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pers (RT1-RT15, Ch. 5) on wetting properties and fabrication of functional 
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paper. This hindsight has made it very rewarding for me to write this dissertation, 
as previously obtained results could be interpreted in the light of results ob-
tained later, and hence, allowed a bigger picture to appear like a jigsaw puzzle 
that is nearing completion. Most figures used in this dissertation are reproduced 
from the 15 contributing papers, while the remaining ones with no reference 
stated, are made exclusively for this dissertation.  

I am indebted to the students who joined me on this journey; Simon Tylsgaard 
Larsen (master student, and later PhD student), Jiri Cech (PhD student), Emil 
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sen (PhD student), Ling (Sun) Schneider (postdoc), Agnieszka Telecka (PhD 
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student), Nikolaj Kofoed Mandsberg (master student), Swathi Murthy (PhD stu-
dent), and Nastasia Okulova (PhD student). It has been a great pleasure being 
your supervisor and I enjoyed discussing science and all the other stuff with you. 
I am also indebted to my colleagues from DTU for contributing important 
knowledge and experimental techniques; Prof. Sokol Ndoni and Dr. Tao Li, for-
mer Department of Micro- and Nanotechnology, for developing the block-
copolymer in-situ nanolithography used in RT1 and RT3, and Prof. Ole Hansen, 
former Department of Micro- and Nanotechnology, for developing the theory to 
explain the entrained droplet volume on withdrawal velocity in RT4, Dr. Henrik 
Chresten Pedersen, Department of Photonics Engineering for valuable input and 
co-supervision of Swathi Murthy, finally Prof. Ole Hassager and Dr. Qian Huang, 
Department of Chemical and Biochemical Engineering, for helping to explain the 
replication conditions in R2R extrusion coating and contributing differential 
scanning calorimetry measurements in RT9. I would also like to thank the collab-
orators from industry, who contributed to make this research relevant; Dr. 
Kristian Smistrup (NIL Technology ApS), Dr. Maria Matschuk, (Inmold A/S and 
Heliac ApS), Dr. Henrik Pranov (Inmold A/S and Heliac ApS), Dr. Guggi Kofod 
(Inmold A/S, Rel8 ApS), Mr. Peter Johansen (Danapak Flexibles A/S), and Mr. Lars 
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Chiriaev and Dr. Jacek Fiutowski, Mads Clausen Institute, University of Southern 
Denmark, for the He-ion microscopy in RT1. Finally, I’m indebted to the Technical 
University of Denmark and DTU Nanolab for support and for providing state of 
the art infrastructure that made this research possible.  
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Dansk resumé 
Befugtning af faste overflader har især teknologisk betydning for anvendel-
ser, hvor det enten kræves at en overflade afviser bestemte væsker, eller 
omvendt, nemt vædes. Anvendelserne kan spænde fra anti-dug overflader 
på vinduer, skueglas, solceller, briller, og endoskoper, til afvisende overflader 
på f.eks. medicinsk udstyr eller fødevareemballage. Ofte er det befugtning 
med vand man er interesseret i at kunne kontrollere, men principperne til 
design af overflader med veldefinerede befugtningsegenskaber er de samme 
uafhængigt af hvilken væske man er interesseret i at afvise, eller væde med.  
I denne afhandling beskrives således metoder til design og fabrikation af fa-
ste overflader med ønskede befugtningsegenskaber. Det viser sig, at disse 
egenskaber kraftigt kan forstærkes, hvis overfladernes kemiske komposition 
suppleres med overfladestrukturering på mikro- og nanoskala. Samspillet 
mellem en overflades kemi og dens tekstur er således det afgørende virke-
middel og nøglen til at konstruere overflader med meget markante 
befugtningsegenskaber.  Overfladekemien bestemmes som regel af materia-
levalget for overfladen; så for at opnå den ønskede effekt er det nødvendigt 
at tilføre emner i det pågældende materiale en overfladestruktur. Her er der 
ikke frit valg af metode, eftersom den samme metode ikke kan bruges til 
strukturering af alle materialeoverflader. I afhandlingen belyses primært me-
toder til strukturering af plastoverflader, eftersom mange anvendelser 
knytter sig til plastmaterialer. Plastemner og plastfolier fremstilles typisk ved 
henholdsvis sprøjtestøbning og ekstrudering. I afhandlingen beskrives såle-
des procesfølger til fremstilling af funktionelle overflader, hvor en nano-
tekstur først defineres på overfladen af en tynd siliciumskive vha. avanceret 
nano-litografi og plasmaætseprocesser, kendt fra halvlederindustrien, for 
derefter at bliver overført og repliceret i plastik vha. sprøjtestøbning eller 
ekstrudering. De fleste plastmaterialer er kemisk set svagt vandafvisende 
(hydrofobe). Denne vandafvisende effekt kan kraftigt forstærkes vha. mikro- 
og nano-strukturering, således at de resulterende overflader bliver superhy-
drofobe, så vand nemt preller af fra overfladerne; en effekt kendt fra 
overflader af visse planter som f.eks. lotusblomster; heraf betegnelsen ”lotus 
effekten”, men også f.eks. grønkål udviser en kraftig lotus effekt.  Hvis man 
derimod ønsker at konstruere plastoverflader, som nemt vædes med vand 
(hydrofile overflader), vil den typisk svagt hydrofobe overfladekemi for pla-
stik ikke være gunstig, og man må ty til coating med hydrofile stoffer. Et 
eksempel er en antidug overflade. Dug består af en myriade af mikroskopiske 
vandråber, som spreder lyset og ødelægger sigtbarheden, når overfladen kø-
les til under dugpunktet i en fugtig atmosfære. Antidug effekt kan opnås, hvis 
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der på overfladen i stedet for mikro-dråberne kan dannes en tynd kontinuert 
og dermed gennemsigtig vandfilm. Her er udfordringen at coatingen i sig selv 
skal være gennemsigtig og eventuelle overfladestrukturer skal være så små, 
at de ikke selv spreder lyset, dvs. i praksis mindre en ca. 200 nm svarende til 
ca. halvdelen af den mindste bølgelængde af synligt lys.   
For at kunne designe overflader med ønskede befugtningsegenskaber er det 
vigtigt at man kan forudsige effekten for en given struktur og overfladekemi. 
Befugtning af en overflade kan kvantificeres med den såkaldte kontaktvinkel 
som en væskedråbe danner til overfladen. Her er den gængse matematiske 
model til beregning af kontaktvinkler basseret på en minimering af den sam-
lede overfladeenergi af væsken (f.eks. en dråbe) og den overflade, som 
dråben ligger på. I afhandlingen vises, at denne metode har visse mangler, 
idet der ikke tages højde for at en væskedråbe, som f.eks. lander på en over-
flade, ikke nødvendigvis havner i en tilstand af minimal overfladeenergi, men 
derimod i en metastabil tilstand som skyldes pinning fra overfladestrukturen. 
Effekten er kendt fra naturen i f.eks. rosenblade, hvor små kugleformede 
vandråber hænger fast på blomsterbladene efter et regnvejr. Dråbeformen 
antyder en stor kontaktvinkel og dermed at blomsterbladene er superhydro-
fobe. Men dråberne triller ikke nemt af rosenbladene, som forventet for 
gængse superhydrofobe overflader, hvilket netop skyldes denne pinning ef-
fekt. I afhandlingen undersøges pinning effekten, og det vises bl.a., at man 
med kendskab til materialets iboende overfladekemi, dvs. kontaktviklen målt 
på en helt glat overflade af det pågældende materiale og et præcist mikro-
skala ”højdekort” over morfologien af overfladen, nogenlunde kan forudsige 
graden af pinning.   
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1. Introduction 
The recent research in wetting properties was sparked by Barthlott and Nein-
huis in 1997 with the discovery of the surface properties responsible for the 
self-cleaning mechanism of many biological surfaces, most notably the leaves 
of the lotus flower.1 Since then, artificial lotus-effect surfaces and other so-
called biomimetic surfaces with special wetting properties followed, as pre-
sented in a number of recent review papers.2-5 The main discovery by 
Barthlott and Neinhuis, as stated in the conclusion of their paper, was the 
following: “Many terrestrial plants and animals are water-repellent due to 
hydrophobic surface components in connection with a microscopic rough-
ness.”1 Hence, to mimic this phenomenon developed by nature, we must be 
able to engineer surface structure and surface chemistry.  
 

1.1. Motivation and hypothesis 
A variety of applications has been proposed in the scientific literature based 
on this basic concept to engineer surfaces having biomimetic wetting func-
tionalities. A number of such references, picked from the introduction 
sections of RT1, RT4, RT6, RT10, RT12, and RT13 are tabulated in Table 1.1. 
Table 1.1 
Applications/functionalities of surfaces with engineered wetting properties. References are 
taken from introduction sections of  RT1 ,RT4, RT6, RT10, RT12, and RT13. Reference num-
bers refer to the reference list in this dissertation. 

Applications/functionalities of functional surfaces (in alphabetical order) References 

Anti-biofouling 6 

Anti-fogging 7-12 

Control of ice formation 13, 14 

Endoscopy 15 

Heat transfer 16-20 

Information storage 21 

Microarrays for biomedical applications 22-25 

Microfluidic devices 9, 26 

Water harvesting 27-29 

Photovoltaic devices 12, 30 

Self-cleaning 31-37 

Underwater applications/drag reduction 38-43 
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The “take-away” message from Table 1.1 is that the capability to engineer 
the wetting properties of solid surfaces is a “node technology” that has po-
tential for usage in very diverse branches of engineering and science. 
However, to unleash this potential, a number of considerations needs to be 
made such as e.g. choice of the materials platform. While, to some extent, it 
is possible to copy the surface structure and surface chemistry from nature, 
the self-healing ability of living systems has so far only been demonstrated 
for rather exotic materials.44 We thus need to consider very carefully, which 
materials platform we employ to realize a given functionality. The choice of 
fabrication roadmap is another consideration that has to be made. We must 
consider the full fabrication roadmap, from master origination, over proto-
typing, to industrial fabrication of functional surfaces. Finally, we need 
predictability, i.e. we need theoretical methodologies that enable prediction 
of the wetting properties for a given surface relief and surface chemistry. 
 

The hypothesis of this dissertation is the following:  
Functional surfaces with tailor-made wetting properties for selected applica-
tions can be engineered by employing top-down fabrication methods, 
comprising master origination in Si, electroforming a mold master in Ni, and 
replication in polymeric materials by highly scalable industrial processes such 
as injection molding or roll-roll extrusion coating. In order to tune the surface 
chemistry, subsequent thin-film coating steps may be required.  For “high-
end”, small-area applications, the polymer replication step may be omitted. 
Regarding methods for theoretical prediction of wetting properties, this dis-
sertation corroborates a claim that we still encounter severe shortcomings 
when it comes to the predictions of readily measurable quantities, such as 
contact angles, and water spreading properties, despite considerable efforts 
by many highly esteemed theorists.   
In the forthcoming sections, three examples are given for application-ori-
ented surface wetting technologies.  
 

1.2. Surface for dropwise condensation 
In RT6 we demonstrated dropwise water condensation45 on a chemically ho-
mogenous surface that was micro-structured with a rectangular pillar array. 
The paper featured spatial control of positions and density of condensed 
droplets. Such surfaces are predicted to play an important role for heat trans-
fer systems,46 as dropwise condensation results in considerably higher heat 
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transfer coefficients compared to film-wise condensation due to an in-
creased  proximity of  active nucleation sites with increasing vapor–surface 
temperature difference.47 Potential applications are thus in e.g. condenser 
modules in rankine cycle based energy conversion plants.48 Nucleation of 
droplets on micro-structured surfaces has in general generated considerable 
attention in the literature. Hence, in 2009 Varanasi et al. showed how the 
combination of both chemistry and topography gives access to spatial control 
of dropwise condensation.49 This spawned a number of papers on the 
topic.16-20 Further, it was discovered that drops spontaneously jump off the 
surface during condensation because of surface energy being converted to 
kinetic energy upon drop coalescence on the surface.50, 51 In RT6 we found 
that the creation of dense and regular microdroplet arrays is possible by con-
densation using pure topography when a precooled and dry surface is 
stroked by a vapor jet (see Figure 1.1a-c). Further, we found that effective 
condensation can be achieved only when the nucleation point density is 
matched to the pillar height (see Figure 1.1d) and pillar-to-pillar distance; in 
other words, we found that surface structure is important for engineering of 
wetting properties for solid surfaces. Hence, in this context, we will also use 
this paper to make the point that surface morphology is very important for 
the wetting properties of solid surfaces.  
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Figure 1.1 
Adapted from RT6 with permission. © 2017 American Chemical Society. a) Overview of 
the experimental setup. Two nitrogen gas lines (blue tubes) provide the gas flow con-
trolled by mechanical flowmeters. One line is used to deplete water vapor from the chip 
surface. The other line is bubbled through DI water, whose temperature is held constant 
using a heater in a feedback loop, and afterwards passed through a saturator. b) Side 
view. The saturated vapor flows over the substrate, whereby creating a vapor reservoir 
for diffusion toward the substrate. c) Top view. Sideward movement of the vapor tube 
introduces the vapor. d) Condensation experiments performed on pillar arrays where 
only the pillar height 𝒉𝒉 differs.  A one-dimensional representation of the intensity spec-
trum obtained from a Fourier transform of the optical photograph on the (right) is 
shown. A clear transition to a periodic microdroplet array is observed as the pillar 
height increases; as seen by the emergence of a fundamental intensity peak at the 11 
µm period of the pillar array. 
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1.3.  A super-biphilic surface for generation of micro-
droplet arrays 

Surfaces that contain both hydrophilic and hydrophobic areas are called 
biphillic. Such surfaces can be made by patterning the chemical surface com-
position only. However, when this chemical composition is superimposed 
with a nano-scale surface structure, the effect becomes much stronger, such 
that hydrophobic areas become more hydrophobic and the hydrophilic areas 
become more hydrophilic. Such surfaces are called super-biphilic surfaces. 
Super-biphilic and biphilic surfaces have potential applications in biomedical 
science for improved micro-array chips.52 To corroborate this, we can men-
tion numerous bioanalytical methods that made use of micro-arrays, such as 
arrays of proteins,53, 54 oligodeoxynucleotides,55-57 DNA,58 immunoassays,54 
mutation analysis,59, 60 expression essays,61, 62 and tumor cell analysis63. These 
methods allow up to 104 - 105 tests to be carried out in parallel.    
In RT4 we explored the use of dip-coating to generate micro-droplet arrays. 
We fabricated a biphilic surface comprising ultra-high pinning (hydrophilic) 
circular spots on a superhydrophobic background area, and demonstrated 
that droplets were entrained on the hydrophilic spots during withdrawal of 
the substrate from a water reservoir. Further, we demonstrated that the 
withdrawal velocity could control the droplet volumes in the dip-coating se-
quence.  This was done in an experiment, where the velocity by which the 
array chip is extracted from the water surface at withdrawal was varied (see 
Figure 1.2a). Several nano-morphologies (see Figure 1.2b) were tested to 
yield well-defined droplet arrays (see Figure 1.2c). The surfaces used in this 
study were nanostructured by employing a reactive ion etching (RIE) method, 
which can be tuned to make random nano- and submicron structures 
(nanograss) on silicon surfaces through the combined effect of a corrosive 
gas (SF6 ) and a passivating (O2) gas (see also RT10).64 The hydrophobic sur-
face chemistry was obtained by coating with a self-assembled monolayer 
from the precursor of perfluorodecyltrichlorosilane (FDTS), which is a well-
known hydrophobic agent. Hence, for spots with a base-diameter of 3 mm, 
we found that the entrained volume in each droplet could be varied from ∼1 
µL to ∼3 µL by varying withdrawal speed and angle, while larger droplet up 
to ∼35 µL could be generated by using spots with larger base diameter (7 
mm). For all tested surfaces, the method allowed roughly a factor of three 
span in entrained droplet volume by varying the withdrawal speed.    
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Figure 1.2 
Adapted  from RT4. Creative Commons Attribution 4.0 International License. © The Au-
thors 2017. Overview of the experiment, surface nanotexture, and array example. a) 
Schematic of the experiment showing the array chip being withdrawn from the water 
reservoir at an angle 𝜶𝜶 with horizontal and at the speed 𝒖𝒖. When submerged, only the 
ultra-high pinning superhydrophilic regions are fully wetted, while an air film protects 
the superhydrophobic area. Droplets are present on the pinning spots after the chip has 
been withdrawn from the reservoir. b) Scanning electron microscopy image of the two 
types of nanograss surfaces investigated. The scale bar is 1 µm. c) An example of a su-
per-biphilic substrate after submersion and withdrawal. The possibility of creating more 
complex droplets (“DTU”) is demonstrated. 

