chiselledyay icing cycles, eventually resulting in
Wenzel wetting and enhanced adheSloThis may be because condensing frost formswetting
mode inside the roughness of the surface, circutingeits protective valu@ but more advanced
topographies have not always been investigatedergstructure has been investigated, polymeric
complex topographies have come out on“fojeven surfaces that do not reduce adhesion afane
depress the nucleation point significantly by irmsiag the free energy of nucleatiGr?

Research has so far concentrated on treatmentsahdie easily applied to large technical surfaces
and on PTFE, which has shown the lowest ice adhesio flat surfaces, due to its low
polarisability. The high polarity of water moleeslmeans that induced dipoles are a major part of
attachment forces on non polar surfaces. Futuseareh may concentrate on the details of
topography.

Fibrous superhydrophobic surfaces with their inseglarobustness and resistance to condensation
induced full wetting would seem to be the idealsitdies for resisting ice adhesion, assuming they
can be made robust enough not to be damaged.

3.4 Oil Super-absorbance
Porous hydrophobic materials have superhydrophsbitaces, but they also have large internal
volumes that can be accessed by non-polar moleclles makes them useful for absorbing non-



polar liquids, particularly from water. Additiomalthe high surface for interaction also functi@ss
an emulsion breaker. These effects were initigdyown on coated surfaces or porous
materiald®">"®""with fibrous mats showing water or oil sorbtiv@perties depending upon surface
chemistry® but more recently the use of microporous conjudyatlymers has been shown to allow
the absorption of large volumes of non-polar ligindmacro and micro-pores of a low mass
sponge’>® Another approach has been to use polyelectrolyiibslarge ions and hydrocarbon side
chains to allow the polarity of the solvent thatlwause maximum swelling to be varied over a
wide rangeé’® 82

3.5 Complex Geometries and Superoleophobicity

The shape of the roughness is of great importamckerucertain circumstances. On smooth,
vertical-walled pillars a surface can only suppetiquid against which it has a contact angle of
greater than 90°, but liquids with a lower contaagle than this will penetrate into the gaps
between the pillars. The addition of even a smnadirhang allows liquid to balance on the tops of
the pillars even when it has a lower contact anmith the surface (Figure ®®* This is
particularly important when hydrocarbons are tosbpported as the highest achievable contact
angle is not always very high. Recent researchvshbat polyhedral oligomeric sesquisiloxanes
(POSS) when tagged with fluorocarbon chains areemdly low in surface energy. They
reproduce surfaces with very high contact angleklaw hysteresis, but even they must be used
with re-entrant surfaces to generate superoleophgli They are used as a surface coating agent,
but can also be added to a polymer and self seigrégahe surface, allowing hydrophilic polymers
to be converted to hydrophobic polymer surfacehauit extra processing stePs. This method
also adds a roughness on a nanometre scale tautfaees due to the aggregation of the POSS
molecules, which could be considered to be moleqaeticles.

Re-entrant features are challenging to generat@any materials, with even a relatively simple
method involving deep reactive ion etcHihg Overhanging geometries are relatively simple to
produce with polymers, with various casting antidgraphic techniques described later in this
review. Additionally, non-woven mats, such as thésened by electrospinning, form naturally

overhanging structures and are superoleophobiadenwith fluorocarbons.

3.6 Gecko Feet, Passive Attachment, and Superhydrophobicity

Wall running lizards and many other small climbrrgatures have adhesive pads on their feet that
are covered with flexible hair-like setae. The stiwes are remarkably similar to those that appear
in superhydrophobic surfaces and indeed geckotfertout to be superhydrophobic(Figuré’3)
This is useful to the animal because water betweersetae and surface can allow slip to occur and
reduce adhesion. Some animals, such as snailscanel insects use liquids for adhesion, but these
are non-Newtonian and high viscosity (unlike water)

Gecko setae work by maintaining intimate contadhwaoth flat and rough surfaces of all types,
increasing the van der Waals-London interactiorhe Betae have flat ends that align with the
surface, forming a much larger area of contact tkaavailable between normal surfaces and their
flexibility allows them to conform to the surfacdatmout storing much elastic energy, that would
push the animal away from the surface. The intemadbses its strength if dust becomes attached to
the surfaces so the lizard must be able to cleamtim some manner and they are found to be
superhydrophobic, preventing water from enteriregghp between them and a surface and possibly
also allowing cleaning.

When producing artificial analogues both functiofishe surface are facilitated by using polymers,
producing structures surfaces with high hydrophtpiand local softness to conform with the
target surface. Various studies have shown th#ses can be both temporary adhesives and super
water repellent and various methods for producioiy golymer spatulae including microcasting



followed by dip coatin® and irradiation of PMMA (polymethylmethacrylateerBpex) through a
mask in a novel photolithographic step, also comirtb a softer polym&. The plate on a stick
surfaces shown here are strikingly similar to thsisewn in Figure 2 that allow superoleophobicity
meaning that the hydrophobicity of the polymers lsaiower and self cleaning will still occur.

Figure 2 a) and b) Water and oil on feathers showing o#lisorbed c) and d), the meniscus at negatively and
positively sloping pillars showing that for the samtrinsic contact angle the liquid is drawn itibe structure of c)

but held out of d) e) and f) show re-entranucires electrospun and lithographic and the stracdf a POSS
with R being a fluorocarbon for oleophobicity (RrdA. Tuteja et al., PNAS05, 18200-18205, 2008National
Academy of Sciences, U.S.A. Reproduced by permi}sio

3.7 Maintaining an Air Layer Underwater (Plastrons)

One of the features of natural plastrons, the $wygophobic surfaces used for underwater
respiratiorl° and whose functional behaviour can be reprodusingartificial superhydrophobic
surface®', is bent hair-like structures (Figure 4a). Thedieg increases the interfacial area and
introduces re-entrant curvature, thereby redudnegiéndency of the surface to dewet and expel the
creature into the air or to pop down and wet thidase of the animal. In a type of water weed
hydrophilic patches at the tips of the structurds @ this effect? It also acts as a spring to help the
layer to survive against small pressure waves. fléability of the hair absorbs the pulse of
pressure preventing loss of gas from the featuirélseosurface, particularly if the tops of the kair
are hydrophilic® This reduces the tendency for the gas film tee leslume and eventually
collapse. Similar structures can be produced itymet micro and nanostructures by treating one
side of the features to shorten them. Both elacteam irradiatio?t and metal depositidfhave



been shown to produce similar features(Figure 4b).

Flgure3 Gecko Feet Showmg Structure and polymerlc anas@) Gecko foot b) setae (From L. Ge et al., PNAS
104, 10792-10795, 2007). c) and d) polymeric analog(le®m D. Sameoto and C. Menon, J. Micromech.
Microeng.20, 115037, 2010, IOP publishing, reproduced by pssion.

Figure 4 a) Image of diving beetle surface (from NaturesnBaats: www.naturesraincoats.cnand b) bent
polymer pillars (From T. Kim et al., Langmub, 16, 8879-8882, 2009American Chemical Society, reproduced
by permission).



3.8 Flexible Superhydrophobic Structures

In a recent review Guo at Bhrgued that natural superhydrophobic surfaces travenain formats,
hierarchical roughness and single size fibrouscgires. The second type is particularly interegstin
for polymeric materials as the sizes required arger and the shapes are more robust.

Kusumaatmaja and Yeomadndave simulated hairs and show that moderate fléyiallows them

to partially align with the interface, stabilisitige bridging state. Our research has shown that suc
hairy surfaces are more resistant to condensatiomerd drop penetration than other
superhydrophobic surfaces. Usually liquid condempsin a superhydrophobic surface enters the
fully wetting Wenzel state and it is often diffictd remove it as this state is “stick}”. Condensate

on hairy surfaces rarely reaches the true surfat¢beosubstrate, instead condensing on the upper
areas of the hairs. This leads to the formatiomwdlei in the outer portions of the surface,
preventing condensation lower inside the surfasimilar intermediate stage of partial penetration
also allows reversible electrowetting on some ekthsurfacés’®. There is some evidence that
this is also the case on natural superhydrophobitaces, indeed the well known Alchemilla
(Alchemilla mallis), which fascinated the alchemists with its tengetaccollect dew drops is one
such surface has been shown to collect and transisoy drops across its leaves using this
mechanisn?’ Interestingly the hairlike structures of the Afoila are relatively hydrophilic,
probably because a contact angle close to 90° fatdton of flexible features into the liquid
interface’® Research has shown that the Lotus I&#ymbo nucifera), an example of natural
multi-scale superhydrophobicity, is not resistanténdensation as it does not have fibrous surface
structures and therefore becomes fully wetted ylensatiort® These combined effects make the
formation of polymeric fibrous surfaces very atthae as a method for generating
superhydrophobicity, such surfaces can be formeelbgtrospinning, conventional spinning and
molding methods as described earlier.

3.9 Sticky and Slippery Repellent Surfaces

Although the most common aim of superhydrophobio#tsearch is to generate surfaces where the
liquid is repelled as much as possible, other tyesurface are possible depending upon the details
of the shape and chemistry of the surface. Theres@veral ways to generate surfaces on which
water drops stick but their contact angle is hidh.other words their advancing contact angle is
high but receding contact angle is low.

The simplest is a Wenzel type fully wetted rougifae, this can generate high hysteresis. This
difference to a bridging type of surface was higfiled by Quere et &2 The advancing angle
achievable in this way is limited because if a higtvancing contact angle is present the wetting
can switch to a bridging type of wetting and becdess adhesive. A more targeted approach is to
use a partially Wenzel, partially Cassie-Baxterfane®®, this is observed in some plants and has
been called the “petal effect” as some flowers leixhhis behaviour. This type of surface can be
relatively easily produced in polymeric materiatglaan be made very stabtd!%° See figure 5a
for a diagram of this type of wetting, although aternative explanation is that the tops are in a
Wenzel wetting state and the bases are not wetteidh would produce a similar mixed state and
the same result.