1.4.  Material platforms 
The chemical composition of the surface plays an equally important role as 
the surface morphology for the wetting properties. In terms of hydrophobi-
city of materials, the upper limit is obtained for a surface composed of closest 
hexagonal packed CF3 groups.65 This surface features a contact angle to wa-
ter of 119°, and a surface free energy of 6.7 mJ/m. At the other end of the 
spectrum, we have the hydrophilic surfaces. If we disregard water soluble 
salts such as NaCl and KCl , the most hydrophilic materials are clean noble 
metals and clean silicon oxide, that have contact angles close to zero.66, 67 An 
important class of materials are the metal oxides that feature photo induced 
hydrophilicity,68  TiO2, SnO2, ZnO, WO3, V2O5, where titanium oxide is by far 
the most studied among this glass of materials69, 70. However, as we pursue a 
fabrication strategy predominantly based on top-down approaches that al-
low scalable production of surfaces, it is worth also to consider the polymers. 
This will be discussed in detail in Chapter 3, but polymeric materials can be 
used for replication by various highly scalable methods, such as injection 
molding and roll-to-roll extrusion coating.  However, the polymeric materials 
platform is limited by the obtainable water contact angles (see Table 1.2), 
especially in the hydrophilic end. Hence coating strategies may be required. 
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The most hydrophobic of the common polymers, which does not contain flu-
orocarbon groups, is polypropylene (PP). PP features a contact angle of ∼ 
102°, which is usually sufficient to obtain good superhydrophobic surfaces, 
when combined with surface texture. At the other end of the spectrum, a 
common and cheap hydrophilic material is poly-methyl methacrylate 
(PMMA), with a water contact angle of ∼ 70°. The span is thus not over-
whelmingly large, as no good hydrophilic polymers exists. Moreover, despite 
most polymeric surfaces can be activated by plasma-treatment,10 the activa-
tion does not last due to hydrophobic recovery effects.71 Hence, while PP can 
be used as a good hydrophobic material for scalable superhydrophobic sur-
faces, its hydrophilic counterpart, PMMA, does not perform very well for 
fabrication of superhydrophilic surfaces (see also RT1). Hence, we recom-
mend applying a morphology conformal thin-film coating as the last step for 
fabrication of superhydrophilic surfaces in polymeric materials. Scalable pro-
duction by injection molding of superhydrophobic surfaces in PP was 
demonstrated in RT12, RT11, RT10, whereas roll-to-roll extrusion coating 
was employed for fabrication of PP polymer films in RT8 and RT2. More de-
tails on these papers will be provided in forthcoming chapters. 
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Table 1.2 
Reproduced from RT1 with permission of The Royal Society of Chemistry. Surface free en-
ergy and the corresponding proxies for the Young contact angle of common polymers. 
Data obtained from https://www.accudynetest.com/polytable_03.html?sortby=con-
tact_angle (accessed April 26’th 2018) 
 

Polymer name 𝜸𝜸 [mN/m] CA [°] 
Polyvinyl alcohol (PVOH) 37.0 51.0 
Polyvinyl acetate (PVA) 35.3 60.6 
Nylon 6 (polycaprolactum, aramid 6) 43.9 62.6 
Polyethylene oxide (PEO, PEG, polyethylene glycol) 43.0 63.0 
Nylon 66 42.2 68.3 
Nylon 77 43.0 70.0 
Polysulfone (PSU) 42.1 70.5 
Polymethyl methacrylate (PMMA, acrylic, plexiglas) 37.5 70.9 
Nylon 12 37.1 72.4 
Polyethylene terephthalate (PET) 39.0 72.5 
Epoxies 44.5 76.3 
Polyoxymethylene (POM, polyacetal, polymethylene oxide) 37.0 76.8 
Polyvinylidene chloride (PVDC, Saran) 40.2 80.0 
Polyphenylene sulfide (PPS) 38.0 80.3 
Acrylonitrile butadiene styrene (ABS) 38.5 80.9 
Nylon 11 35.6 82.0 
Polycarbonate (PC) 44.0 82.0 
Polyvinyl fluoride (PVF) 32.7 84.5 
Polyvinyl chloride (PVC) 37.9 85.6 
Nylon 88 34.0 86.0 
Nylon 99 34.0 86.0 
Polystyrene (PS) 34.0 87.4 
Polyvinylidene fluoride (PVDF) 31.6 89.0 
Poly n-butyl methacrylate (PnBMA) 29.8 91.0 
Polytrifluoroethylene 26.5 92.0 
Nylon 10,10 32.0 94.0 
Polybutadiene 29.3 96.0 
Polyethylene (PE) 31.6 96.0 
Polychlorotrifluoroethylene (PCTFE) 30.8 99.3 
Polypropylene (PP) 30.5 102.1 
Polydimethylsiloxane (PDMS) 20.1 107.2 
Poly t-butyl methacrylate (PtBMA) 18.1 108.1 
Fluorinated ethylene propylene (FEP) 19.1 108.5 
Hexatriacontane 20.6 108.5 
Paraffin 24.8 108.9 
Polytetrafluoroethylene (PTFE) 19.4 109.2 
Poly(hexafluoropropylene) 16.9 112.0 
Polyisobutylene (PIB, butyl rubber) 27.0 112.1 

 

https://www.accudynetest.com/polytable_03.html?sortby=contact_angle
https://www.accudynetest.com/polytable_03.html?sortby=contact_angle
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1.5.  Superhydrophilic anti-fog surface 
In RT1, we demonstrated an antifogging surface72, 73 made by injection mold-
ing with a subsequent sputter coating step, where a conformal thin layer (∼8 
nm) of tungsten was applied. The substrate with a nano-structured surface 
was composed of PMMA. We used  a block copolymer in-situ etch mask74, 75 
and steps of reactive ion etching to transfer the nano-pattern to a Si wafer 
(see also RT3). More details on the fabrication and analysis in RT1 will be 
provided in forthcoming chapters, but in short, the surface consisted of a 
predominantly hexagonal array of nano-pillars, ∼50 nm in diameter and ∼50 
nm in height, with inter-pillar center-center distance (hexagonal lattice con-
stant) of ∼ 70 nm. This surface was coated with the aforementioned thin 
layer of W using a conformal sputter coating process. The samples were per-
fectly transparent by visible light as the W layer was below the optical 
thickness for the metal,76 and the lattice constant of the nano-pattern was 
smaller than the diffraction limit for visible light (∼200 nm)77. In RT1, we 
measured the water contact angle for an unstructured (flat), but W coated 
reference sample, and for the nanostructured and coated sample. Moreover, 
we repeated the measurements over time, in total 56 days. The results are 
shown in Figure 1.3a. We see that during the first day, we encounter a steep 
rise in the water contact angle for the flat sample due to the aforementioned 
hydrophobic recovery effect. Subsequently, the contact angle increased only 
insignificantly, and never rose above 50° for the flat reference sample. The 
nanostructured sample followed the trend of the flat sample, but at a much 
lower level. Hence, for the nanostructured sample, the water contact angle 
never exceeded ∼12°. The antifogging effect for this surface is demonstrated 
in Figure 1.3b,c, where we compare the flat reference sample to the 
nanostructured sample when exposed to water vapor. We see clear for-
mation of droplets on the flat sample, whereas a continuous water film is 
formed on the nanostructured sample that does not impede transmission of 
light. In Figure 1.3d, we show a more controlled experiment, were the sam-
ples are exposed to water vapor inside an dew chamber under controlled 
conditions.  
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Figure 1.3 
Adapted from RT1 with permission of The Royal Society of Chemistry. Aging and con-
densation experiments for tungsten thin-film coated samples. a) Contact angles of W 
coated samples, both flat and nanotextured surfaces during aging.  b) Overall image of 
W coated flat surface sample subjected to water vapor. b) Overall image of W coated 
nanotextured surface sample subjected to water vapor. d) Optical microscopy images 
recorded during condensation of water from saturated vapor while samples were 
cooled to 5° C. Images are recorded at times as indicated. The images were obtained for 
flat and nanostructured surfaces both coated with W. 

In RT1 we have thus demonstrated scalable fabrication of an anti-fogging sur-
face with potential to alleviate issues with fogging of lenses, mirrors, goggles, 
and wind shields;12 reduction of sunlight harvesting in photovoltaic de-
vices;12, 30 and poor field visibility in endoscopy15.     
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2. Wetting of solid surfaces 
2.1.  Contact angles 

Wettability of a solid surface can readily be quantified by placing a droplet of 
the probe liquid on the surface and measure the contact angle between the 
tangent to the droplet profile taken at the three-phase contact line and the 
substrate. The three-phase contact line is the intersection line between the 
three states of matter, the solid, the liquid, and the surrounding gas. This 
measurement is a direct measure of the wettability of the surface, and is 
conveniently obtained by using a contact angle goniometer.78 From a side 
view image of the droplet, the droplet contour can be fitted by e.g. the 
Young-Laplace fitting method, which is based on the Young-Laplace equa-
tion, and takes into account deformations due to gravity as long as the 
contour is axisymmetric.79 As we shall discuss in detail later, the apparent 
contact angle may represent a quasi-stable state, and one usually has to 
measure the so-called advancing- 𝜃𝜃𝐴𝐴  and the receding 𝜃𝜃𝑅𝑅  contact angles, 
where 𝜃𝜃𝐴𝐴 is the largest angle obtained before the triple line advances, while 
𝜃𝜃𝑅𝑅 is the smallest such angle obtained before the triple line recedes. The sim-
ple difference (𝜃𝜃𝐴𝐴 − 𝜃𝜃𝑅𝑅), or the difference of the cosines (cos𝜃𝜃𝐴𝐴 − cos𝜃𝜃𝑅𝑅) 
is called the contact angle hysteresis. While the difference of cosines is the 
quantity encountered in the mathematical-physical description of the phe-
nomenon, the simple difference is easier to communicate. Advancing and 
receding angles are normally measured by employing the inflation/deflation 
method (see RT5) or the tilting method (see RT13), where a goniometer fit-
ted with a tilting cradle is used to tilt the substrate, whereby  𝜃𝜃𝐴𝐴  is 
determined as the front contact angle just before the droplet moves, 
whereas 𝜃𝜃𝑅𝑅 is determined as the corresponding rear contact angle. 
 

 
Figure 2.1 
Reproduced from RT7 with permission. © 2017 IOP Publishing Ltd. Contour views of 
droplets showing polynomial and double elliptic fits to determine their contact angles. 
Contact angles  of the 7 drops spanning from very low contact angles to very large.  
Contours 1-4 show drops resting on a horizontal surface while in images 5-7 the sub-
strate was tilted with the camera to obtain asymmetric drops.  
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When using the tilting method, the axial symmetry of droplets is lost, and the 
gold standard Young-Laplace fitting method is no longer applicable. Instead, 
one has to rely on the less accurate polynomial fitting method, or employ the 
double elliptic fitting method proposed in RT7, whereby the profile curvature 
is fitted to two ellipses, one for each side of the drop profile.  
A model originally proposed by Furmidge80, relates the contact angle hyste-
resis to the tilting angle 𝛼𝛼 by the equation: 

𝜌𝜌𝜌𝜌𝜌𝜌 sin𝛼𝛼 = 2𝛾𝛾𝛾𝛾(cos𝜃𝜃𝑅𝑅 − cos𝜃𝜃𝐴𝐴) , 2.1 

where 𝜌𝜌 is the mass density of the liquid, 𝜌𝜌 the acceleration of gravity, 𝜌𝜌 the 
volume of the droplet, 𝛾𝛾 the radius of the apparent interface area between 
the droplet and the substrate, and 𝛾𝛾 the surface tension of the liquid.  
 
 

 
Figure 2.2 
Reproduced from RT13 with permission. © 2014 American Chemical Society. Graphical 
illustration of the model leading to Equation 2.1 .a) drop profile recorded using the tilt-
ing method with the camera on the contact angle goniometer at a tilt angle. b) Sketch 
showing imagined formation of capillary bridges between the drop and the surface 
structure at the three-phase contact line. c) The drop geometry in the roll situation. 

By altering the surface structure irregularity for superhydrophobic surfaces, 
we showed in RT13 that contact angle hysteresis increases with increasing 
irregularity. The structure irregularity was fabricated by using a software al-
gorithm to write the photomask design file. First a regular square-shaped 
array of points (𝑥𝑥,𝑦𝑦) was defined with side length 𝑥𝑥0. Next, irregularity was 
introduced by moving each point to a random position in a square centered 
on this point. The level of irregularity was adjusted by increasing the side 
length ∆𝑥𝑥0 of this square and quantified by an irregularity factor defined as 
the side length of the square divided by the distance between points in the 
original square array ∆𝑥𝑥0 𝑥𝑥0⁄ . An irregularity factor of 0 thus represents an 
ordered square array whereas 1 represents an almost completely irregular 
array. To ensure a constant total projected area of the wall structures, the 
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width of the walls was adjusted to range from 400 nm for the ordered struc-
tures to 354 nm for the most irregular structures, as the average length of 
the lines increased with the irregularity factor ∆𝑥𝑥0 𝑥𝑥0⁄ .   

 

 
Figure 2.3 
Reproduced from RT13 with permission. © 2014 American Chemical Society. SEM im-
ages of wall structures in silicon. From a) to d) the imposed irregularity increases, going 
from square-shaped wall structures to a chaotic grid of walls. Irregularity factors are a: 
0, b: 0.4, c: 0.8, d: 1.2. e) Contact angle hysteresis, plotted as the difference of cosines of 
measured receding and advancing contact angles as a function of the irregularity fac-
tor. The black full line shows the contact angle hysteresis calculated by equation 2.1 
corresponding to the roll off angles for complete roll off, while the dashed black line is 
calculated using the tilt angles corresponding to the first movement of the drops. Data 
for 𝒙𝒙𝟎𝟎 = 10 µm is shown. 

The experimental results clearly indicate that structure morphology along 
the triple-phase line play an important role for the behavior of roll-off prop-
erties. In this case, in particular the adhesion properties when the capillary 
bridges on the rear side break (see Figure 2.2b). The existence of such capil-
lary bridges is, however, somehow a speculation, as they cannot be visualized 
under normal ambient conditions. However, Paxson et al.81 employed envi-
ronmental electron microscopy at low-pressure conditions to visualize such 
capillary bridges.  
While in RT13 the focus was on the receding contact angle, in RT5 we ex-
plored the role of the advancing contact angle. We did this with the purpose 
to engineer self-alignment surfaces for micro-droplet arrays. In the experi-
ment, we demonstrated that the advancing contact angle could be controlled 
merely by changing the depth of microstructures for a hierarchical surface 
structure composed of honeycomb shaped microwells superimposed with 
random nanograss.  
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Figure 2.4 
Reproduced from RT5 with permission. © 2017 IOP Publishing Ltd. The investigated sur-
face and its micro-structures. a) Photograph of a sample surface with self-aligned 
pipetted drops of base diameter 𝒅𝒅. b) Scanning Electron Microscopy (SEM) image show-
ing the surface topography including the step in hexagon pit depth from left to right. 
The drop from (a) is located on the left-hand side, with the lower pits. c) Schematic top 
view of the structures with hexagon side length 𝒔𝒔, and linewidth, 𝒂𝒂. d) Schematic cross-
sectional side view of the structures along the A-A line from (c), and with the shallow 
pits having depth 𝒉𝒉 and the deeper ones with depth 𝑯𝑯. e) SEM image showing a close-
up of (b) in the inner (shallow area). 

The results demonstrate the concept known as the rose-petal effect,82 where 
the microstructures are impregnated by water, while the nanostructures are 
not. This effect results in surfaces that can have very high contact angles, well 
above the theoretical limit of about 120° for flat surfaces composed of clos-
est hexagonal packed CF3 groups65, but still may have very high roll-off 
angles, or even render droplets to stick to the surface when turned upside 
down. The effect is known in nature from the surface of rose petals that ex-
hibit this wetting property, and is also referred to as the Cassie-impregnating 
state7. This state is different from the normal Cassie state, where the liquid 
rests on the summits of surface structure, corresponding to a chemically het-
erogeneous surface comprised of the surface material and air.83  
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Figure 2.5 
Reproduced from RT5 with permission. © 2017 IOP Publishing Ltd. A droplet is placed in 
the inner field with shallow hexagonal pits and inflated. a) Initially, the droplet under-
goes an initial self-alignment phase until it has completely filled the boundary of the 
inner field with diameter 𝒅𝒅. Subsequently, two tracks A or B can follow. In track A, a 
continued inflation pushes the triple line out to the external field until the critical con-
tact angle, 𝜽𝜽𝑨𝑨,𝒐𝒐𝒖𝒖𝒐𝒐, is reached, while Track B is a deflation with the receding contact 
angle of the inner field, 𝜽𝜽𝑹𝑹,𝒊𝒊𝒊𝒊. b) Advancing contact angle and drop base diameter 
measured for a drop during inflation for inner fields with different pit depths 𝒉𝒉. An ab-
rupt change is present for 𝒉𝒉 = 0 and 1.4 μm while absent for 𝒉𝒉 = 5.6 μm. ∆𝜽𝜽 is the 
difference in advancing contact angle on the outer and inner field. c) The pursuit of 
Track A and B from (a). A drop is inflated on the 𝒉𝒉 = 1.4 µm sample for Track A and an-
other drop for Track B. The drop base diameter is measured during the inflation and 
deflation procedure. The insert shows the expansion direction of the inflated drop, and 
how it arrives from the shallower pits and approaches the deeper. Also here we clearly 
see the triple-line pinning at a drop base diameter of 3.2 mm. 

 

2.2.  Young’s equation 
Spawned by a discussion of the validity of Wenzel’s and Cassie’s equations,84-

88 it was also debated in the scientific literature whether the surface tension 
for liquids should be interpreted as the surface energy per unit area with unit 
[J/m2], or as the force per unit length of the three phase contact line with 
unit [N/m].88 Since the two units are equal, [J/m2] = [N/m], the distinction 
may seem purely academic, however, while the surface energy per unit area 
is a scalar quantity, the force per unit length is in principle a tensor quantity, 
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where both the plane on which the force acts, and the direction of the force 
has to be specified. Thus, the well-known Young’s equation (2.2) from 1805 
was originally expressed in terms of a force balance between surface ten-
sions acting along the line of contact between the liquid phase, the solid 
phase, and the vapor phase, as shown for a droplet resting on a solid surface 
in Figure 2.6.89 

cos𝜃𝜃𝑌𝑌 =
𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠
𝛾𝛾𝑠𝑠𝑠𝑠

  , 2.2 

where 𝜃𝜃𝑌𝑌, is the so called Young’s contact angle, which is the contact angle 
measured for a perfectly smooth and  planar surface composed of the sub-
strate material only (i.e. chemically homogenous).  𝛾𝛾𝑠𝑠𝑠𝑠, 𝛾𝛾𝑠𝑠𝑠𝑠, and 𝛾𝛾𝑠𝑠𝑠𝑠 are the 
interfacial surface tensions for each of the three interfaces, solid/liquid, liq-
uid/gas, and solid/gas (see Figure 2.6).  