A second way is to provide a netlike or grid-likeface. Although the area fraction of the surface
can be low, so the advancing angle of a drop aifidigan be high the contact line shapes itself to
contact a large proportion of solid by followingethnes of the net. This allows the receding angle
to be low as the contact line sticks on the stmestFigure 5b). The principle was described in
early publications by Oner and McCartfy who proposed that if the contact line lies opragth of
solid hysteresis will be higher than for an equewalsurface with interrupted solid under the cantac
line. The method has been more recently usedrtergee surfaces with variable stickin@éand is
applicable to all materials.
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Figure 5 a) “petal” type wetting (From B. Bhushan et alangmuir26, 8207-8217 , 201®American Chemical
Society, reproduced by permission), b) Connecteframmented contact line (From D. Oner and T. MtiGa
Langmuir 16, 2000, 7777-7782¢2American Chemical Society, reproduced by permigsi@) “suction” type
adhesion (From Y. Lai et al., Adv. Mat@d, 3799-3803, 200%Wiley, reproduced by permission), d) example of a
sticky superhydrophobic surface with a drop ataasiangles (From X. Zhao et al., Langnidr 3224-3228, 2011,
©American Chemical Society).

The third possibility is to use a material for tlmeighened surface that has a high intrinsic contact
angle hysteresis. This can be accomplished byrgeng domains of hydrophilic and hydrophobic
surface chemistry on a single surface. This can tie roughened to increase the contact angle but
the hysteresis remain® '

Another method is to have concave structures on apees, like microscopic chimneys. Liquid
drops adhere on these surfaces because a negasseie can develop in the cavity, adhering the
liquid to the top of the pillars but not pulling down their outside$’*****? Krumpfer and
McCarthy suggest that negative pressure is notinegjdor this type of surface to show high
hysteresis; the inward curve of the surface isagfit to generate a low receding contact ahtjle.

3.10 Positional and Directional Anisotropy

It is often advantageous to steer drops of watssipaly using a surface. This can be done by
varying the surface shape, forming rills and gsttdérut the formation of superhydrophobic and
hydrophilic regions can generate flat areas wheopslare contained(Figure 6a) incidentally

the natural surfaces on which these are modelled diferent shaped structures to generate
adhesive and slippery areas. If the contact arfgdesoperhydrophobic surface can be varied across
the surface any drops will tend to move towardsloheer contact angle regiol$*'®*! Also of
interest, drops can be elongated different waysphfterning the roughness of the surface
anisotropically, some examples relevant to thisesevare aligned fibef$®, and anisotropically
structured polymer surfaces?

In the study by Bordorouglu et'al, polyxylylene was deposited by angled vapour digioasand
produced a carpet of angled fibers. This provetilisuperhydrophobic and stable when treated to
render it more hydrophobic. This is a promisingchamism for producing highly ordered arrays
and has been used to generate directional wettidgpossible mechanism was postulated by
Kusumaatmaja and Yeomdffsin response to reports of directional wetting aritdrfly wings
(Figure 6c, df*®. The shape of the surface allows a wetting dteteveen Wenzel and Cassie-
Baxter that has angled menisci and, thereforesegiitbnal pinning component.



Figure 6 a) Alchimilla mollis leaf b) patterned superhydrophobic surface (Frat Shirtcliffe et al.,
Langmuir 25, 14121-14128, 200®American Chemical Society, reproduced by permigsand c)
and d) directional anisotropy of butterfly winghetdrop moves to the right but not to the left even
though the driving force is the same (From Y. Zhehgl., Soft MatteB, 178-182, 2007, The Royal
Society of Chemistry, reproduced by permission).

3.11 Mimicking the Senocara Beetle/ Gathering Water from Fog

The Stenocara beetle of Namibia uses a superhydbopbBurface with hydrophillic raised patches
to enhance droplet capture from 8y The hydrophilic patches capture small dropletschy,
when they grow too large slip off their single attment point and rollaway. This is important for a
variety of applications, water recovery is energyemsive and any passive assistance is very
beneficial. Small features with topography andalo@riation in chemistry are difficult to produce
on a large scale. Polymers are ideal for formhig type of surface, depending upon the scale of
the features required different printing methods lba used to generate the features by depositing a

second material or the polymer can be modified @nder it hydrophilic in patches (Figure
7).125,126,127

Other natural structures gather water, some spideigs use variations in surface structure and
surface energy along the fiber to cause water dtspb form at hydrophilic points. The edges of
the drop become pinned to the junction betweenhfftrophilic and hydrophobic regions of the

fiber. As the hydrophilic region is longer thanyaical drop it coils inside it and the drop can be
deformed on pulling the thread, forming a sprinmgshe surface tension of the watét.



Figure 7 Polymeric fog capture surfaces a) low magnifigationage showing hydrophilic spots b) high
magnification image showing superhydrophobic strect(From J. Choi et al., Langmub, 7156-7160, 2009,
©American Chemical Socie¥), c) and d) dewetting of drops from a patternepesydrophobic surface (From
C. Dorrer and J. Ruhe, Langm@i4, 6154-6158, 2008 American Chemical Society).

3.12 Switching Wetting Sates

Changing the chemical contact angle at a rougltaserby a small amount can change its apparent
contact angle by a large amount (Figure 8b and’c)Ve showed that a small change near 90° can
switch the sample from repelling water to absorhtig**® This type of change is very attractive
as it could allow water to be controlled on a sctefar function as a valve with no moving parts.
Interest is high enough that two reviews were siigll recently>**3? Almost all of these methods
involve polymers, as their properties can be cdlelomost effectively. Even our work on sol-gel
materials utilised the polymeric structure of aorganic-organic macromolectfa

Polymers that can change contact angle can betasagitch superhydrophobic surfaces from one
state to another simply by roughening them in soma@ner; particularly if they can be switched
around 90° as the contact angle is magnified thst mahis region by roughening the surface. The
switching can be carried out chemically, by havengearrangement in the polymer, in the simplest
case a switching from a conductive to a non-corideicitate, for example polypyrrdfé but also

by using thermaf®, pH=® (poly(N-isopropylacrylamide for both thermal andH)p and
poly(dimethylamino)ethyl methacrylate (PDMAEMA) I@ne protonated and switched
configuration on exposure to acid) and light (ire ttorm of photoreactive inorganic-organic
hybrids™*” and conformational changes as in spyropyrins Other examples include ionisation of
a carboxylic or amine ligand on an inorganic pdae{% using PDPAEMA, brushes and switching
with a gad*® A block copolymer of PAA and PS can be switchgddng exposure to water/dry
heat from a patchy PAA surface to a hydrophobic So&acé*. Using a copolymer of 3-
(acryloylthioureido) phenylboronic acid (ATPBA) aved switching to be carried out using sugar



molecule$®™ An interesting variation is the use of ultrastm switch cholesterol based ¢éfs

Nadermann et & recently showed a flat PDMS film on a pillaredfage that could be collapsed
over the pillars to generate a rough surface afidtéd away from the base to generate a flat one.
This continues earlier similar wdfk and shows simple micromechanical switching. The
flexibility, natural hydrophobicity and toughnedstioe polymer are key to this functioning.
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Figure 8 a) Chemical switch activated by light b) flat cacit angle change c) rough contact angle
change (From G. Joseph et al., Anal$86, 2303-2308, 2010, The Royal Society of Chemistry,
reproduced by permission).

4. Summary

Since our last review in 2008 the field of supemoypdhobicity has moved away from simply
generating surfaces to finding more complex appbos and searching for additional advantages
that can be achieved.

Simple surfaces, such as those that can be degposgiie paints have been available now for some
time, but still remain rare. This is mostly dueth@ cost of the coatings and their relatively low
tolerance to abuse. There is little call for am-graffiti coating that is expensive or that catno
withstand pressure washing.

More recent research has focussed on ways to remhsis, increase toughness or to increase the
utility of superhydrophobic surfaces by adding ottuactionality.

Polymeric surfaces are ideally placed to fill theedal requirements of many of these new
applications. The complex topography and variobysggal properties that polymers allow



combined with their ease of use and relatively émst means that they have become the material of
choice for new applications.

Included in this is toughness for maintaining to@qdy, flexibility to absorb pressure waves and
other potential damage, ability to switch surfacetakility in various ways to allow active
patterning, softness to allow gecko sticking anctaily the ability to form complex patterns.

5. Outlook

As the science of superhydrophobicity matures,scastist decline to enter the consumer market
and compete with existing products. Most recenetigpments have been in adding functionality
to simple superhydrophobicity to increase the vane to develop smarter materials and surfaces.
These developments mean that polymers are becothmgnaterial of choice for generating
superhydrophobic surfaces both due to their low and ease of formation into complex shapes but
also for their chemistry, softness, variable thdrrm@nductivity and chemical variability. The
advantages polymers offer are beginning to allopesuydrophobic technology to escape from the
laboratory and niche use to fulfil its potentidlis not an accident that so many natural surfaces
superhydrophobic and that they are almost all pelgm

Acknowledgements

The authors’ acknowledge financial assistance ftbenU.K. Engineering and Physical Sciences
Research Council (Grant No. EP/E063489/1).

References

1 Roach, P.; Shirtcliffe, N.J.; Newton, M.1.; Séfatt. 2008, 4, 224-240.

2 Shirtcliffe, N.J.; McHale, G.; Atherton, S.; Nemat M.I.; Adv. Colloid Interface Sci. 2010, 161,4:238.

3 Extrand, C.; Encyclopedia of Surface and Col®déience, ed. P. Somasundaran, Taylor & Francis, Y 2nd
edn, 2006, pp. 5854-5868.

4 Wenzel, R.N.; Ind Eng Chem, 1936, 28, 988-994.

5A.B.D. Cassie, A.B.D.; Baxter, S.; Trans. Faradnc., 1944, 40, 546-551.