 

 
Figure 2.6  
Force balance for the three interfacial tensions at the three-phase contact line, where 
the gas, the liquid, and the solid surfaces meet. 

A number of methods, like e.g. the Fowkes method,90  exist for determina-
tion of surface energies for solids. In RT14 we applied the Fowkes and the 
Wu91 methods to estimate the surface energy of an anti-stick molecular 
coating consisting of a self-assembled monolayer from the precursor of 
perfluorodecyltrichlorosilane (FDTS) on aluminum molds before and after 
usage for injection molding of about 500 parts. 
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Figure 2.7  
Reproduced from RT14 with permission.© 2012 Elsevier B.V. Surface Energy calculation 
result using three liquids, namely water, benzylalcohol and diiodomethane for the cal-
culation of surface energy, according to Wu and Fowkes methods. The result shows 
dramatic decrease in surface energy after coating with a self-assembled monolayer 
from the precursor of perfluorodecyltrichlorosilane (FDTS), and sustainability of this sur-
face modification after over 500 injection molding cycles. 

In RT14 the surface energy calculations were done on a relative basis (be-
fore/after use of the molds), which is irreproachable, whereas for an 
absolute determination of the surface energy, these methods are question-
able. The determination of surface tensions rely on a number of assumptions 
and on the theoretical models used for their determination; hence, in general 
𝛾𝛾𝑠𝑠𝑠𝑠 and 𝛾𝛾𝑠𝑠𝑠𝑠  are not well determined. In praxis 𝜃𝜃𝑌𝑌 0F

1 is the most useful materi-
als parameter for the surface with respect to wetting by a particular liquid. 
For most liquids, the surface tension 𝛾𝛾𝑠𝑠𝑠𝑠, on the contrary, is very well-known 
and measurable at various ambient conditions of temperature and pressure 
(see Table 2.1),92, 93 and also for important binary mixtures of liquids94. For 
simplicity we will omit the state indices, and thus only refer to this quantity 
as 𝛾𝛾.  

                                                           
1 Or the corresponding advancing/receding contact angles for a flat surface with 
the same chemical composition. 
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Equation 2.2 deserves a couple of comments; first, we notice that the equa-
tion originates from a projection of the surface tension 𝛾𝛾 onto the plane of 
the solid substrate. Secondly, this raises the question how the vertical com-
ponent 𝛾𝛾 sin𝜃𝜃𝑌𝑌 is balanced by adhesion forces.95 However, today, the effect 
of this vertical component is quite well understood, and it has e.g. been 
shown experimentally that for substrates composed of soft materials, a ridge 
along the three-phase contact line can be formed on the substrate surface 
due to this component.96, 97 The height of this ridge is predicted to be of order 
𝛾𝛾 sin𝜃𝜃𝑌𝑌 /𝑀𝑀𝑠𝑠 ,96 where 𝑀𝑀𝑠𝑠  is the shear modulus of the substrate material. 
Hence, for water droplets, a noticeable ridge height of order 10-100 nm will 
be formed when e.g. placed on a material with shear modulus ∼1 MPa cor-
responding to common elastomers like polydimethylsiloxane (PDMS)98, 
whereas the effect can be disregarded for hard polymers such as polypropyl-
ene (PP) and poly(methyl methacrylate) (PMMA). This effect is also 
responsible for the marks formed in wet paint from raindrops. 
 
Table 2.1 
Surface tensions 𝜸𝜸 in mN/m of common liquids at nominal pressure of 1 atm. Data from J.J. 
Jasper.92 Creative Commons Attribution 4.0 International License. 

Mol. form. Name 10° C 25° C 50° C 75° C 100° C 

Hg mercury 488.55 485.48 480.36 475.23 470.11 

H2O water 74.23 71.99 67.94 63.57 58.91 

C3H6O acetone - 23.46 20.66 - - 

CH4O methanol 23.23 22.07 20.14 - - 

C2H6O ethanol 23.22 21.97 19.89 - - 

C3H8O 2-propanol 22.11 20.93 18.96 16.98 - 

 
In Table 2.1 we see that the surface tension of water is considerably higher 
than for most solvents, which all have surface tensions of order ∼20 mN/m. 
In this respect, the most abundant liquid on our planet is special.  
 

2.3.  Gibbs free energy 
In order to engineer the wetting properties for solid surfaces, we ideally need 
theoretical models to predict the contact angle for liquids. The standard ap-
proach is to minimize Gibbs free energy for the system comprising the liquid, 
the solid surface, and the gas.99 This approach also hinges on the definition 
of interface tension as 𝛾𝛾𝑥𝑥𝑥𝑥 ≡ 𝑑𝑑𝑑𝑑 𝑑𝑑𝐴𝐴𝑥𝑥𝑥𝑥⁄ , i.e. the increase in Gibbs free energy 
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with increase in interface area, which is conceptually different from the line-
force balance expressed by Equation 2.2. Equation 2.2 may, however, also be 
derived by asserting that the change in Gibbs free energy for a unit length 𝑑𝑑𝑑𝑑 
of the three phase contact line equals the work done by the surface tensions, 
when the line is advanced by the small distance 𝑑𝑑𝑥𝑥. This yields100 

𝑑𝑑𝑑𝑑 = �𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠�𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 + 𝛾𝛾𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 cos𝜃𝜃𝑌𝑌 . 2.3 

Hence, in equilibrium we have 𝑑𝑑𝑑𝑑 = 0 , which can readily be solved for 
cos𝜃𝜃𝑌𝑌  to yield Equation 2.2, which we remind, is valid for a perfectly flat and 
chemically homogenous surface. 
We now turn to discuss the presence of surface texture and chemically het-
erogeneous surfaces. Surface texture may occur due to inherent roughness 
of the surface, or may result from fabricated surface structure. In any case, 
this surface roughness can be represented by a roughness factor 𝑟𝑟, which is 
defined as the ratio of the real surface area to the projected surface area 
(𝑟𝑟 > 1). If we add this roughness factor to the change in Gibbs free energy, 
and further take into account that now the system will not attain Young’s 
contact angle 𝜃𝜃𝑌𝑌, but rather another equilibrium contact angle 𝜃𝜃, Equation 
2.3 must be rewritten to: 

𝑑𝑑𝑑𝑑 = �𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠�𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 + 𝛾𝛾𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 cos𝜃𝜃 . 2.4 

However, according to Equation 2.2, we have �𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠� = −𝛾𝛾𝑠𝑠𝑠𝑠 cos𝜃𝜃𝑌𝑌 , 
which after insertion in 2.4, and solving for 𝑑𝑑𝑑𝑑 = 0 yields 

cos𝜃𝜃 = 𝑟𝑟 cos𝜃𝜃𝑌𝑌 , 2.5 

which is Wenzel’s equation from 1936 for the equilibrium contact angle on a 
rough surface composed of a material having Young contact angle 𝜃𝜃𝑌𝑌 .101 
Equation 2.5 was also rigorously derived by Whyman et al. for the  case 
where a small droplet is placed on a solid surface.99 In this derivation, it must 
be assumed that the droplet is small enough to attain a perfect spherical cap 
shape, i.e. it is not deformed by the gravitational force. The criterion for this 
is that the radius 𝑅𝑅  is somewhat smaller than the capillary length ℓ𝑐𝑐𝑐𝑐𝑐𝑐 =
�𝛾𝛾 𝜌𝜌𝜌𝜌⁄  (∼2.7 mm for water), where 𝜌𝜌 is the density of the liquid. Gibbs free 
energy 𝑑𝑑 for the system can then be expressed as: 
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𝑑𝑑 = 2𝜋𝜋𝑅𝑅2(1− cos𝜃𝜃)𝛾𝛾 − 𝜋𝜋(𝑅𝑅 sin𝜃𝜃)2 𝑟𝑟𝛾𝛾𝑠𝑠𝑠𝑠
+  𝜋𝜋(𝑅𝑅 sin𝜃𝜃)2 𝑟𝑟𝛾𝛾𝑠𝑠𝑠𝑠  , 

2.6 

where 𝜃𝜃 again is the apparent equilibrium contact angle that we want to pre-
dict, and the remaining symbols represent previously defined quantities. In 
Equation 2.6 the first term, 2𝜋𝜋𝑅𝑅2(1− cos𝜃𝜃)𝛾𝛾 represent the addition of the 
liquid/gas interface, the second term, −𝜋𝜋(𝑅𝑅 sin𝜃𝜃)2𝑟𝑟𝛾𝛾𝑠𝑠𝑠𝑠  represent the re-
moval of the solid/gas interface, and finally, 𝜋𝜋(𝑅𝑅 sin𝜃𝜃)2𝑟𝑟𝛾𝛾𝑠𝑠𝑠𝑠  represent the 
addition of the liquid/solid interface. We notice that the roughness factor 
takes into account the increased interface area between the liquid and the 
solid. In order to get rid of the solid/liquid and the solid/gas interface ten-
sions, we can insert Young’s equation (Equation 2.2). We then get:  

𝑑𝑑(𝜃𝜃) = 2𝜋𝜋𝑅𝑅2(1 − cos𝜃𝜃)𝛾𝛾 − 𝜋𝜋(𝑅𝑅 sin𝜃𝜃)2 𝑟𝑟𝛾𝛾 cos𝜃𝜃𝑌𝑌 . 2.7 

By rigorously solving   𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 for cos𝜃𝜃, we again arrive at Equation 2.5. 

 

 
Figure 2.8  
Schematic plot of Gibbs free energy 𝑮𝑮(𝜽𝜽) (Equation 2.7) for the possible values of the 
roughness factor 𝒓𝒓.  

As shown in Figure 2.8, a direct prediction following from Equation 2.5 is the 
critical surface roughness factor that gives rise to complete wetting, i.e. 𝜃𝜃 =
0 for a given 𝜃𝜃𝑌𝑌, namely: 
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𝑟𝑟𝑐𝑐 =
1

cos𝜃𝜃𝑌𝑌
  . 2.8 

Hence, for a roughness factors smaller than the critical value, the apparent 
contact angle will attain the global equilibrium value given by Equation 2.8, 
while for larger roughness values, no minimum in 𝑑𝑑 exists, and the system 
will strive towards complete wetting of the surface.  
Gibbs free energy increases linearly with wetted area, and hence, for a per-
fectly flat surface (𝑟𝑟 =  1), but with two surface chemistries, such that a 
surface fraction 𝑓𝑓 has a surface chemistry corresponding to Young’s contact 
angle 𝜃𝜃𝑌𝑌1, and the remaining fraction 1 − 𝑓𝑓 has a surface chemistry corre-
sponding to another Young’s contact angle 𝜃𝜃𝑌𝑌2 , we will get an apparent 
contact angle given by  

cos𝜃𝜃 = 𝑓𝑓 cos𝜃𝜃𝑌𝑌1 + (1 − 𝑓𝑓) cos𝜃𝜃𝑌𝑌2 , 2.9 

which is known as the Cassie-Baxter equation, and was derived in 194483. By 
employing a more advanced derivation based on a variational approach,102 
Equations 2.5 and 2.9 were also proofed to be valid in the presence of exter-
nal fields, such as the gravitational field that imposes a deviation from the 
spherical shape.  
 

2.4.  Chemically heterogeneous surfaces  
In RT15 we tested the validity of Equation 2.9 by fabricating chemically het-
erogonous surfaces with a well-defined surface fraction 𝑓𝑓. The surfaces were 
composed of micro-engineered hydrophobic circular patches on a hydro-
philic background. The hydrophobic patches were obtained by applying a 
thin coating from a dodecane (C12H26) precurser using a plasma polymeriza-
tion step on a glass microscope slide, or alternatively by cross-linking thin 
layers of SU-8 negative resist by means of photolithography. The dodecane 
coating resulted in few nm thick hydrophobic coatings consisting of cross-
linked dodecane strings, whereas the SU-8 patches were about 150 nm thick, 
i.e. still much thinner than the droplet height. The exact chemical composi-
tion of the dodecane layer typically differs from one experimental setup to 
the other, but a resulting hydrophobic layer is always expected. After subse-
quent steps of photolithography and oxygen plasma etching, a chemically 
heterogeneous surface was formed comprising hydrophobic patches of do-
decane or SU-8 in hexagonal arrays with patch diameters 𝑑𝑑 , and lattice 
constants 𝛾𝛾. Hydrophilic hydroxy groups, on the other hand, terminated the 
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exposed glass surface. The photomask used for the samples consisted of 3 by 
9 squares defining a matrix of 27 hexagonal patterns with different 𝑑𝑑/𝛾𝛾 val-
ues. This allowed measurements of contact angles for surfaces with well-
known surface fractions 𝑓𝑓 of the hydrophobic areas. 
  

 
Figure 2.9  
Adapted from RT15 with permission. © 2009 American Chemical Society. Contact angle 
measurements of dodecane microstructured surfaces presented as a function of the di-
mensionless ratio 𝒅𝒅/𝒂𝒂. The error bars correspond to standard deviations between 
slides. The data are fitted by least square methods to Equation 2.9 using the area frac-
tion with 𝒇𝒇 = �𝝅𝝅 𝟐𝟐√𝟑𝟑⁄ �(𝒅𝒅 𝒂𝒂⁄ )𝟐𝟐 (blue dotted line) and to the line fraction 𝒇𝒇 = 𝒅𝒅/𝒂𝒂 
(green dashed line). The insert shows the droplet boundary and the definition of pitch 
length 𝒂𝒂, and spot diameter 𝒅𝒅. The picture is taken for a pattern made with a thin (150 
nm) SU-8 layer from the same lithography mask, as the dodecane  pattern is hardly visi-
ble.  In RT15 contact angles results for both dodecane and SU-8 surfaces were reported. 

For both fits to Equation 2.9 in Figure 2.9, only the slide contact angle (cor-
responding to 𝜃𝜃𝑌𝑌2  in Equation 2.9) is used as an independent fitting 
parameter, while we used a measured value were 𝜃𝜃𝑌𝑌1 = (80.0±5.7)° for do-
decane surfaces. The obtained fitting parameters were 𝜃𝜃𝑌𝑌2  = 31.8° when 
using the area fraction 𝑓𝑓 = �𝜋𝜋 2√3⁄ �(𝑑𝑑 𝛾𝛾⁄ )2  with resulting sum of squares 
of residuals 𝑆𝑆 =396, whereas 𝜃𝜃𝑌𝑌2 = 6.92° with 𝑆𝑆 =19 was obtained with the 
line-fraction approach (𝑓𝑓 = 𝑑𝑑/𝛾𝛾 ). The contact angle of the hydrophobic 
patch regions was obtained from measurements on samples with full cover-
age of the surface. The geometrical quantities and 𝜃𝜃𝑌𝑌1 (dodecane patches) 
were obtained from independent measurements. The fitted values for 𝜃𝜃𝑌𝑌2 
using the line fraction approach were in agreement, within measurement un-
certainties, with contact angles obtained on bare slides (no pattern), that 
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were subjected to the same processing as the patterned ones, roughly 5°-
10°. In conclusion, we found that the line-fraction approach was in much bet-
ter agreement with data than the area fraction approach. Hence, the results 
obtained in RT15 corroborate the concerns about Cassie’s law (Equation 2.9 
used with area fractions) raised by Gao and McCarthy in 200784. This issue 
was vigorously debated in the scientific literature,85-87 but eventually settled 
in favour of devising that the area fraction should be obtained in close vicinity 
of the triple-phase line, i.e. a fraction converting towards the line fraction.88 
An important remark to be made about the experiment in RT15, is that a 
well-defined line fraction could only exist due to the formation of faceted 
droplets that followed the symmetry directions of the underlying hexagonal 
pattern. Formation of such faceted droplets were also studied by Cubaud and 
Fermigier103 and by Courbin et al.104 The phenomena can be understood as 
being a result of the three-phase contact line pinning by the surface pattern. 
In addition to the chemical patterning, which imposes a weak pinning or 
strong pinning effect depending on the degree of biphilicity, a strong pinning 
effect can be obtained for surfaces decorated with arrays of protrusions or 
posts.  
 

 
Figure 2.10  
Adapted from RT15 with permission. © 2009 American Chemical Society. a) Example of 
a weakly pinned faceted droplet on a patterned surface, while b) shows an example of a 
strongly pinned faceted droplet.  