6 Oner, D. ; McCarthy, T.J. ; Langmuir, 2000, 1877-7782.

7 Jarn, M. ; Brieler, F.J. ; Kuemmel, M. ; GrosBo,, Lindén, M. ; Chem. Mater., 2008, 20 1476-1483.

8 Bhushan, B; Jung, YC Prog. Mater. Sci., 2011,15608.

9 Guo, Z.G; Liu, W.M.; Su, B.L.; J. Colloid Intade Sci., 2011, 353, 335-355.

10 Yao, X; Song, Y.L.; Jiang, L.; Adv. Mater., 20PB, 719-734.

11 Liu, Kesong; Yao, Xi; Jiang, Lei; Chem. Soc. R010, 39, 3240-3255.

12 Xue, C.H.; Jia, S.T.; Zhang, J.; Ma, J.Z.; $echnol. Adv. Mater., 2010, 11, art. 033002.

13 Nosonovsky, M.; Bhushan, B.; Curr. Opin. Coll@iterf. Sci., 2009, 14, 270-280.

14 Genzer, J.; Marmur, A.; MRS Bull., 2008, 33, 7415.

15 Xia, F.; Jiang, L.; Adv. Mater., 2008, 20, 282258.

16 Ma, M.; Hill, R.M.; Rutledge, G.C.; J. Adhes.i.Stechnol., 2008, 22, 1799-1817.

17 Quere, D.; Ann. Rev. Mater. Res., 2008, 38,91-9

18 Li, X.M.; Reinhoudt, D.; Crego-Calama, M.; CheBuc. Rev., 2007, 36, 1350-1368.

19 Genzer, J.; Efimenko, K.; Biofouling, 2006, 339-360.

20 Bhushan, B.; Jung, Y.C.; Prog. Mater. Sci., 2681 1-108.

21 Su, C.H.; Xu, Y.Q.; Gong, F.; Wang, F.S.; LiIFC Soft Matter, 2010, 6, 6068-6071.

22 Bayer, I.S.; Brown, A.; Steele, A.; Loth, E.;#pPhys. Express, 2009, 2, art. 125003.

23 Dasa, A.; Hayvacib, H.T.; Tiwaric, M.K.; Bayelds.; Erricolob, D.; Megaridisa, C.M.; J. Coll.ténf. Sci., 2011,
353, 311-315.

24 Zhai, L.; Cebeci, F.C.; Cohen, R.E.; Rubner,.M\ano Lett., 2004, 4, 1349-1353.

25 Buck, M.E.; Schwartz, S.C.; Lynn, D.M.; Chem.tbtg 2010, 22, 6319-6327.

26 Shirtcliffe, N.; McHale, G.; Newton, M; Chabr@,; Perry, C.; Langmuir, 2005, 21;3, 937-943.

27 Darmanin, T.; de Givenchy, E.T.; Amigoni, S.;it&ud, F.; Langmuir, 2010, 26, 17596-17602.



28 Bai, H.; Li, C.; Shi, G.Q.; J. Adhes. Sci. Techn2008, 22, 1819-1839.

29 Darmanin, T.; Guittard, F.; Amigoni, S.; de Gieaty, E.T.; Noblin, X.; Kofman, R.; Celestini, Boft Matter, 2011,
7, 1053-1057.

30 Tang, W.; Huang, Y.; Meng, W.; Qing, F.; Eurly®o. J., 2010, 46, 506-518.

31 Shirtcliffe, N.; McHale, G.; Newton, M.; Chaby@.; Perry, C.; Adv. Mater., 2004, 16 ; 21, 19332.

32 Pennisi, C.P.; Zachar, V.; Gurevich, L.; Patri@.; Struijk, J.J ; Conf Proc IEEE Eng Med Biad 2010, 3804-7.

33 Cardosoa, M.R. ; Tribuzia, V.; Balogha, D.T.;shlyutia, L.; Mendonca, C.R.; Appl. Surf. Sci. 20237, 3281-3284.

34 Grundmeier, G.; Thiemann, P.; Carpentier, Jri@iffe, N.; Stratmann, M.; Thin Solid Films 200446, 61-71.

35 Wang, J.M.; Wang, L.D.; Feng, L.; J. Appl. Polyaei. 2011, 120, 524-529.

36 Asmatulu, R. ; Ceylan, M. ; Nuraje, N. ; Langm2011, 27, 504-507.

37 Steele, A.; Bayer, |.; Loth, E.; Nano Lett. 2009501-505.

38 Tutejal, A.; Choi, W.; Ma, M.; Mabry, J.M.; Madla, S.A.; Rutledge, G.C.; McKinley, G.H.; Coh&hE.; Science
2007, 318 1618-1622.