2.5.  Superhydrophobic and superhydrophilic surfaces 
A special case of Equation 2.9 are the superhydrophobic surfaces, where the 
droplet rests on perfectly flat posts with a top-surface area fraction 𝑓𝑓. For 
this case, the remaining surface fraction will consist of air with Young’s con-
tact angle 𝜃𝜃𝑌𝑌2 = 180°, and result in a prediction for the apparent contact 
angle given by the Cassie-Baxter equation:  
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cos𝜃𝜃 = 𝑓𝑓 cos𝜃𝜃𝑌𝑌1 − 1 + 𝑓𝑓 , 2.10 

where 𝜃𝜃𝑌𝑌1 is Young’s contact angle for the material on the top-surface of the 
posts. This type of surface comprising various hydrophobic nano-textures 
and their hydrophilic counterparts  were studied in RT3. This was done by 
employing a wafer-scale in-situ nanolithography approach based on block-
copolymer (BCP) self-assembly, developed in the group of Sokol Ndoni,75 for 
the fabrication of nano-surfaces. Here steps of solvent assisted self-assembly 
of polystyrene (PS) and dimethylsiloxane (PDMS) domains form a predomi-
nantly hexagonal array of PS domains with pitch size (72±3) nm. A 
subsequent reactive ion etching (RIE) step with O2 gas removed the PS and 
oxidized the PDMS domain to form a hard silicon oxycarbide in-situ etch 
mask.  A subsequent branched processing scheme, employing other RIE 
steps, allowed for the fabrication of nanoholes and nanopillars with different 
diameters and side slope angles, among other textures (to be discussed 
later). The surfaces were functionalized with either hydrophobic surface 
chemistry by self-assembly from the precursor perfluorodecyltrichlorosilane 
(FDTS), or hydrophilic surface chemistry obtained by oxygen plasma treat-
ment. The different texture and surface chemistry configurations were 
characterized with respect to their wetting properties with water. We 
showed that both nano-pillar and nano-hole surfaces featured excellent su-
perhydrophobic properties with water contact angles exceeding 170° and 
roll-off angles below 5° (for 6.5 µL droplets). The superhydrophilic properties 
were less convincing as only the nano-pillar surfaces exhibited pronounced 
superhydrophilicity with WCAs below 5°, while the nanohole surfaces had 
water contact angles in the range of 20°. The surface properties are summa-
rized in Figure 2.11.  
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Figure 2.11  
Reproduced from RT3 with permission. Creative Commons Attribution-NonCommercial 
3.0 Unported Licence. a) SEM images of nanoholes. b) water contact angles (WCAs) for 
the nanoholes in superhydrophobic and superhydrophilic states. c) SEM images of 
straight side wall nanopillars. d) WCAs for the straight side wall nanopillars in superhy-
drophobic and superhydrophilic states. e) SEM images of tapered side wall nanopillars. 
f) WCAs for tapered side wall nanopillars in superhydrophobic and superhydrophilic 
states. 

Due to the predominantly hexagonal nature of the nanostructures, the sur-
face fraction 𝑓𝑓  could be determined from the geometry. Hence, 𝑓𝑓 =
�𝜋𝜋 2√3⁄ �(𝑑𝑑 𝛾𝛾⁄ )2 for the pillar surfaces, were 𝑑𝑑 is the pillar diameter, and 𝛾𝛾 
the is the center to center inter–pillar pitch distance. For the hole surfaces 
we get 𝑓𝑓 = �1 − �𝜋𝜋 2√3⁄ �(𝑑𝑑 𝛾𝛾⁄ )2�.  For water on FDTS coated Si, we ob-
tained 𝜃𝜃𝑌𝑌 = (111±1)°, while the Young contact angle 𝜃𝜃𝑌𝑌  for a flat Si surface 
without FDTS coating, and terminated by a 10 s O2 plasma treatment was 
determined to (22.9 ± 0.6)°. In this case, we expect the water completely to 
impregnate the surface texture, and the effective solid surface in contact 
with water will increase by the roughness factor 𝑟𝑟. The contact angles and 
the roll-off angles were measured for all surfaces. The results are shown in 
Figure 2.12. 
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Figure 2.12  
Reproduced from RT3 with permission. Creative Commons Attribution-NonCommercial 
3.0 Unported Licence. 6.5 µL droplets were used for all measurements. a) Water contact 
angles of straight side-wall nanopillars and nanoholes with calculated trend lines of by 
Cassie-Baxter equation (Equation 2.10) as a function of diameter to pitch size ratio 𝒅𝒅/𝒂𝒂 
ratio. b) Measured roll-off angles of straight side-wall nanopillars and nanoholes as a 
function of the  𝒅𝒅/𝒂𝒂 ratio, as defined in the inserted schematic. c) Water contact angles 
of conical- and straight side-wall nanopillars as a function the side slope angle 𝜷𝜷 de-
fined in the inserted schematic. d) Measured roll-off angles of conical side-wall 
nanopillars as a function the side slope angle 𝜷𝜷. The inserted graphic shows the defini-
tion of the roll-off angle 𝜶𝜶 as the inclination angle where the droplet start to roll on the 
surface. 

We show the measured contact angles for nano-pillars and nano-holes in Fig-
ure 2.12a, with trend lines computed by Equation 2.8. Although the theory 
corroborates the general trend of the measurements, we also notice a clear 
deviation. The deviation is probably caused by the physical texture pos-
sessing additional roughness, which is not taken into account by the 
simplified model. Also, the measurements of contact angles were static 
measurements, yielding apparent contact angles 𝜃𝜃𝑐𝑐  in the range between 
the advancing and the receding angles, i.e. 𝜃𝜃𝑅𝑅 < 𝜃𝜃𝑐𝑐 < 𝜃𝜃𝐴𝐴. The model yields 
the global equilibrium contact angle, which falls in the same interval, but may 
deviate from the measured water contact angle. We see, however, a clear 
correlation between high contact angles and low roll-off angles.  
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For superhydrophobic surfaces, having sharp surface asperities, the wetted 
area cannot be appropriately described by the surface filling fraction 𝑓𝑓, as 
this assumes no penetration of the liquid surface by the asperities. Hence, to 
include this situation, Equations 2.5 and 2.10 were further combined by 
Miwa et al.105 to represent the more realistic situation where the liquid “par-
tially” wets the surface structure, as encountered for e.g. the rose petal 
effect. This requires, however, that yet another parameter 𝜑𝜑 be introduced, 
where 𝜑𝜑 represents the ratio of the projected wetted area to the total area. 
The change in Gibb’s free energy by advancing a triple-phase line segment 
𝑑𝑑𝑑𝑑 by the horizontal increment 𝑑𝑑𝑥𝑥 then becomes: 

𝑑𝑑𝑑𝑑 = �𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠�𝑟𝑟𝜑𝜑𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 + 𝛾𝛾(1 − 𝜑𝜑)𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 + 𝛾𝛾𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 cos𝜃𝜃, 2.11 

where 𝑟𝑟 as before represents the roughness factor, i.e. the total surface area 
to the projected surface area. The term 𝛾𝛾(1 − 𝜑𝜑)𝑑𝑑𝑑𝑑𝑑𝑑𝑥𝑥 represents the work 
required to cover the liquid gas interface area in between the asperities. 
Again, by exploiting Equation 2.2 and solving for 𝑑𝑑𝑑𝑑 = 0, the apparent con-
tact angle for a hydrophobic surface, where the surface texture is partially 
wetted can be expressed by: 

cos𝜃𝜃 = 𝑟𝑟𝜑𝜑  cos𝜃𝜃𝑌𝑌 + 𝜑𝜑 − 1 . 2.12 

The problem with Equation 2.12 is however, that the ratio 𝜑𝜑 of the projected 
wetted area to the total area is usually not known in the experimental situa-
tion, as the above equations do not provide any prediction for the degree of 
liquid intrusion into the surface texture. The key to obtain the degree of liq-
uid intrusion into the surface structures is the Young-Laplace equation to be 
discussed next. 

 

2.6.  Predictions based on the Young-Laplace equation 
While in RT5 the air was gradually expelled from the cavities, by slowly inflat-
ing the droplet, situations can also arise where air is trapped in the surface 
structure. This air trapping effect has been proposed for potential underwa-
ter applications, such as drag reduction.39-42 However, in RT12 we showed 
that the entrapped gas has a limited lifetime when water pressure is in-
creased due to absorption of air in the liquid. The experiment in RT12 was 
carried out by using an optically transparent polymer sample (injection 
molded cyclic olefin copolymer) with a superhydrophobic surface comprising 
a microcavity array. The surface was immersed in water inside a pressure cell. 
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The setup allowed for a study of the lifetime of entrapped nitrogen gas in the 
cavities by optical transmission microscopy. As shown in Figure 2.13, the in-
tensity of the transmitted light was used to distinguish between the wetting 
states, as the transmitted light intensity is subject to different Fresnel reflec-
tion losses from the various interfaces when passing the whole stack 
consisting of bulk polymer, nanograss, air and water. The intensity is at its 
maximum for the Wenzel state106 (complete wetting of both microcavities 
and nanograss), where the intruding water fills all air pockets, including the 
ones in the nanostructure at the bottom of the cavities. At this position, we 
have good refractive index matching between water and polymer, and 
hence, the highest transmission of light. On the other hand, the intensity has 
its minimum for the Cassie impregnating state, where the intruding water 
has reached the top of the nanograss.  
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Figure 2.13 
Reproduced from RT12 with permission. © 2014 American Chemical Society. a) Sche-
matics of the three wetting states: Cassie, Cassie-impregnating, and Wenzel, and the 
corresponding materials stack in each micro-cavity for the light to pass in the three situ-
ations; b) The modelled normalized transmitted light intensity as a function of water 
intrusion into micro-cavities. In the model calculation, we used refractive indices 
𝒊𝒊𝑪𝑪𝑪𝑪𝑪𝑪 =1.53 and 𝒊𝒊𝒘𝒘𝒂𝒂𝒐𝒐𝒘𝒘𝒓𝒓 =1.33. c) SEM image showing the hierarchical superhydropho-
bic surface with ø =7.5 µm micro-cavities and nanograss on the rim and in the bottom. 
d) Optical transmission microscopy images of micro-cavities during water wetting ex-
periments at ∆𝒑𝒑 = 225 mbar. The colored lines indicate examples of different wetting 
states on the micrographs. 

In RT12, we attributed the observed finite lifetime of the entrapped N2 gas 
to absorption of the gas in the water, which according to Henry’s law is pro-
portional to the partial gas pressure of the gas in contact with the water: 

𝑝𝑝𝑠𝑠(𝑡𝑡) = 𝑘𝑘𝐻𝐻𝑐𝑐(𝑥𝑥 = 0) .  2.13 

Here 𝑘𝑘𝐻𝐻 = 1640 L bar mol-1 is the Henry’s law constant for nitrogen in water 
at room temperature, 𝑐𝑐(𝑥𝑥 = 0) is the concentration of dissolved nitrogen in 
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water at the interface. 𝑝𝑝𝑠𝑠(𝑡𝑡) is the time dependent gas pressure in the cavi-
ties. This pressure can in turn be related to the pressure applied to the cell, 
𝑝𝑝𝑠𝑠, through an adapted Young-Laplace equation for the pressure inside a cy-
lindrical cavity:  

𝑝𝑝𝑠𝑠(𝑡𝑡) − 𝑝𝑝𝑠𝑠 =
2𝛾𝛾 cos𝜃𝜃𝐴𝐴

𝛾𝛾
  , 2.14 

where 𝛾𝛾 = 72 x 10-3 N m-1 is the surface tension of the water/gas interface, 
𝜃𝜃𝐴𝐴 is the advancing contact angle, and 𝛾𝛾 are the radii of the cylindrical micro-
cavities. The gas pressure is also given by the ideal gas law: 

𝑝𝑝𝑠𝑠(𝑡𝑡)𝜌𝜌(𝑡𝑡) = 𝑛𝑛(𝑡𝑡)𝑅𝑅𝑅𝑅 , 2.15 

where 𝜌𝜌(𝑡𝑡) is the volume of gas at any instant of time in each cavity, 𝑅𝑅 = 
8.31 J Mol-1 K-1 is the gas constant, 𝑅𝑅 is the absolute temperature, and 𝑛𝑛(𝑡𝑡) 
is the amount of moles gas trapped in each cavity. In water, the nitrogen 
molecules will diffuse along the concentration gradient away from the inter-
face. This diffusion process in water can be modelled in 1D by using Fick’s 
second law: 

𝜕𝜕𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐷𝐷
𝜕𝜕2𝑐𝑐(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥2

,   2.16 

where 𝐷𝐷 = 1.88×10-5 cm2 s-1 is the diffusion coefficient for nitrogen in water, 
t is the time, and 𝑥𝑥, the distance from the interface. When this diffusion pro-
cess is taken into account, the entrapped air volume 𝜌𝜌 and the associated 
gas pressure 𝑝𝑝𝑠𝑠 in each cavity becomes a function of time, while the concen-
tration of nitrogen molecules 𝑐𝑐 in water becomes a function of both time and 
distance, 𝑥𝑥.  
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Figure 2.14 
Reproduced from RT12 with permission. © 2014 American Chemical Society. Number of 
wells in the impregnating Cassie state and Wenzel states to the total number of wells 
vs. time at different values of applied overpressure above ambient pressure: 150 mbar, 
225 mbar, 300 mbar, and 400 mbar; the model data (until saturation at about 3 
minutes) were based on the degree of intrusion of a single cavity using the one-dimen-
sional diffusion model. 

In the experiment carried out in RT12, we counted the fraction of wells in 
each state, Cassie, Cassie-I, and Wenzel. During the transition from the Cassie 
to the Cassie-I states, each well is expected to fill while obeying Equations 
2.13-2.16. Hence, whereas the experimental method does not provide a 
measure for the precise position of the meniscus inside each well, it is rea-
sonable to assume that the filling process is stochastic. Hence, the number 
of wells in the Cassie-I state to the total number of wells can be assumed 
proportional to the degree of filling obtained by solving Equations 2.13-2.16 
numerically. This comparison of the model to the experimental data is shown 
in Figure 2.14, where we see that the model predicts the behavior during the 
first ∼3 min. of the experiment, where only a negligible number of wells has 
entered the Wenzel state. This result is important, but is seldom taken into 
account for surface designs aimed to maintain a plastron of air in underwater 
applications.21, 107 
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The concept of Laplace pressure has thus been demonstrated in conjunction 
with fitting of droplet profiles in contact angle measurements (see 2.1), and 
for predicting the pressure inside civilities in RT12 (see Equation 2.14). The 
general form of the Young Laplace equation is the following: 

∆𝑝𝑝 = 𝛾𝛾 �
1
𝑅𝑅1

+
1
𝑅𝑅2
� , 2.17 

where ∆𝑝𝑝 is the pressure difference across the liquid-gas interface with pos-
itive pressure taken from inside the liquid, 𝛾𝛾 is the previously defined surface 
tension of the liquid, and 𝑅𝑅1,𝑅𝑅2 are the principal radii of curvature. Now, in 
the case, where the surface asperities are partially wetted by a sessile small 
droplet, the macroscopic droplet radius will define the Young-Laplace pres-
sure according to Equation 2.17. The droplet radius is however much larger 
than the typical distance between the micro/nanoscopic surface asperities, 
and to a very good approximation we may assume that the menisci that ap-
pear between the surface asperities on average are flat at the droplet surface 
facing the substrate. If we further assume that locally the contact angle be-
tween the material and the liquid is the Young contact angle, then the degree 
of liquid intrusion is completely determined by 𝜃𝜃𝑌𝑌 and the opening angle of 
the asperities, which we here denote 2𝛼𝛼. This is shown in Figure 2.15, where 
we see that the equilibrium situation corresponds to the case of a flat menis-
cus where 𝜃𝜃𝑌𝑌 = 𝛼𝛼 + 90° , whereas for 𝜃𝜃𝑌𝑌 > 𝛼𝛼 + 90° , the Young-Laplace 
pressure will drive the interface out of the surface structures by capillary ac-
tion, while for 𝜃𝜃𝑌𝑌 < 𝛼𝛼 + 90°, the uncompensated Young-Laplace pressure 
will drive a capillary flow into the surface structure and toward the bottom. 
Menisci may have a curvature along one direction, if an equal curvature with 
opposite sign exists along the perpendicular direction, such that the right 
hand side in Equation 2.17 equals zero. What can be learned from Equation 
2.17 is thus that surface asperities with small opening angles composed of a 
hydrophobic material will render the sessile droplets to rest like on a “bed of 
nails” in the Cassie-Baxter state, whereas, asperities with very high opening 
angles will render droplets to enter the fully pinning Wenzel state. We should 
notice here that it is not obvious that classical concepts such as the Young 
contact angle and the Young-Laplace pressure apply at nanoscale. This issue 
was checked by Liu et al.108 who employed molecular dynamics simulations 
and found that Equation 2.17 applies also on nanoscale, and it has likewise 
been shown by Seveno et al., that also Young’s contact angle measured on 
macroscale for a flat surface applies on nanoscale109.   
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Figure 2.15  
Illustration showing the effect of capillary action between asperities with opening angle 
𝟐𝟐𝜶𝜶 and Young contact  
angle 𝜽𝜽𝒀𝒀.  

The effect discussed above was studied in RT10, where we employed black 
Si etching64 to produce surface asperities with varying opening angles and 
structure heights. This was done by varying the flow rates of SF6 and O2 in the 
reactive ion-etching (RIE) chamber between wafers, which resulted in a num-
ber of wafers with different distributions of heights, and opening angles of 
the black Si structures. RIE is a dry etching technique that was used here to 
structure silicon surfaces without masks through the combined effect of a 
corrosive gas (SF6) and a passivating gas (O2). As most of the surfaces made 
this way appear black due to the anti-reflection effect for the incident light 
by the sub-wavelength structures, this method is also known as the “black Si 
method”, and has widely been used in optical applications such as for anti-
reflective surfaces.110 By tuning the processing parameters, namely gas flow 
rate, platen power, chamber pressure, and etching time, it is possible to alter 
the structure shape, and even the opening angles of the cones.111 The black 
Si surfaces were subsequently coated by a self-assembled monolayer from 
the precursor perfluorodecyltrichlorosilane (FDTS) by atomic layer deposi-
tion to render the surfaces hydrophobic with an advancing contact of 𝜃𝜃𝐴𝐴 =
 (115.5 ± 0.9)°. The static contact angle for the same surface was determined 
to 𝜃𝜃 = (113.7 ± 1.3)°. If we take the advancing contact angle to be the one 
closest to the Young angle in this case, we get a critical opening angle for 
pinning 2𝛼𝛼𝑐𝑐 ≤ 2(𝜃𝜃𝐴𝐴 – 90°), which amounts to (51.0 ± 1.8)°. In Figure 2.16 we 
show the determined average opening angles for the fabricated surfaces 
with the critical opening angle for pinning shown as a horizontal line.  
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Figure 2.16  
Reproduced from RT10. Creative Commons Attribution 4.0 International License. © The 
Authors 2016. Column graph of samples of different opening angles fabricated by differ-
ent processing parameters (𝑸𝑸𝑺𝑺𝑺𝑺𝟔𝟔 ,𝑸𝑸𝑪𝑪𝟐𝟐 and 𝒐𝒐). For simplicity, we use a shorthand 
notation for samples of different SF6 and O2 flow rates and etching time as 𝑸𝑸𝑺𝑺𝑺𝑺𝟔𝟔 −
𝑸𝑸𝑪𝑪𝟐𝟐 − 𝒐𝒐. For example, 70-50-8 means a sample processed with 𝑸𝑸𝑺𝑺𝑺𝑺𝟔𝟔= 70 sccm, and 𝑸𝑸𝑪𝑪𝟐𝟐= 
50 sccm for 8 min. Morphologies of samples vary from sharp hierarchical needles (70-
50-8), tapered cones (70-70-8 and 70-90-8), to rounded domains (70-130-8), which all 
are macroscopically uniform while microscopically stochastic.  

In RT2 this concept was further elaborated in a wetting study of hierarchical 
superhydrophobic surfaces composed of nano- and microstructured PP foil. 
The nanostructures ware replicated from a nanograss Si surface, much the 
same way as in RT10, whereas the microstructures consisted of a hexagonal 
array of micropillars originated by photolithography and DRIE. In RT2, we 
measured the surface topography by atomic force microscopy (AFM) to ob-
tain the opening angles for the surface texture. This was done by extracting 
the slopes 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 and 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 directly from the AFM data. The half-opening 
angle is then obtained as 𝛼𝛼(𝑑𝑑) = acot��(dZ/dX)2 + (dZ/dY)2�. The ob-
tained values for 𝛼𝛼(𝑑𝑑) (bottom axis) for all (X,Y) coordinates are plotted as 
the “green haze” against the 𝑑𝑑 – measured height in Figure 2.17a (notice that 
zero is set to the top of the texture). 
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Figure 2.17  
Reproduced from RT2. Creative Commons Attribution 4.0 International License. © The 
Authors 2018. a) Half-opening angles 𝜶𝜶 as the function of the depth 𝒁𝒁 into the pattern. 
The green dots represent the distribution of all half-opening angles α across the AFM 
measured hierarchical surface (the bottom axis). The black line shows the cross-section 
through the middle of the pillar pattern (the top axis). The blue lines highlight the top 
part of the nano-grass pattern, where the half-opening angle is below 12° (vertical 
dashed line), where wetting is stopped by capillary Laplace pressure. The red lines show 
the bottom part of the nano-grass pattern, where the opening angles are below 12°, 
which is where further wetting is impeded by change of sign of the Laplace pressure. 
The critical liquid levels are marked in blue and red and are shown with numbers 1-2 
and 3-4 respectively b) The 3D representation of one of the micro-pillars recorded by 
AFM for each of the four liquid levels 1-4. 

For the PP foil we obtained 𝜃𝜃𝑌𝑌= (102±1)°, which yields a critical opening angle 
of 𝛼𝛼 = 𝜃𝜃𝑌𝑌 − 90° = (12±1)° for the menisci to have zero curvature. In Figure 
2.17 we see that the opening angle in reality has a broad distribution of val-
ues. This means that many configurations may yield the desired zero average 
curvature of the menisci. However, we expect that the water air interface 
will stop the propagation towards the bottom when enough critical opening 
angles are encountered that yield the flat menisci. This is envisaged to hap-
pen either at the band between horizontal lines 1) and 2) corresponding to 
tops of micro-pillars, or below horizontal line 3) corresponding to the onset 
of nanograss at the bottom of the texture. In Figure 2.17b we show the cor-
responding wetting levels. In RT2 we converted this information to the ratio 
of the projected wetted area to the total area 𝜑𝜑(𝑑𝑑), which is here a function 
of the liquid intrusion depth 𝑑𝑑 in the Miwa model Equation 2.12. Hence, in-
serting a wetting level corresponding to 𝑑𝑑 – values of -0.7 µm and -0.25 µm 
from Figure 2.17b into Equation 2.12, we get contact angles in the range 168° 
- 176°. This value corresponds very well to the measured contact angle of 
(176±2.5)° and a contact angle hysteresis of (6±2)° for 6.5 µL droplets.   
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2.7. Superamphiphobic surfaces 
Superamphiphobic surfaces repel both water and oily liquids, i.e. they exhibit 
high contact angles and small contact angle hysteresis with both types of liq-
uids. Superamphiphobic surfaces are thus both superhydrophobic and 
superoleophobic. Such surfaces are tricky to fabricate as a given surface 
chemistry will render a flat surface composed from the same material either 
hydrophilic and oleophobic or hydrophilic and oleophobic.  In other words, 
the Young contact angle cannot exceed 90° for both types of liquids, and 
hence the usual trick of structuring the surface with e.g. straight or conical 
protrusions will not work because the condition 𝜃𝜃𝑌𝑌 > 𝛼𝛼 + 90°, that prevents 
intrusion of the liquid into the structure cannot be fulfilled for both types of 
liquids. The way to engineer superamphiphobic surfaces is to make undercut 
surface structures with a hydrophobic surface chemistry.112 This concept 
works because low surface tension (oily) liquids will only intrude the struc-
ture by capillary forces until the liquid level reaches the reentrant (undercut) 
region where the geometry forces a change of sign of the Laplace pressure 
given by Equation 2.17 and stops further intrusion. Intrusion by water, on the 
other hand, will already be stopped at the top of the structure. The condition 
for obtaining superamphiphobic properties can thus be stated as 𝜃𝜃𝑌𝑌 > 𝜓𝜓 
based on the structure geometry defined in Figure 2.18. An extremely robust 
reentrant surface was demonstrated in RT3, where the undercut nanostruc-
tures (nano-hoodoos) were originated from block-coplymer self-assembly as 
shown in Figure 2.18. This surface is based on the same fabrication technol-
ogy previously shown in Figure 2.11, but here a two-step RIE comprising 
Cl2/SF6+Cl2 was employed to generate the overhang structures instead of 
only a single Cl2 RIE step to yield straight pillars.  
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Figure 2.18  
Reproduced from RT3 with permission. Creative Commons Attribution-NonCommercial 
3.0 Unported Licence. a) SEM image of BCP derived nano-hoodoos in profile view. b) 
Sketch of nano-hoodoo array dimensions. c) Sketch of inverse–trapezoidal pillar profiles 
indicating geometric dimensions and convex texture angle 𝝍𝝍 showing wetting behavior 
with water. The convex texture angle 𝝍𝝍 is given by cosψ=(d-b)/2c d) Sketch of wetting 
behavior for low surface tension liquids. e) Image of sessile droplets of water (72.8 
mN/m), ethylene glycol (47.7 mN/m) and olive oil (32.3 mN/m) on nano-hoodoo Si sur-
face coated with a monolayer of FDTS. 

The nano-hoodoo surface from RT3 featured a gradually decreasing am-
phiphobicity with surface tensions and measured 𝜃𝜃𝑌𝑌 values. Hence, a stable 
Cassie-Baxter state was achieved for olive oil, ethylene glycol and water, with 
an apparent contact angle 𝜃𝜃 close to 160°. For hexadecane, characterized by 
significantly lower surface tension (27.6 mN m-1) and Young contact angle 
𝜃𝜃𝑌𝑌 = 70°, the nano-hoodoo surface obtained an apparent contact angle 𝜃𝜃 of 
140°. For octane, we measured an apparent contact angle of 107° indicating 
that the liquid impregnates the texture to a higher degree and forms a met-
astable (rose petal) state mentioned before.82 This behavior is attributed to 
the proximate values of the octane Young contact angle of 𝜃𝜃𝑌𝑌 = (63 ± 2)° and 
the nanotexture angle 𝜓𝜓 = (56 ± 7)°. Hence, 𝜃𝜃𝑌𝑌 ~ 𝜓𝜓 when considering the 
standard deviations of both values. Nevertheless, this superamphiphobic 
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nanotextured surface shows a considerable stability against wetting transi-
tions for hexadecane, olive oil, ethylene glycol and exhibits roll-off angles 38°, 
34°, 21° and 22°, respectively for the 4 test liquids.  

 

2.8. Superwetting surfaces 
For various applications, such as anti-fogging surfaces, it may be advanta-
geous for water to spread and form a continuous thin film on surfaces. This 
will render a surface transparent, as light will not be scattered by the small 
droplets formed by condensed water. This advantage will however rely on 
the surface material being transparent itself, and on the surface texture be-
ing smaller than the diffraction limit for visible light, which  roughly equals 
half the shortest wavelength of visible light, i.e. about 200 nm. Such a surface 
was demonstrated in RT1, where we employed block copolymer self-assem-
bly already introduced earlier; however, this time we extended the process 
by steps of electroforming a Ni shim from the Si master, and by subsequent 
replication in transparent PMMA by means of injection molding. This process 
yielded a polymer surface with a surface structure comprising a predomi-
nantly hexagonal array of nano-pillars, with pillar diameters, 𝑑𝑑 = (55.1±1.6) 
nm, center-center pillar to pillar (pitch) distances 𝛾𝛾 =  (73.3±1.1) nm, and 
heights ℎ = (55±5) nm. The roughness factor 𝑟𝑟 for this surface can readily be 
computed. If we assume pillars to have perfect cylindrical shape, we get, 
𝑟𝑟𝑐𝑐𝑥𝑥𝑠𝑠 = (1 2√3𝛾𝛾2 + 𝜋𝜋𝑑𝑑ℎ)/1

 2√3𝛾𝛾2 = 3.0±0.2, whereas, assuming a semispheri-
cal pillar shape, we get, 𝑟𝑟𝑠𝑠𝑐𝑐 = (12√3𝛾𝛾2 + 𝜋𝜋𝑑𝑑�ℎ − 1

2𝑑𝑑� + 1
4𝜋𝜋𝑑𝑑

2)/12√3𝛾𝛾2 =
 2.5±0.2. The Young contact angle for the pristine PMMA surface used for the 
experiment was measured to 𝜃𝜃𝑌𝑌 ≈ 68°, and hence giving rise to a critical sur-
face roughness according to Equation 2.8 of 𝑟𝑟𝑐𝑐 ≈ 2.7. Hence, we expect full 
wetting behavior as shown in Figure 2.8 to be within reach for the pristine 
surface as the estimated roughness factor is close to 𝑟𝑟𝑐𝑐.  
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Figure 2.19  
Reproduced from RT1 with permission of The Royal Society of Chemistry. Wetting of tex-
tured, hydrophilic surfaces. a) Advancing contact angles 𝜽𝜽𝑨𝑨 for nanostructured samples 
plotted as a function of the corresponding Young contact angle, 𝜽𝜽𝒀𝒀, exposed to the 
same plasma treatment. The gray scale shading indicates the transition between a su-
perwetting regime and a pinning regime. The solid line shows a fit to a sigmoidal 
function to guide the eye, while the dashed curves represent one standard deviation of 
the fitted threshold between the regimes.  b) Droplet profiles recorded on the flat (un-
structured) samples. Data point A’ corresponds to an untreated pristine sample with 
𝜽𝜽𝒀𝒀 = 67.6°, while B’ is for a plasma treated sample with Young contact angle 𝜽𝜽𝒀𝒀 = 
48.1°. c) Droplet profiles recorded on the nanostructured samples. Data point A’ corre-
sponds to an untreated nanostructured sample having 𝜽𝜽𝑨𝑨 = 99.4°, while B’ corresponds 
to a nanostructured and plasma treated sample with a contact angle 𝜽𝜽𝑨𝑨 = 19.3°. d) Op-
tical microscopy images recorded during condensation of water from saturated vapor 
while samples were cooled to 5° C. Images are recorded at times as indicated. The im-
ages were obtained for untreated flat and nanostructured surfaces (condition A’), and 
in e) for treated (condition B’) flat and nanostructured surfaces as indicated. The width 
of each frame is roughly 1 mm. f) Overview image of an untreated (condition A’) but 
nanotextured sample subjected to water vapor, and g) of a plasma treated (condition 
B’) and nanotextured sample. The samples are 50 mm in diameter. h) Helium-ion nanos-
copy image of 40° tilted nano-pillar surface derived from BCP nanolithography and 
replicated in PMMA. 

We then conducted an experiment, where the surface was exposed to satu-
rated water vapor while cooled to below the dew point in a controlled 
atmosphere. While condensation of water vapor was ongoing we observed  
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the surfaces in a high-resolution optical microscope. To ensure that the tran-
sition to the superwetting regime is achieved, we further subjected the 
samples to temporally increasing exposures of soft Ar plasma. AFM measure-
ments were employed to verify that the Ar plasma did not increase surface 
roughness, and only rendered the surfaces more hydrophilic via hydrolysis of 
ester groups in the methyl methacrylate molecular groups. The plasma treat-
ment was conducted for structured and unstructured sample pairs to enable 
a subsequent measurement of the apparent advancing contact angle for the 
structured samples as a function of the corresponding Young’s contact angle 
(obtained from the unstructured sample pairs). The results are summarized 
in Figure 2.19. The first remarkable observation is that the apparent contact 
angle for the structured, but untreated sample is higher than its correspond-
ing Young contact angle. This result is in contradiction with the expectation 
for the apparent contact angle obtained by minimizing Gibb’s free energy; 
see Equation 2.7 and Figure 2.8, which predicts that surface structure will 
render a hydrophilic surface even more hydrophilic, i.e. we expect that the 
apparent contact angle for the structured surface will be lower than the cor-
responding Young contact angle. In Figure 2.19a the opposite is observed for 
the untreated and lightly plasma treated samples. In order to understand the 
results shown in Figure 2.19, we introduce the concept of pinning.113 For a 
hydrophilic surface, pinning occurs due to obstacles that impede the spread-
ing of liquid on the surface.114 Hence, although the system strives to reduce 
the Gibbs free energy by spreading that result in a reduction of the apparent 
contact angle, surface structure may impede this action due to capillary stop-
ping effects. Such effects are well known from the design of microfluidic 
burst valves.115 Although, in this case liquid flows over an open surface, the 
physics are the same, and controlled by the shape of the menisci at the liquid 
front, which imposes a Laplace pressure across the interface. Hence, instead 
of winding itself directly towards a smaller and smaller Gibbs energy, the sys-
tem get trapped in local minima on the energy curve as shown schematically 
in Figure 2.20. Such local minima are also referred to as “metastable 
states”,116 because agitations by e.g. vibrations may cause the system to 
overcome the local energy barriers resulting in decrease of the contact an-
gle.117, 118  
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Figure 2.20  
Schematic of Gibbs free energy as a function of the apparent contact angle for a hydro-
philic structured surface, where surface structure imposes local minima to the free 
energy. 

Another important observation from Figure 2.19 is the transition to the su-
perwetting state, where eventually the apparent contact angle becomes 
smaller than Young’s contact angle, and condensation of water vapor on the 
surface yields a continuous water film over time (Figure 2.19e, g). In Figure 
2.19a, we see that this transition to the superwetting regime occurs at about 
𝜃𝜃𝑌𝑌~ 50°-55°. This result show that the pinning effect can eventually be over-
come. In RT1 we further show that this happens when the surface starts to 
support a hemiwicking flow of a precursor film. When liquid spreading is ob-
served by transmission microscopy (see RT12), we see that the behavior is 
fundamentally different for the two states; the pinning state and the super-
wetting state. In the pinning state, the droplet front propagates slowly and 
with slowly decreasing speed, whereas, in the superwetting state, we ob-
serve a fast propagation in the first few seconds, followed by a full stop of 
the droplet front, and a continued propagation of a hemiwicking film, that 
eventually slows down. The behavior is summerized in Figure 2.21. A deeper 
analysis of the data show that propagation in both regimes follow a power 
law 𝑥𝑥(𝑡𝑡) ∝ 𝑡𝑡𝛼𝛼 , with 𝛼𝛼 ≈ 0.85-1.00 for the first ∼10 s after droplet launch. 
This near-linear behavior is consistent with a pressure-driven, Hagen-
Poiseuille flow, where the channel length is constant. Hence, this observation 
does not corroborate the Tanner law behavior 𝑥𝑥(𝑡𝑡) ∝ 𝑡𝑡0.1 usually observed 
for liquid front advancement on flat surfaces,119-121 nor the Washburn type 
advancement with power law 𝑥𝑥(𝑡𝑡) ∝ 𝑡𝑡0.5 found by Bico et al.122 for hemi-
wicking flow on micron-sized pillar build surfaces (in analogy to the capillary 
flow in small tubes).  
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Figure 2.21  
Adapted from RT1 with permission of The Royal Society of Chemistry. Recording of drop-
let spreading by transmission microscopy. a) Schematic of the experimental setup 
comprising an inverted optical microscope. b) Image sequences from videos of the drop-
let evolution are shown after 0, 1.7, 3.4, 5.1, and 176 sec. The images show spreading of 
water for a pinned state (sample A), and for a superwetting state (Sample B). The 
dashed lines indicate positions of the waterfront at the given time. The advancing con-
tact angle for sample A was (70±2)° and (20±2)° for sample B. Estimates for Young’s 
contact angles are also indicated.  c) The extracted displacement of the liquid front is 
plotted as a function of displacement time. For sample A, exhibiting pinning properties, 
the droplet front 𝒙𝒙𝟏𝟏 propagates but slows down gradually. 𝒙𝒙𝟎𝟎 represent an arbitrary 
zero-position for the droplet front displacement. For Sample B, which supports the su-
perwetting state, the droplet propagates much faster until it reaches a full stop after a 
few seconds. A hemiwicking film with front position 𝒙𝒙𝟐𝟐 continues the propagation after 
the droplet has reached a full stop. d) Definition of positions 𝒙𝒙𝟏𝟏 and 𝒙𝒙𝟐𝟐 with respect to 
the zero-position 𝒙𝒙𝟎𝟎. 