39 Han, D.W.; Steck, A.J.; Langmuir 2009, 25, 988462,

40 Choi, G.R.; Park, J.; Ha, J.W.; Kim, W.D.; Likh,; Macromol. Mater. Eng. 2010, 295, 995-1002.

41 Liu, X.; Lin, T.; Fang, J.A.; Yao, G.; Zhao, H;®@odson, M.; Wang, X.G.; J. Biomed. Mater. R&¥1 @, 94A, 499-
508.

42 Scheffler, R.; Bell, N.S.; Sigmund, W.; J. Mafees. 2010, 25, 1595-1600.

43 Ding, B.; Ogawa, T.; Kim, J.; Fujimoto, K.; Shtiori, S.; Thin Solid Films 2008, 516, 2495-2501.

44 Molina, J., Carr, J., Yarnoz, M., J. Thoraciedia Surg., 1978, 75: 5, 769-771.

45 Gao, L.C.; McCarthy, T.J.; Langmuir 2007, 2363B765.

46 McHale, G.; Langmuir 2007, 23, 8200-8205.

47 Sun, T.; Wang, G,; Liu, H.; Feng, L.; JiangZhy, D.; J. Am. Chem. Soc., 2003, 125, 14996-14997.

48 Zhu, L.B.; Xiu, Y.H.; Xu, J.W.; Tamirisa, P.Atess, D.W.; Wong, C.P.; Langmuir 2005, 21, 11208121

49 Wang, C.F.; Chen, W.Y.; Cheng, H.Z.; Fu, S.LPBys. Chem. C 2010, 114, 15607-15611.

50 Li, G.; Wang, H.; Zheng, H.; Bai, R.; Langmf10, 26, 7529-7534.

51 Liu, Y.Y.; Chen, X.Q.; Xin, J.H.; J. Mater. Che&009, 19, 5602-5611.

52 Lee, H.J.; Michielsen, S.; J. Polym. Sci., BarPolym. Phys. 2007, 45, 253-261.

53 Jin, G.; Kim, G.; Langmuir 2011, 27, 828-834.

54 Mekaru, H.; Takashimi, M.; J. Micromech., Micngg, 2009, 19, art. 125026.

55 Kong, J.; Yung, K.L.; Xu, Y.; He, L.; Lau, K.HGhan, C.Y.; J. Polym. Sci., Part B: Polym. Phy30&, 46, 1280-
12809.

56 Kang, S.; Pokroy, B.; Mahadevan, L.; AizenbdrgACS Nano 2010, 4 6323-6331.

57 Kim, E.; Xia, Y.; Whitesides, G.M.; Nature 199%,6, 581-584.

58 Schaeffer, E.; Thurn-Albrecht, T.; Russell, Teiner, U.; Nature 2000, 403, 874-877.

59 Cardosoa, M.R.; Tribuzia, V.; Balogha, D.T.; bisitia, L.; Mendonca, C.R.; Appl. Surf. Sci. 20257, 3281-3284.

60 Shirtcliffe, N.; McHale, G.; Newton, M.; Zhang,; ACS Appl. Mater. Interfaces 2009, 1; 6, 1316233

61 Tsougeni, K.; Papageorgiou, D.; Tserepi, A.; @ioigs, E.; Lab Chip 2010, 10, 462-469.

62 McHale, G.; Newton, M.; Shirtcliffe, N.; Soft Ntar, 2010, 6; 4, 714-719.

63 Smith, V.; Hinton (Jr) E.; patent DO6N3/00E2,3336713 (A) — 1967 and Gallacher, L., US3675391(A972.

64 Shirtcliffe, N.; Pyatt, F.; Newton, M.; McHal&,,; J. Plant Physiol. 163 (11) (2006) 1193-1197.

65 Xiu, Y.H. ; Zhang, S.; Yelundur, V.; Rohatgi, Aless, D.W.; Wong, C.P.; Langmuir, 2008, 24 1042426.

66 Zhang, L.; Li, Y.; Sun, J.; Shen, J.; J. Collbiterface Sci. 2008, 319, 302-308.

67 Park, Y-B, ; Im, H.; Im, M.; Choi, Y-K.; J. MateChem., 2011, 21, 633—-636.

68 Menini, R.; Ghalmi, Z.; Farzaneh, M.; Cold R&gi. Technol. 2011, 65, 65-69.

69 Kulinich, S.A.; Farhadi, S.; Nose, K. ; Du, X.W.angmuir 2011, 27, 25-29.

70 Varanasi, K.K.; Deng, T.; Smith, J.D.; Hsu, Bhate, N.; Appl. Phys. Lett. 2010, 97, art. 234102.

71 Mishchenko, L.; Hatton, B.; Bahadur, V.; Tayld#\.; Krupenkin, T.; Aizenberg, J.; ACS Nano 20407699-7707.

72 Tourkine P., Le Merrer M., Quere D., Langmu@09, 25; 13, 7214-7216.

73 He, M.; Wang, J.X,; Li, H.L.; Jin, X.L.; WangJJ, Liu, B.Q.; Song, Y.L.; Soft Matter, 2010, @96-2399.

74 Feng, L., Zhang, Z., Mai, Z., Ma, Y., Liu, Biadg, L., Zhu, D., Angewandte Chemie, 2004, 116;21%6-2048.

75 Rao, A.V; Hegde, N. D.; Hirashima, H.; J. Calldnterface Sci. 2007, 305, 124-32.

76Pan, Q.M.; Wang, M.; Wang, H.B.; Appl. Surf. S2008, 254, 6002-6006.

77 Lahann, J.; Nat. Nanotechnol. 2008, 3, 320-321.

78 Yuan, J.; Liu, X.; Akbulut, O.; Hu, J.; Suib, 8ong, J.; Stellacci, F.; Nature Nanotech. 20083 — 336.

79 S.-B. Lee, I.-J. Park, K.-W. Lee, D.-K. Kim,H.Kim, J.-W. Ha, H.-S. Park, D.-H. Jung, J. Rudbg, Patent



Application 20030080049, 2003.; S. N. Buhl, S.hrndad and A. Grassick, US Patent 4,971,912, 1990.

80 Li,A.; Sun, H.; Tan, D.; Fan, W.; Wen, S.; Q¥; Li, G.; Li, S.; Deng, W.; Energy & Environ. ScR011, 4, 2062-
2065.

81 Ono, T.; Sugimoto, T.; Shinkai, S.; Sada, K.tuxa Mater., 2007, 6, 429 — 433.

82 Ono, T.; Sugimoto, T.; Shinkai, S.; Sada, K.yAgunc. Mater. 2008, 18; 24, 3936—-3940.

83 Feng, X.J.; Jiang, L.; Adv. Mater. 2006, 18, 3@078.

84 Tuteja, A.; Choi, W.; Ma, M.L.; Mabry, J.M.; Maglla, S.A.; Rutledge, G.C.; McKinley, G.H.; Coh&E.; Science
2007, 318, 1618-1622.

85 Misra, R.; Fu, B.X.; Plagge, A.; Morgan, S.E.Palym. Sci., Part B: Polym. Phys. 2009, 47, 10882.

86 Kumar, R.T.R.; Mogensen, K.B.; Boggild, P.; Ay® Chem. C 2010, 114, 2936-2940.

87 Hansen, W. R.; Autumn, K. Proc. Natl. Acad. 8t5.A. 2005, 102, 385-389.

88 Kim, S.; Cheung, E.; Sitti, M.; Langmuir, 20@%, 7196-7199.

89 Sameoto, D.; Menon, C.; J. Micromech. Microeg§,,2010, art. 115037.

90 Flynn M.; Bush J.; J. Fluid Mech., 2008, 6085-2P6.

91 Shirtcliffe, N.; McHale, G.; Newton, M.; Per@,; Pyatt, F.; Appl. Phys. Lett. 2006, 89, art. 0d.

92 Barthlott, W.; Schimmel, T.; Wiersch, S.; Kog&h; Brede, M.; Barczewski, M.; Walheim, S.; Weis; Kaltenmaier,
A.; Leder, A.; Bohn, H.F.; Adv. Mater. 2010, 22,25532328.

93 Kim, T.; Pang, C.; Suh, K.; Langmuir 2009, 2878-8882.

94 Choi, M.; Yoon, H.; Lee, K.; Shin, K.; Langm@011, 27, 2132-2137.

95 Blow, M.L.; Yeomans J.M.; Langmuir 2010, 26, 16016083.

96 Quere, D.; Lafuma, A.; Bico, J.; Nanotechnol@993, 14, 1109-1112.

97 Verplanck, N.; Galopin, E.; Camart, J-C.; Thowy,Nano Lett. 2007, 7, 813—-817.

98 Manukyan, G; Oh, J; van den Ende, D; LammerfijkMugele, F; Phys. Rev. Lett, 2011, 106, art.Q45

99 Otten, A.; Herminghaus, S.; Langmuir 2004, 23- 2408.

100 McHale, G.; Newton, M.; Shirtcliffe, N.; Gerald\.; Beilstein J. Nanotechnol. 2011, 2, 145-151.

101Yin, L.; Wang, Q.J.; Xue, J.A.; Ding, J.F.; @h€.M.; Chem. Lett. 2010, 39, 816-817.

102 Quere, D; Lafuma, A; Bico, J Nanotech. 2003,1149€9-1112.

103 Shirtcliffe, N; McHale, G; Newton, M; Perry, Cangmuir, 2005, 21, 937-943.

104 Feng, L; Zhang, Y; Xi, J; Zhu, Y; Wang, N; Xk, Jiang, L; Langmuir 2008, 24, 4114-4119.

105 Bhushan, B; Her, E; Langmuir 2010, 26, 82074821

106 Oner, D; McCarthy, T; Langmuir, 2000, 16, 777782.

107 Zhao, X.; Fan, H.; Liu, H.; Pan, H; Xu, H.; lggmuir, 2011, 27, 3224-3228.

108 Balu B; Berry A; Patel K; Breedveld V; HessDAdhesion. Sci. Tech., 2011, 25, 627-642.

109 Zhao N; Xie Q; Kuang X; Wang S; Li Y; Lu X; T&) Shen J; Zhang X; Zhang Y; Xu J; Han C; Adv. &:WMater.,
2007, 17, 2739-2745.