It is interesting to look into what determines the onset of hemiwicking flow 
on these nanosurfaces. In RT1 we argue that this turning point can be pre-
dicted by looking into the sign of the Laplace pressure for the liquid front 
during hemiwicking. This Laplace pressure ∆𝑝𝑝 may be very high; ∼10-50 bar 
owing to the nanoscale dimensions of the surface texture. ∆𝑝𝑝 is thus consid-
erably higher than both the hydrostatic pressure 𝜌𝜌𝜌𝜌ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐~10-4 bar and the 
Laplace pressure associated with the overall droplet curvature ~𝛾𝛾/
𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐~10-3 bar, where 𝜌𝜌 is the mass density, 𝜌𝜌 the acceleration of gravity, 
ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐 the height of the sessile droplet, and 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐 the radius of curvature of 
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the sessile droplet. Further, we can compare the droplet size with the capil-
lary length ℓ𝑐𝑐 = �𝜌𝜌𝜌𝜌/𝛾𝛾 (≈ 2.7 mm for water). For droplet sizes somewhat 
smaller than ℓ𝑐𝑐, gravity will have negligible influence on the droplet shape. 
In this experiment, the droplet base radii were of order millimeter and their 
heights even smaller, making it safe to assume droplets to have spherical cap 
shapes. Lastly, the governing dimensionless number for hemiwicking flow is 
the capillary number 𝐶𝐶𝛾𝛾 = 𝜂𝜂𝜌𝜌𝑑𝑑/𝛾𝛾, where 𝜌𝜌0 is the characteristic speed of ad-
vancement and 𝜂𝜂  the dynamic viscosity. The advancement speeds of the 
liquid fronts (visualized in Figure 2.21) are of the order 1-20 µm/s resulting 
in 𝐶𝐶𝛾𝛾 ≈ 10-8-10-7. This indicates a flow heavily dominated by surface tension 
over viscous forces. Hence, we may safely assume that the Laplace pressure 
associated with the curvature of the menisci is the only significant force. This 
Laplace pressure is given by the lateral and vertical radii of curvature 𝑅𝑅1 and 
𝑅𝑅2 (Equation 2.17) for the menisci. For a positive Laplace pressure, the hem-
iwicking flow will be impeded resulting in the pinning state.  Only when 
capillary barriers locally break, the liquid front can advance to the next bar-
rier. The hemiwicking flow is only sustained when the Laplace pressure ∆𝑝𝑝 
inside the hemiwicking liquid is negative and does not change sign before the 
three-phase-line reach the next row of pillars. This condition relies entirely 
on the geometry of the pillar array and on Young’s contact angle for the ma-
terial. Assuming a perfect hexagonal array of cylindrical pillars, we can 
elaborate further on this Laplace model. The approach is presented in Figure 
2.22. If we attribute a minus sign to 𝑅𝑅2 as positive curvature is defined from 
inside of the liquid (corresponding to a convex meniscus), and divide 𝑅𝑅1 by 
sin𝜃𝜃𝑌𝑌, we get the condition that 𝑅𝑅2 ≥ 𝑅𝑅1/ sin𝜃𝜃𝑌𝑌 must apply for the largest 
value of 𝑅𝑅1, namely when the three-phase-line just reach the next row of 
pillars. The division by sin𝜃𝜃𝑌𝑌 is required to project the plane comprising the 
radius of curvature 𝑅𝑅1 onto a principal plane that contains the normal vector 
to the meniscus.2 In the construction of 𝑅𝑅2, we have assumed that the liquid 
surface reaches the full pillar height at the narrowest gabs between the pil-
lars as shown in Figure 2.22b. This assumption is satisfied for very dense pillar 
arrays, i.e. when the gap (𝛾𝛾 − 𝑑𝑑) is small compared to the pillar diameter 𝑑𝑑. 
The two radii of curvature 𝑅𝑅1and 𝑅𝑅2 can be obtained from the inspection of 
the geometry and some algebra. 

 

                                                           
2 This sine factor was erroneously omitted in RT1, and gave rise to a small deviation 
between the model presented in RT1 and Figure 2.23c,d. This error, however did 
not alter the main conclusion, as the blue curves in Figure 2.23c were simply 
shifted downwards, and were more flat for low 𝜃𝜃𝑌𝑌 values. 
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where 𝑏𝑏 = √3𝛾𝛾 − 𝑑𝑑  is the shortest distance between next nearest pillar 
rows. The condition 𝑅𝑅2 ≥ 𝑅𝑅1/ sin𝜃𝜃𝑌𝑌 imposes a parameter space for geome-
try, i.e. for the set of parameters, (𝛾𝛾,𝑑𝑑, ℎ), and Young’s contact angle that 
support a hemiwicking flow. Hence, for a given value of 𝜃𝜃𝑌𝑌, we can see which 
parameters satisfy the wicking condition. This is shown in Figure 2.23d, 
where the available parameter space is the one positioned below the respec-
tive curves representing the Young contact angles. We see, that the lower 
Young contact angle, the more parameter space will be available to support 
hemiwicking. The available parameter space scales with the pillar diameter 
𝑑𝑑. In the same figure, we also plot the conditions based on the Wenzel equa-
tion 𝑟𝑟 ≥ 1/ cos𝜃𝜃𝑌𝑌 (red curves in Figure 2.23d), where the roughness factor 
is computed for cylindrical pillars. We see that the Wenzel condition for wet-
ting is by far more forgiving than the Laplace condition for hemiwicking. This 
conclusion is fairly well corroborated by experiment, where we observed on-
set of hemiwicking at 𝜃𝜃𝑌𝑌~ 50°-55° for the actual measured parameter space 
indicated by the elliptical patch shown in Figure 2.23d, which indicate that 
𝜃𝜃𝑌𝑌 should be below ∼ 45° to support hemiwicking. An even more realistic 
model can be obtained if we assume a sloped  substrate bottom at the root 
of the pillars. Further, a small taper angle 𝛿𝛿 of the pillars will cause an effec-
tive replacement (𝛾𝛾 𝑑𝑑) → (𝛾𝛾 𝑑𝑑)(1 + 2 tan𝛿𝛿)−1⁄⁄  if ℎ ≈ 𝑑𝑑. Such deviations 
from perfect cylindrical geometry are well documented by images of the ac-
tual surface (see Figure 2.19h). Considering these effects will shift the Wenzel 
curves downwards, as the roughness factor will decrease by a more rounded 
shape, while the Laplace curves will shift upwards. Both set of curves will thus 
get closer to the experimental observation, namely that the 𝜃𝜃𝑌𝑌 ≈ 50° curve 
pass through the actual parameter space marked by the elliptical patch.  
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Figure 2.22  
Adapted from RT1 (ESI) with permission of The Royal Society of Chemistry. a) Schematic 
of top view of hexagonal pillar array comprised of cylindrical pillars. The lateral radius 
of curvature in the Laplace pressure is indicated in top view (𝑹𝑹𝟏𝟏) together with the vec-
tors 𝑨𝑨𝑨𝑨������⃗  and 𝑨𝑨𝑪𝑪������⃗ . The lattice constant 𝒂𝒂 of the pillar array is shown together with the 
pillar diameter 𝒅𝒅. b) Schematic of cross sectional view along x-axis of the pillar array. 
The vertical radius of curvature (𝑹𝑹𝟐𝟐) and cross section view of the pillar structure is 
shown together with the line segment 𝑪𝑪𝑪𝑪. The height 𝒉𝒉 of pillars, and 𝒃𝒃, the shortest 
distance between next nearest pillar rows, are also indicated. c) Examples of computed 
horizontal and vertical radii of curvatures, (𝑹𝑹𝟏𝟏/ 𝒔𝒔𝒊𝒊𝒊𝒊𝜽𝜽𝒀𝒀 ,𝑹𝑹𝟐𝟐) in units of the pillar diame-
ter as a function of the ratio between pitch and pillar diameter, 𝒂𝒂/𝒅𝒅. The curves are 
plotted for the case of height to pillar diameter aspect ratio 𝒉𝒉/𝒅𝒅 =1 and for various val-
ues of the Young contact angle 𝜽𝜽𝒀𝒀.The intersections between the 𝑹𝑹𝟏𝟏/ 𝒔𝒔𝒊𝒊𝒊𝒊𝜽𝜽𝒀𝒀 and the 𝑹𝑹𝟐𝟐 
plots indicate the zero Laplace pressure solutions. d) Red curves represent the Wenzel 
hemiwicking threshold. Wenzel curves for 𝜽𝜽𝒀𝒀 = 68°, 70°, and 72° are plotted. The blue 
curves represent the Laplace hemiwicking condition obtained from a numerical solution 
of the equation 𝑹𝑹𝟏𝟏/ 𝒔𝒔𝒊𝒊𝒊𝒊𝜽𝜽𝒀𝒀 = 𝑹𝑹𝟐𝟐. Laplace model plots for 𝜽𝜽𝒀𝒀 = 35°, 40°, 45°, and 50° 
are shown. The elliptical patch representing the uncertainty in the determination of the 
geometrical parameters indicates the relevant parameter space for the BCP structures 
replicated in PMMA. 

The last important observation to notice from the experimental data in Fig-
ure 2.21, is the abrupt full stop of the droplet spreading just before onset of 
hemiwicking (see Figure 2.21c sample B). This full stop is a true signature of 
a droplet in thermodynamic equilibrium resting in a global minimum energy 
state, while the slow advancement observed in the pinned state (see Figure 
2.21c sample A) indicate propagation through consecutive metastable states. 
In RT1 we show that this situation corresponds to a sessile droplet sitting on 
a chemically heterogeneous rough surface composed of the wicked water 
film and the dry pillar caps. The idea is shown in the inserts of Figure 2.23, 
and the model to predict the corresponding contact angle was originally 
dubbed the “sunny side up” model by Ishino and Okumura123, who first de-
rived the model based on initial experiments by Bico et al.122. In the “sunny 
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side up” model, the yolk represents the sessile droplet, and the white repre-
sents the wicked water film. We write up this model for a realistic surface 
geometry composed of a hexagonal array of pillars capped with oblate half-
spheroids. Following Miwa et al.105 and Whyman et al.99 For the apparent 
contact angle we get: 

cos𝜃𝜃 = �
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With 𝐴𝐴ℎ𝑒𝑒𝑥𝑥 = √3
2
𝛾𝛾2. We may now apply the principle put forward in RT10 and 

RT2 (see also Figure 2.15) to determine the water level in-between the pillars 
by requiring that the Laplace pressure is zero and that the water level is de-
termined by Young’s contact angle (see bottom insert Figure 2.23) . This will 
render the projected dry area 𝐴𝐴𝑊𝑊𝑊𝑊 and the full dry area 𝐴𝐴𝑊𝑊 depend on 𝜃𝜃𝑌𝑌. 
The model corresponds to a modified Cassie model (Equation 2.9), for a 
chemically heterogeneous rough surface composed of dry pillar caps with lo-
cal contact angles 𝜃𝜃𝑌𝑌, and a wicked water film having zero contact angle. 
Employing the geometry shown in the two inserts in Figure 2.23, we can ex-
press the area of the oblate spheroid above the water film, i.e. the dry area 
by3: 
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where the angle 𝛼𝛼 is a function of Young’s contact angle 𝜃𝜃𝑌𝑌 and eccentricity 
𝜀𝜀  through the relation tan𝛼𝛼 = (1 − 𝜀𝜀2) cot𝜃𝜃𝑌𝑌 . The projection of the dry 
area is given by 

                                                           
3 This area will contribute to a Wenzel-like roughness; hence the index “W” is used 
to designate this area. 
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For 𝜀𝜀 → 1, the pillars become cylinders with completely flat caps and 𝐴𝐴𝑊𝑊 =
𝐴𝐴𝑊𝑊𝑊𝑊 = 𝜋𝜋(𝑑𝑑 2⁄ )2 , whereby also the dependence on 𝜃𝜃𝑌𝑌  disappears as ex-
pected, and the model becomes equivalent to the expressions derived by 
Bico et al.122 and Ishino and Okumura123.  In Figure 2.23 we plot the same 
data as also shown in Figure 2.19a together with the prediction of the “sunny 
side up” model (Equation 2.20) with 𝜀𝜀 = 0, i.e. for a hemi-spherical cap and 
using measured values for 𝛾𝛾 and 𝑑𝑑. We see that the data seem to converge 
towards the model when Young’s contact angle enters the superwetting re-
gime. In the pinning regime, on the other hand, we see that data deviate 
substantially from the model prediction, corroborating the hypothesis that 
this regime represent a metastable state away from thermal equilibrium.  

 
Figure 2.23  
Reproduced from RT1 (ESI) with permission of The Royal Society of Chemistry. The data 
from Figure 2.19a plotted together with the contact angle 𝜽𝜽 obtained from Equations 
2.20-2.23. with 𝜺𝜺 = 𝟎𝟎, i.e. for a hemi-spherical cap. No adjustable parameters are used, 
as measured values 𝒅𝒅 = 55.1 nm and 𝒂𝒂 = 73.3 nm are applied in the computation. 

 
  



- 48 - 
 

  



- 49 - 
 

3. Roadmaps for scalable fabrication of functional 
surfaces 

To enable industrial fabrication of surfaces with enhanced wetting properties 
we propose a roadmap comprising a top-down master origination scheme 
and a facsimile replication in polymer. This fabrication scheme resembles the 
scheme used for the fabrication of optical storage media such as CDs, DVDs, 
and blue ray discs. Hence, therefore on the downside; the availability of com-
mercial tools for electroforming of Ni molds is coupled to the production of 
CDs, which however has substantially declined due to the replacement of 
physical storage media by music streaming services and on-demand TV.  The 
used fabrication scheme is also conceptually related to the so-called LIGA 
(German acronym for Lithographie, Galvanoformung, Abformung)4 process, 
where high aspect ratio reliefs in a resist are formed by exploiting highly col-
limated synchrotron radiation for lithography and subsequently used for 
electroforming a Ni mold.124, 125  In a further development of the LIGA pro-
cess, the x-ray lithography is replaced by pattern transfer steps of ordinary 
UV-lithography used with thick resist layers, such as SU-8 (UV-LIGA).126 In yet 
another version, normal UV resist is used but combined with deep reactive 
ion etching (DRIE). The latter process is abbreviated DEEMO (deep etching 
electroplating and molding).127, 128 Ni molds can subsequently be used for 
replication of polymeric surfaces by nanoimprint lithography129, hot emboss-
ing130 or injection molding131, 132. In addition, various roll-to-roll (R2R) 
versions of these replication techniques exist. In R2R hot embossing and 
thermal nanoimprinting, a heated structured roller is used to imprint a struc-
ture into a thin film in a R2R process.133, 134 This process is capable of 
imprinting most thermoplastic materials, but is impeded in speed by the re-
quirement for very precise temperature control, as the glass temperature 
cannot be exceeded due to the web tension, which may cause the web to 
break.135 In terms of high speed, the best established technology is roll-to-
roll UV-assisted nanoimprint lithography, first demonstrated by Ahn et al.136 
The present state of the art line-speed for the R2R UV process amounts to 
about 10 m/min with a 25 cm wide web.137 The main limitation of the R2R 
UV process is the surface chemistry, as the relief must be formed in a UV 
curable resin. The R2R process known as extrusion coating is a very mature 
process used by the industry for production of smooth foils for packaging. 
Inmold A/S, Danapak A/S, and DTU have pioneered the use of this process 
for production of nanotextured foils at web line-speed up to 60 m/min on a 

                                                           
4 Lithography, electroforming, and molding 
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45 cm wide web (see RT9) using a small extruder for pilot production. Full-
blown production machines feature web-speeds up to about 300 m/min for 
200 cm wide webs.   R2R extrusion coating of nanostructured surfaces is de-
scribed in more detail below. Another viable fabrication roadmap is based on 
the process family often referred to as “soft lithography” with pioneering 
works by Whitesides et al..138 In soft lithography a patterned relief structure 
is originated by lithography on a Si wafer, which in turn is used as a mold in 
a cast molding process with an elastomer. In cast molding, a prepolymer of 
the elastomer is poured over a master having relief structure on its surface, 
then cured and peeled off. The elastomer polydimethylsiloxane (PDMS) is 
typically used for soft lithography. This PDMS replica can in turn be used for 
micro-contact printing of surface chemistries139 or directly for fabrication of 
e.g. microfluidic devices140.  Although soft lithography is the most widespread 
process for academic work and fast prototyping, it is not considered being 
industrially compatible due to poor “economies of scale”.141 The main tech-
nical limitation for all of the above processes is, however, the demolding 
requirement, which rules out replication of undercut structures like the 
nano-hoodoos fabricated on a Si surface in RT3.  Numerous composite coat-
ing approaches have also been proposed, whereby the surface morphology 
and chemistry is obtained by coating with suitable nanoparticle solutions to 
obtain either superhydrophobic surfaces,142, 143 or superhydrophilic sur-
faces144, 145 Finally, a liquid infused slippery surface (SLIPS) featuring self-
repair and omniphobicity has been proposed by Aizenberg et al..146  
   

3.1. Master origination 
In RT12 and in RT11 variants of the DEEMO process was employed to injec-
tion mold superhydrophobic surfaces. Here, we will focus on the master 
origination process described in RT11 as shown in Figure 3.1a, which resulted 
in a multi height random surface structure featuring easy demolding.  The 
mask used to define the surface structures consisted of a matrix with 16 (4x4) 
fields of 6x6 mm2 areas with surface coverage varied along one axis (0.22%, 
0.26%, 0.30%, 0.33%)  and the dot diameter varied along the other (5 µm, 7 
µm, 9 µm and 11 µm). A Matlab script to yield random dot positions was used 
to generate the dots in each mask field. A positive tone photoresist was used, 
and hence, the dots where defined as bright areas on the mask (dark-field 
mask). Following the lithography step, the pattern transfer to a Si wafer was 
done by deep reactive ion etching (DRIE). The random multi-height surface 
structure was achieved by etching to three different depths with repetition 
and misalignment of the mask by 0.5 mm between each exposure. Each mis-
alignment was done perpendicular to the previous step resulting in 5x5 mm2 



- 51 - 
 

fields with the desired structure. The final DRIE etched structure is shown in 
Figure 3.1c. The three consecutive etching depths of 2.8 µm, 3.8 µm and 6.6 
µm resulted in structure heights of 0 µm, 2.8 µm, 3.8 µm, 6.6 µm, 9.4 µm, 
10.4 µm, and 13.2 µm depending on the combination of random overlaps of 
holes. In order to get the desired rounding of protrusions we grew and re-
moved a thermal oxide on the silicon surface. During oxidation the growth 
rate of the oxide is diffusion limited, resulting in different rounding at open 
and closed corners. This is shown in Figure 3.1b, where a circular pillar array 
is oxidized and shown in profile after cleavage of the wafer through one of 
the pillars. The corners at the tops of the pillars remain sharp while the cor-
ners at the base of the pillars are smoothened. To utilize this effect to 
produce protrusions with rounded tops we defined the structures as holes in 
the silicon master, oxidized it, removed the oxide, and reversed the polarity 
by imprinting in a polymer foil. To smoothen the structures, ∼1 µm of wet 
thermal oxide was grown and consecutively removed in buffered HF, while 
the polarity of the structures was reversed by imprinting the structures into 
a 300 µm thick polymer foil. Structures imprinted in the foil are shown in 
Figure 3.1d. The foil was then sputter coated with 100 nm NiV seed layer to 
enable the electroforming of a Ni shim (mold) with a thickness of 300 µm for 
use in the injection-molding step to follow.  However, before using the shim 
for injection molding, it was coated with an FDTS anti-stiction layer (see also 
RT14 regarding FDTS anti-stiction coating). The rounded protrusions enabled  
easier demolding. 
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Figure 3.1  
Adapted from RT11 with permission. © 2015 Elsevier B.V. a) Schematic drawing of the 
fabrication process for the multi-height structures in injection-molded polymer. 1-3) UV 
Lithography and D-RIE etching, 4) Thermal oxide growth and removal in BHF, 5-6) Im-
print in polymer foil, 7-8) Electroforming of Ni, 9-10) Injection molding of final part. b) 
SEM image of a cleaved Si pillar covered with thermally grown oxide. The morphologi-
cal difference between oxide grown at open (top of pillar) and closed (base of pillar) 
corners is clearly visible. c) SEM image of the structures in silicon after three consecutive 
lithography and etching steps. d) Reversed structures in polymer foil after imprint. e) Fi-
nal structure in injection molded polypropylene. 

 

3.2. Polymer replication by injection molding 
Injection molding is a very mature industrial process for manufacture of parts 
in thermoplastic materials ranging in size from miniature components for 
hearing aids to car bumpers and garden furniture. Here, we will only account 
for the basic principles, as many reference books exist for injection mold-
ing.147 However, we will provide a more in-depth description of the special 
process requirements for replicating micro- and nanostructured surfaces of 
relevance in this dissertation, as the one shown in e.g. Figure 3.1e and Figure 
2.13c. Hence, in short and referring to Figure 3.2, when injection-molding 
thermoplastics, the polymer granule raw material is fed through a hopper 
into a heated barrel with a reciprocating screw. The combined action of ac-
tive heating in the heat zones and shear thinning in the barrel when the screw 
rotates melts the polymer. During this process, the polymer is also homoge-
nized and mixed with any added additives or color dyes. Once the screw 
reaches the transfer position, the packing pressure is applied by activating 
the hydraulic injection system, which plunges the screw forwards. A one-way 
check valve placed in front of the nozzle (not shown in Figure 3.2) prevents 
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backflow of the molten polymer. The amount of polymer, called a shot, in-
jected into the mold cavity (including the sprue and runner) during each cycle 
is a critical process parameter, which is set on the machine console, and care-
fully adjusted during the optimization at the beginning of the fabrication 
session. The packing phase will also compensate for the thermal shrinkage of 
the polymer when it cools. The filling of the mold takes place until the cavity 
entrance solidifies. The narrowest section of the entrance is called the gate 
(not shown in Figure 3.2). The gate is thus a critical part of the mold, and 
must be designed for the polymer to solidify here before it solidifies in the 
sprue and runner (runner is not shown in Figure 3.2). When the molten pol-
ymer flows into the cavity, it will rapidly solidify when getting in contact with 
the cold mold surfaces, and hence, this type of flow is dubbed “fountain 
flow”.148, 149 When the whole cavity is filled (ideally), and the polymer has so-
lidified at all cavity surfaces, the mold opens by activation of the clamping 
hydraulic system, which pulls the movable platen backwards guided by the 
tie-bars5. The final polymer part, but with replicas of the sprue and run-
ner/gate attached, will follow with the movable mold part before it is finally 
released by activating the ejector pin system (not shown in Figure 3.2). The 
ejector pins push or pull (depending on design) the part away from the mov-
able mold part. The molded part will hereafter fall down into a bucket or 
become picked up and placed on a conveyer belt by a handling robot. The 
hydraulic clamping system will then close again and clamp the mold by the 
required clamping force set on the machine console.  Meanwhile, once the 
gate has solidified, and no more material can enter the cavity, the screw will 
reciprocate to acquire material for the next shot. 
 

 

                                                           
5 Some injection molding machines, as e.g. the Victory 80/45 Tech, Engel GmbH, 
used for all the work shown here feature a tie-bar-less technology, where the pis-
ton module itself ensures rigidity of the clamping section.  
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Figure 3.2  
Schematic of injection molding machine. 

Here, we will go a bit more into detail for the injection molding of the sur-
faces (see Figure 3.1e)  presented in RT11, and use this to showcase the 
principles. The injection-molding machine used was a tie-bar-less Engel Vic-
tory 80/45 Tech, featuring a clamping force of 45 tons. The “flat-disc” tool 
will mold a 2 mm thick disc with a diameter of 50 mm. The tool features both 
an isothermal and a variothermal process. In isothermal operation, the mold 
is kept at a constant temperature, below the melting point of the polymer, 
whereas, in variothermal operation, the mold is heated above the melting 
point of the polymer before injection. After injection, the mold is actively 
cooled to below the melting point in the packing and cooling phase. Due to 
this heating and cooling of a relatively large chunk of metal (∼100 kg) a vari-
othermal process will have much longer cycle times than the isothermal 
counterpart, typically 1−3 min for variothermal and 30 s for the isothermal 
tool used. For comparison, for industrial processes, the cycle time is usually 
< 10 s. In the flat disk tool, shown in Figure 3.3a, the heating, and cooling is 
done in the beryllium-copper insert. This ensures reasonably fast heating and 
cooling. Heating is obtained by means of electrical heat-cartridges, while in-
tegrated water channels in the tool enable cooling. For molding of all 
surfaces in RT12 and in RT11, we employed the variothermal process. This 
was necessary in order to ensure filling of the micro- and nanostructures, 
which have a large effective surface area with fast cooling. For molding of the 
surface shown in Figure 3.1e with isotactic polypropylene (HD601CF with 
melting temperature 164 °C), the mold was heated to 120°C before injection 
and then cooled to 50° C before release.  A couple of special tricks were em-
ployed. Hence, in order to ensure proper demolding, a “depacking” phase 
was introduced before cooling the mold. During the depacking phase, the 
barrel pressure was lowered from ∼1000 bar to ∼300 bar causing a tiny back-
flow of polymer from the mold cavity into the barrel. This allowed some 
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degree of polymer shrinkage during the cooling phase and the polymer struc-
tures would have smaller contact area with the shim and would demold more 
easily. Another trick was employed to counteract scratching of the micro-
structured surface. This comprised removal of the clamping pressure during 
the mold cooling phase. When the mold surface temperature dropped below 
the melting temperature of the polymer, the micro- and nanostructured sur-
face would freeze first due to the larger effective surface area. 
Simultaneously, the applied clamping force caused an elastic deformation of 
the tool steel of a few μm, and the release of the clamping force would return 
the steel to its original shape. This tiny movement would demold the micro- 
and nanostructures either completely or partly before the overall polymer 
part froze and shrinkage occurred.  

 

 
Figure 3.3  
Reproduced from PhD thesis, Nis Korsgaard Andersen, Department of Micro and Nano-
technology, DTU, August 30, 2016. a) Cross section view of injection molding tool used 
in RT11. 1: Tool casing in hardened steel. 2: Berylium-Copper insert. 3: Nickel Shim. 4: 
Shim clamping ring (steel). 5: Finished polymer part. 6: Ejector pins. b) Digital rendering 
of the polymer piece produced by the flat disc injection molding tool. The molded piece 
consists of a sprue, a runner, a gate, and the actual disc part. 

 

3.3. Roll-to-roll extrusion coating 
As stated above, roll-to-roll extrusion coating (R2R-EC) is a very mature tech-
nology for fabrication of smooth foils for packaging purposes. R2R-EC has 
thus not been offered much attention in recent scientific literature, although 
Sollogoub et al.150 in 2008 analyzed the rheological processes associated with 
standard R2R-EC. The maturity of the R2R-EC ensures commercial availability 
of machinery and polymer grades for the process. R2R-EC of structured sur-
faces is however a recent innovation. Frenkel et al.151 reported replication of 
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sawtooth microstructures with line-speed 10 m/min by R2R-EC. However, it 
was Inmold A/S and Danapak Flexibles A/S that pioneered fabrication of 
nanostructures by this process using shims originated by the DEEMO process. 
In RT9, the process was for the first time thoroughly characterized for pro-
duction of both micro and nanostructured surfaces.  
In R2R-EC a molten polymer film (melt curtain) is extruded through a flat noz-
zle, before it is stretched during passage of an air gap, and finally laminated 
onto a carrier foil (substrate). The lamination process takes place as the melt 
curtain is squeezed between a structured cooling roller and a rubber counter 
roller. A force is exerted on the compliant counter roller to form a so-called 
nip region, where the molten polymer solidifies and adheres to the carrier 
foil as shown in Figure 3.4a. An adhesion layer is typically co-extruded below 
the structure layer to promote better adhesion to the carrier foil. The stand-
ard process comprises use of a polyethylene terephthalate (PET) carrier foil, 
a polyethylene (PE) adhesion layer, and polypropylene (PP) structure layer. 
The polymers are typically extruded at ∼300 °C, which is a relatively high tem-
perature where many polymer additives degrade. Hence, usually rather pure 
materials are used for R2R-EC. In RT9, we demonstrated that Ni shims elec-
troformed from structured Si wafers could simply be attached to the cooling 
roller by double-adhesive tape and replicated. This resulted in nano-pillar 
surfaces with critical dimensions (pillar diameter) as low as 120 nm with pillar 
heights up to 100 nm. The R2R-EC process has some resemblance to injection 
molding, as the compliant counter roller here exerts the “cavity pressure”. 
This pressure is however only about 20 bar, whereas the pressure used for 
injection into the cavity in injection molding is about 1000 bar. Also, we ex-
pect no shear thinning effects in R2R-EC. The melt temperature at the 
entrance to the nib is, however, somewhat higher than for injection molding. 
When the polymer melt hits the cooling roller with the nanostructured shim 
attached, it will freeze within a very short distance inside the nib. The further 
it gets towards the center of the nib, the higher will be the pressure exerted 
to press the polymer into nano-holes in the shim (to become pillars in the 
resulting polymer foil). However, the further the melt gets into the nib, the 
more viscous it becomes due to rapid cooling along the way. It is a competi-
tion between effects of pressure and temperature. Pressure will increase 
along the trajectory of the polymer melt as it propagates through the nib 
towards the center (max pressure), whereas temperature will rapidly de-
crease. Hence, a high web-speed is beneficial for the replication fidelity, 
which indeed seemed to be the case for replication of nanostructures, when 
replication fidelity was studied as a function of the web speed. Finite ele-
ments simulations shown in RT9 indicated that in fact the melt is expected to 
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reach the solidification temperature within ∼1 µm of propagation once inside 
the nib with a web-speed of 60 m/min. The cooling rate in this region reaches 
astonishing ∼10 million K/s. In this respect, it turned out to play an important 
role that PP used for the structure layer is a semi-crystalline material. It takes 
time to form crystals, and considerable crystallization retardation for the ex-
tremely high cooling rate is expected. In RT9, we were able to determine the 
crystallization temperature by differential scanning calorimetry (DSC) to 
∼120° C, but this was measured at a cooling rate of only 10 K/min. No data 
exist in the literature on what to expect at cooling rates six orders of magni-
tude higher. We thus expect, that the polymer melt is in a supercooled state 
inside the nib, and hence, solidifies considerably further downstream than 
predicted from modelling the temperature dependence alone. Indeed, it 
turned out that non-crystalline polymers, such as polystyrene (PS) exhibited 
much poorer replication fidelity than PP, as PS is expected to solidify much 
faster. Hence, in RT9 we showed that it is really the Laplace radius of curva-
ture, which limits filling of nano-holes in the shim. This radius of curvature is 
given by the temperature dependent surface tension 𝛾𝛾(𝑅𝑅) and the applied 
nib pressure ∆𝑃𝑃, such that holes smaller than ∼ 𝛾𝛾(𝑅𝑅) ∆𝑃𝑃⁄  cannot be filled. 
Interestingly, it turned out that different dynamics governed replication of 
features in the micrometer range. Such features are shown Figure 3.4c,d. 
Hence, for “micron sized” surface reliefs, with a cross-over at about 0.5 µm, 
we obtained better replication with somewhat lower web-speeds, between 
10 m/min and 30 m/min. The reason for this is not well understood, but a 
somewhat different replication regime, not limited by Laplace curvature, 
seems to dominate for higher speeds. In addition, for higher speeds, scratch-
ing effects and shim wear begin to contribute to the failure modes for the 
process, especially when replicating micron-sized structures. Inmold A/S in-
vented a counter-measure comprising the use of resin shims instead of Ni 
shims to avoid these effects, for the process. The advantages of resin shims 
over Ni shims are a lower heat conductance, and less sticking between the 
shim and the polymer melt. Hence, use of those resin shims allowed a slower 
web-speed to avoid the above-mentioned failure modes.152 A further optimi-
zation comprised a precise adjustment of the polymer material feeder output 
to match the web-speed.153  The optimized process allowed R2R-EC of hier-
archical micro-nano surfaces (RT2) already mentioned in the previous 
chapter.   
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Figure 3.4  
Reproduced from RT9 with permission. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. a) Schematic of R2R-EC process. b) Photograph of the cooling roller with the 
Ni mold mounted. c) Scanning electron micrographs of structures with various shapes, 
linewidths ranging from 400 nm to ≳1 µm, and aspect ratios ≳1 replicated in PP  by 
R2R-EC. Images were taken at a 30°  tilt angle. d) Example of an application of the tech-
nology; diffraction grading pattern with DTU logo produced by R2R-EC. The pattern was 
originated from a 100 mm Si wafer, electroformed into a Ni mold, and replicated by 
R2R-EC on PP foil. 