110 Cheng Z; Gao J; Jiang L; Cheng Z; Gao J; Jiahgingmuir, 2010, 26, 8233-8238.

111 Zhu S; LiY; Zhang J; Lu C; Dai X; Jia F; Gap¥Yang B; J. Coll. Interf. Sci., 2010, 344, 541-546

112 Lai, Y. K.; Gao, X. F.; Zhuang, H. F.; Lin, &; jiang, L. Adv. Mater. 2009, 21, 3799- 3803.

113 Krumpfer, J; McCarthy, T; Faraday Discuss.,@d#6, 103-111.

114 Shirtcliffe, N.J.; McHale, G.; Newton, M.l.; hgmuir 2009, 25, 14121-14128.

115 McHale, G., Newton, M., Shirtcliffe, N., Anaty®004, 129, 284-287.

116 McHale, G., Elliott, S., Newton M., Shirtcliff&l., Superhydrophobicity: Localized parameters grradlient
surfaces, in Mittal, K.L., ed, 'Contact Angle, Védiility and Adhesion', Koninklijke Brill NV, Vol. 5219-233.

117 Reyssat M; Pardo F; Quere D; Europhys. Lei09287, art. 36003.

118 Wu, H.; Zhang, R.; Sun, Y,; Lin, D.D.; Sun, Z.Qan, W.; Downs, P.; Soft Matter, 2008, 4, 24232

119 Rasilainen, T.; Suvanto, M.; Pakkanen, T. Airf.SSci. 2009, 603, 2240-2247.

120 zhang, F.X.; Low, H.Y.; Langmuir 2007, 23, 77B898.

121 Boduroglu, S.; Cetinkaya, M.; Dressick, W.Jng8, A.; Demirel, M.C.; Langmuir 2007, 23, 11391385.

122 Kusumaatmaja, H.; Yeomans, J.M.; Soft Mat@R®, 2704 — 2707.

123 Zheng, Y.M.; Gao, X.F.; Jiang, L.; Soft Matb(Z, 3, 178-182.

124 Parker, A.R.; Lawrence, C.R.; Nature 2001, 8B434.

125 Garrod, R.P.; Harris, L.G.; Schofield, W.CEMcGettrick, J.; Ward L.J.; Teare, D.O.H.; Bady&.3.; Langmuir
2007, 23, 689-693.

126 Dorrer, C; Ruhe, J.; Langmuir 2008, 24, 6158861

127 Zhai, L.; Berg, M.C.; Cebeci, F.C.; Kim, Y.; Mid, J.M.; Rubner, M.F.; Cohen, R.E.; Nano Lefi0B, 6, 1213-
1217.



128 Zheng, Y., Hao Bai, H., Huang, Z., Tian, X.eNF., Zhao, Y., Zhai, J., Jiang, L., Nature 20168, 640-643.

129 Shirtcliffe, N., McHale, G., Newton, M., Perfy,, Roach, P., Chem. Comm. 2005, (25), 3135-3137.

130 Shirtcliffe, N.J.; McHale, G.; Newton, M.I.; g C.C.; Roach, P.; Mater. Chem. Phys. 2007, 102;117.

131 Verplanck, N.; Coffinier, Y.; Thomy, V.; Boukiteub, R.; Nanoscal Res. Lett. 2007, 2, 577-596.

132 Liu, M.J.; Jiang, L.; Adv. Funct. Mater. 2020, 3753-3764.

133 Shirtcliffe, N., McHale, G., Perry, C., Newtdvi,, Langmuir, 2003, 19, 5626-5631.

134 Liu, M.J.; Nie, F.Q.; Wei, Z.X.; Song, Y.L.abg, L.; Langmuir 2010, 26, 3993-3997.

135 Chang, C.J.; Kuo, E.H.; Thin Solid Films 20309, 1755-1760.

136 Liu, X.J.; Ye, Q.A.; Yu, B.; Liang, Y.M.; LilV.M.; Zhou, F.; Langmuir 2010, 26, 12377-12382.

137 Sawada, E.; Kakehi, H.; Chounan, Y.; Miura, $hto, Y.; Isu, N.; Sawada, H.; Composites, Pa&0B0, 41, 498-
502.

138 Joseph, G,; Pichardo, J.; Chen, G.; Analy€t02035, 2303-2308.

139 Liu, S.H.; Han, G.A,; Shu, M.H.; Han, L.; Cl&N.; J. Mater. Chem. 2010, 20, 10001-10009.

140 Stratakis, E.; Mateescu, A.; Barberoglou, Munakaki, M.; Fotakis, C.; Anastasiadis, S.H.; Ch&@wmmun.
2010, 46, 4136-4138.

141 Yang, J; Zhang, Z; Men, X; Xu, X; Zhu, X; J.ICtnterf. Sci., 2010, 346; 1, 241-247.

142 Qing, G; Wang, X; Jiang, L: Fuchs, H; Sun, aft$atter, 2009, 5, 2759-2765.

143 Wu J; Yi T; Shu T; Yu M; Zhou Z; Xu M; Zhou Zhang H; Han J; Li F; Huang C; Angew. Chemie. Eu., 2008,
47, 1063-1067.

144 Nadermann, N.; Ning, J.; Jagota, A.; Hui, Gngmuir 2010, 26, 15464-15471.

145 Lee, J.; He, B.; Patankar, N.A.; J. Microméditroeng. 2005, 15, 591-600.

146 Choi, J.H.; Kim, Y.M.; Park, Y.W.; Park, T.HDpng, K.Y.; Ju, B.K.; Langmuir 2009, 25, 7156-7160.