In RT8 we employed R2R-EC for replication of the nanograss nanostructures 
from RT10 to obtain a superhydrophobic PP foil. In this study, a Ni shim was 
used for the replication. The stickiness of the Ni during the process was here 
exploited to achieve higher nanograss structure with considerably lower av-
erage opening angles of the protrusions.  It must be admitted that this effect 
was not intended to start with, but it produced a surface with highly im-
proved superhydrophobic performance featuring advancing water contact 
angles above 160° and droplet roll-off angles below 10°. The effect resulted 
from a tensile plastic deformation of the protrusions,154 in our case by almost 
100%. The stretching was measured by atomic force microscopy (AFM) and 
is documented in Figure 3.5. Hence, in Figure 3.5a, we show a comparison of 
arithmetic mean values of the single roughness depths (the vertical distance 
between the highest peak and the deepest valley within the sampling length) 
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of consecutive sampling lengths 𝑅𝑅𝑍𝑍. This parameter was measured for both 
the shim and for foils replicated with different web speeds. We see, that for 
the highest web-speed of 60 m/min, the most precise replication of the shim 
relief, while for lower web-speeds, we see that structures are stretched dur-
ing the demolding phase Figure 3.5b. In Figure 3.5c we show the 3D 
representation of surface morphologies obtained by AFM, while the height 
profiles are shown in Figure 3.5d, where the corresponding values of 𝑅𝑅𝑍𝑍 are 
also indicated. Hence, in this study we found that for the low web-speeds of 
20 m/min, the PP melt would stick to the Ni shim and undergo a tensile plas-
tic deformation during the demolding phase. This effect was beneficial for 
achieving nanograss with low opening angles and superior superhydrophobic 
properties. 
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Figure 3.5  
Reproduced from RT8 with permission. © 2016, American Chemical Society. a) Depend-
ence of the 𝑹𝑹𝒁𝒁 parameter on roller line speed 𝑽𝑽𝑹𝑹 for the 70-70 structure obtained at 70° 
C. The values were obtained as the mean values from four (two vertical and two hori-
zontal) traces in the 5 µm x 5 µm evaluation area. Error bars are SD (n=4) between the 
four individual 𝑹𝑹𝒁𝒁 values acquired for each trace. The dotted horizontal line represents 
the 𝑹𝑹𝒁𝒁 value for the mold, and the right y-axis shows the percentage of stretching of the 
structures compared to the mold value. The fitted function is a sigmoidal Boltzmann 
function. b) Schematic of the stretching during the demolding phase of the fabrication.  
c) 3D AFM “true surface” data showing a comparison of the mold corresponding to the 
70-70 structure, and the corresponding replicated PP surfaces fabricated with the two 
extreme values of roller speed 20 m/min and 60 m/min respectively. No axis scaling is 
applied.  d) Representative 2D AFM scan profiles for the mold and for polymer surfaces 
fabricated with 20 m/min, and 60 m/min. The 𝑹𝑹𝒁𝒁 value is indicated in red for each 
trace, and is obtained as the average of three peak-to-valley distances each from one of 
three subdivisions of the traces. Y-axis is the same for all traces. 
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4. Conclusion and outlook 
4.1.  Conclusion 

In conclusion it was shown that both superhydrophobic (RT2, RT8, RT13), su-
perhydrophilic (RT1, RT3), and superamphiphobic (RT3) surfaces could be 
manufactured using various materials platforms, ranging from Si (RT3, RT4, 
RT5, RT6, RT10, RT13), over glass (RT15), to polymers; PP (RT2, RT8, RT9, RT9, 
RT10, RT11, RT12), COC (RT12), and PMMA (RT1, RT10). Fitting methods for 
contact angle measurements were explored in RT7, and two methods, the 
Wu and the Fowkes methods, were employed in RT14 to obtain the surface 
energy. Contact angle hysteresis was explored in RT5 and RT13, whereas par-
tial wetting effects (rose petal effects) were studied in RT2, RT10, and RT12. 
The feasibility of Gibbs free energy methods for prediction of measured con-
tact angles were studied under various conditions. Cassie’s law for chemically 
heterogeneous surfaces, Equation 2.9 was examined in RT15, Wenzels law 
for rough surfaces, Equation 2.5 in RT1, the Cassie-Baxter model, Equation 
2.10 in RT3, the partial wetting model of Miwa et al., Equation 2.12, and the 
“sunny-side-up model for an impregnated surface, Equation 2.20 was ex-
plored in RT1. Here, it was found that approaches based on Gibbs free energy 
exhibited some shortcomings due to pinning effects, and that additional in-
formation gained from Laplace pressure considerations (RT1, RT2, RT10, 
RT12) is necessary to predict the degree of wetting. Hence, this work corrob-
orates a view that the most useful information about wettability is obtained 
from Young’s contact angle, i.e. the contact angle measured for a flat surface 
with the given surface chemistry, and additional detailed information about 
the geometry of the surface structure. The latter can be used to predict the 
degree of pinning effects, although a proven analytical or computer-model-
ling method is missing. Further, two polymer replication methods, injection 
molding (RT11), and roll-to-roll extrusion coating (RT9) where demonstrated 
for industrial fabrication of functional surfaces. Finally, a surface featuring 
spatial control of dropwise condensation was demonstrated in RT6, while a 
super-biphilic surface for generation of micro-droplet arrays was demon-
strated in RT4. Finally, in RT1, an anti-fogging surface was fabricated in 
PMMA featuring high optical transmissivity due to critical structure dimen-
sions below the diffraction limit of visible light, and a thin tungsten coating 
to render the surface superhydrophilic, and simultaneously optically trans-
parent for visible light.  
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4.2. Outlook 
Although, the polymer materials platform and fabrication roadmaps based 
on injection molding, as described in this dissertation, will be well suited and 
fit most requirements for medical devices such as endoscopes,155 hearing 
aids, catheters,156 and stoma care products, more research is needed for 
transfer of wetting functionalities to free form surfaces. For medical device 
applications, the interplay between surface topography and bacterial growth 
has been studied quite extensively,157 but even more research is required to 
establish correlations between growth of specific bacteria species and sur-
face morphology and surface chemistry.  

In another technical area related to sensor technologies for autonomous ve-
hicles, where camera systems, sensors and LIDAR systems158 will  require 
robust sight glass technologies for use in all climate zones, the interest for 
surfaces with engineered wetting properties will most probably increase with 
the demands. Further, the expected  increased needs for renewable energy 
technologies based on sunlight harvesting, i.e. photovoltaics,159 solar thermal 
panels,160 and concentrated solar power161  will expectedly spawn requests 
for transparent self-cleaning and/or anti-fogging surfaces. These applications 
are likely to require surfaces with extremely high weathering resistance. Alt-
hough polymer technologies for photovoltaics exist,162, 163 main-stream 
photovoltaic technologies are more likely to be based on glass and silica ma-
terials. Hence, to address those needs, a natural next step will be to transfer 
some of the surfaces properties described in this dissertation to a glass ma-
terials platform.  

 
One of the remaining issues requiring further innovations of the presented 
fabrication technologies is the limitation to wafer scale surface areas. To ex-
tend the active surface areas, seamless stitching strategies164 of relief 
masters are required to allow fabrication of fully structured rollers in R2R 
extrusion coating. Further, this should preferably be accompanied by top 
down master origination methodologies for sub-diffraction limit surfaces 
with large areas. Presently, large area master origination is somewhat re-
stricted to self-assembly technologies, as the one presented in RT1, where 
block copolymer self-assembly was employed for fabrication of the master 
mold. 
For applications where polymeric materials after all are best suited, materials 
development to yield polymer materials with lower Young contact angles 
than obtained for PMMA and with higher abrasion-resistance is required. Fi-
nally, in order to make fabrication of polymeric surfaces more sustainable, 
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further development of advanced plant based polymeric materials is re-
quired to yield comparable functionalities to existing petro-based polymers.    

 
  



- 64 - 
 

  



- 65 - 
 

5. Included publications  
The following publications constitute the basis for this dissertation. All exam-
ples in the dissertation are taken from these 15 published papers coauthored 
by the author. Authors, titles, references, and abstracts for the 15 papers are 
listed below.  

RT1 

Telecka, A., Mandsberg, N.K., Li, T., Ludvigsen, E., Ndoni, S., Di Mundo, R., 
Palumbo, F., Fiutowski, 
J., Chiriaev, S., Taboryski, R. 

Mapping the transition to superwetting state for nanotextured surfaces tem-
plated from 
block-copolymer self-assembly 
(2018) Nanoscale, 10 (44), pp. 20652-20663 
Abstract 
Adding roughness to hydrophilic surfaces is generally expected to enhance 
their wetting by water. Indeed, global free energy minimization predicts de-
creasing contact angles when roughness factor or surface energy increases. 
However, experimentally it is often found that water spreading on rough sur-
faces is impeded by pinning effects originating from local free energy 
minima; an effect, largely neglected in scientific literature. Here, we map the 
transition to a superwetting state of hydrophilic nano-textured surfaces in 
terms of surface chemistry and texture geometry by utilizing Laplace pres-
sure as a proxy for these local minima. We demonstrate the effect for 
polymer model surfaces templated from block-copolymer self-assembly 
comprising dense, nano-pillar arrays exhibiting strong pinning in their pris-
tine state. By timed argon plasma exposure, we tune surface chemistry to 
map the transition into the superwetting state of low contact angle, which 
we show coincide with the surface supporting hemiwicking flow. For the 
near-ideal model surfaces, the transition to the superwetting state occurs 
below a critical material contact angle of ∼50°. We show that superwetting 
surfaces possess anti-fogging properties, and demonstrate long term stabil-
ity of the superwetting effect by coating the nanotextured surfaces with ∼10 
nm thin films of either tungsten or silica. Reproduced from doi: 
10.1039/C8NR07941B with permission of The Royal Society of Chemistry. 
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RT2 
Okulova, N., Johansen, P., Christensen, L., Taboryski, R. 
Effect of structure hierarchy for superhydrophobic polymer surfaces studied 
by droplet evaporation 

(2018) Nanomaterials, 8 (10), art. no. 831 
Abstract 
Super-hydrophobic natural surfaces usually have multiple levels of structure 
hierarchy. Here we report on the effect of surface structure hierarchy for 
droplet evaporation. The two-level hierarchical structures studied comprise 
micro-pillars superimposed with nanograss. The surface design is fully scala-
ble as structures used in this study are replicated in polypropylene by a fast 
roll-to-roll extrusion coating method, which allows effective thermoforming 
of the surface structures on flexible substrates. As one of the main results, 
we show that the hierarchical structures can withstand pinning of sessile 
droplets and remain super-hydrophobic for a longer time than their non-hi-
erarchical counterparts. The effect is documented by recording the water 
contact angles of sessile droplets during their evaporation from the surfaces. 
The surface morphology is mapped by atomic force microscopy (AFM) and 
used together with the theory of Miwa et al. to estimate the degree of water 
impregnation into the surface structures. Finally, the different behavior dur-
ing the droplet evaporation is discussed in the light of the obtained water 
impregnation levels. Reproduced from doi:10.3390/nano8100831. Creative 
Commons Attribution 4.0 International License. © The Authors 2018. 
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RT3  
Telecka, A., Li, T., Ndoni, S., Taboryski, R. 
Nanotextured Si surfaces derived from block-copolymer self-assembly with 
superhydrophobic, 

superhydrophilic, or superamphiphobic properties 
(2018) RSC Advances, 8 (8), pp. 4204-4213. 
Abstract 
We demonstrate the use of wafer-scale nanolithography based on the block-
copolymer (BCP) self-assembly for the fabrication of surfaces with enhanced 
wetting properties. All classes of wetting behaviour derived from the same 
BCP nanolithography step are demonstrated. An in-situ etch mask is defined 
by self-assembly of polystyrene (PS) and dimethylsiloxane (PDMS) domains 
to form a predominantly hexagonal array with pitch size (72±3) nm. The sub-
sequent branched processing scheme, exclusively employing dry chemistry 
and reactive ion etching (RIE), allows for the fabrication of nanoholes, nano-
pillars, or high aspect ratio nano-hoodoo features (overhang profile 
structures) with the diameter below 100 nm. The surfaces are finally func-
tionalized with either hydrophobic surface chemistry by self-assembly from 
the precursor perfluorodecyltrichlorosilane (FDTS), or hydrophilic surface 
chemistry obtained by oxygen plasma treatment. The different texture and 
surface chemistry configurations are characterized with respect to their wet-
ting properties with water, alkanes and organic oils. While, both nano-pillar 
and nano-hole surfaces feature excellent superhydrophobic properties with 
water contact angles (WCAs) exceeding 170° and roll-off angles below 5°, 
only the nano-pillar surfaces exhibit convincing superhydrophilicity with 
WCAs below 5°. The repellency of low surface tension liquids known as am-
phiphobicity is demonstrated for the nano-hoodoo surfaces. Reproduced 
from doi: 10.1039/c8ra00414e with permission. Creative Commons Attribu-
tion-NonCommercial 3.0 Unported Licence. 
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RT4 
Mandsberg, N.K., Hansen, O., Taboryski, R. 
Generation of micro-droplet arrays by dip-coating of biphilic surfaces; The 
dependence of entrained 

droplet volume on withdrawal velocity 
(2017) Scientific Reports, 7 (1), art. no. 12794 
Abstract 
Droplet array chips were realized using an alignment-free fabrication process 
in silicon. The chips were textured with a homogeneous nano-scale surface 
roughness but were partially covered with a self-assembled monolayer of 
perfluorodecyltrichlorosilane (FDTS), resulting in a super-biphilic surface. 
When submerged in water and withdrawn again, microliter sized droplets 
are formed due to pinning of water on the hydrophilic spots. The entrained 
droplet volumes were investigated under variation of spot size and with-
drawal velocity. Two regimes of droplet formation were revealed: at low 
speeds, the droplet volume achieved finite values even for vanishing speeds, 
while at higher speeds the volume was governed by fluid inertia. A simple 2D 
boundary layer model describes the behavior at high speeds well. Entrained 
droplet volume could be altered, post-fabrication, by more than a factor of 
15, which opens up for more applications of the dip-coating technique due 
to the significant increase in versatility of the micro-droplet array platform. 
Reproduced  from doi:10.1038/s41598-017-12658-z. Creative Commons At-
tribution 4.0 International License. © The Authors 2017. 
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RT5 
Mandsberg, N.K., Taboryski, R. 
The rose petal effect and the role of advancing water contact angles for drop 
confinement 

(2017) Surface Topography: Metrology and Properties, 5 (2), art. no. 024001 
Abstract 
We studied the role of advancing water contact angles on superhydrophobic 
surfaces that yet exhibited strong pinning effects as known in nature from 
rose petals.  Textured surfaces were engineered in silicon by lithographical 
techniques. The textures were comprised of hexagonal microstructures su-
perimposed with randomly distributed nanospikes and were coated with a 
hydrophobic fluorocarbon agent.  A step in the advancing water contact an-
gle bounding specific areas was obtained by engineering a corresponding 
topographic step in the hexagonal micro-texture.  This enabled a surface tex-
ture design confining drops to areas with the lower advancing contact angle. 
Reproduced from doi:10.1088/2051-672X/aa6855 with permission. © 2017 
IOP Publishing Ltd. 
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RT6 
Mandsberg, N.K., Taboryski, R. 
Spatial Control of Condensation on Chemically Homogeneous Pillar-Built Sur-
faces 

(2017) Langmuir, 33 (21), pp. 5197-5203 
Abstract 
The random nature of dropwise condensation impedes spatial control hereof 
and its use for creating microdroplet arrays; yet, here we demonstrate spatial 
control of dropwise condensation on a chemically homogenous pillar array 
surface yielding ∼ 8000 droplets/mm2 under normal atmospheric pressure 
conditions. The studied pillar array surface is defined by photolithography 
and etched in silicon by deep reactive ion etching. Subsequently, the surface 
is covered with a self-assembled monolayer of perfluorodecyltrichlorosilane 
(FDTS) to render the surface hydrophobic. To obtain a perfect droplet array, 
with one droplet per pillar, we exploit a phenomenon, where the water vapor 
flux is focused toward the apices of surface asperities by diffusion, while 
matching the nucleation point density to the array dimensions. Matching is 
here achieved through variation of interpillar distance and vapor flow condi-
tions. Reproduced from doi:10.1021/acs.langmuir.7b01159 with permission. 
© 2017 American Chemical Society 
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RT7 
Andersen, N.K., Taboryski, R. 

Drop shape analysis for determination of dynamic contact angles by double 
sided elliptical fitting 
method 
(2017) Measurement Science and Technology, 28 (4), art. no. 047003 
Abstract 
We present the fabrication process for injection molded multi-height surface 
structures for studies of wetting behavior. We adapt the design of super hy-
drophobic structures to the fabrication constrictions imposed by industrial 
injection molding. This is important since many super hydrophobic surfaces 
are challenging to realize by injection molding due to overhanging structures 
and very high aspect ratios. In the fabrication process, we introduce several 
unconventional steps for producing the desired shapes, using a completely 
random mask pattern, exploiting the diffusion limited growth rates of differ-
ent geometries, and electroforming a nickel mold from a polymer foil. The 
injection-molded samples are characterized by contact angle hysteresis ob-
tained by the tilting method. We find that the receding contact angle 
depends on the surface coverage of the random surface structure, while the 
advancing contact angle is practically independent of the structure. Moreo-
ver, we argue that the increase in contact angle hysteresis correlates with 
the concentration of pinning sites among the random surface structures. Re-
produced from doi:10.1088/1361-6501/aa5dcf with permission. © 2017 IOP 
Publishing Ltd. 
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RT8 
Telecka, A., Murthy, S., Schneider, L., Pranov, H., Taboryski, R. 
Superhydrophobic Properties of Nanotextured Polypropylene Foils Fabri-
cated by Roll-to-Roll 

Extrusion Coating 
(2016) ACS Macro Letters, 5 (9), pp. 1034-1038 
Abstract 
We demonstrate the use of roll-to-roll extrusion coating (R2R-EC) for fabri-
cation of nanopatterned polypropylene (PP) foils with strong anti-wetting 
properties. The anti-wetting nanopattern is originated from textured sur-
faces fabricated on silicon wafers by a single-step method of reactive ion 
etching with different processing gas flow rates. We provide a systematic 
study of the wetting properties for the fabricated surfaces and show that a 
controlled texture stretching effect in the R2R-EC process is instrumental to 
yield the superhydrophobic surfaces with water contact angles approaching 
160° and droplet roll-off angles below 10°. Reproduced from 
doi:10.1021/acsmacrolett.6b00550 with permission. © 2016, American 
Chemical Society. 
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RT9 
Murthy, S., Matschuk, M., Huang, Q., Mandsberg, N.K., Feidenhans'L, N.A., 
Johansen, P., 

Christensen, L., Pranov, H., Kofod, G., Pedersen, H.C., Hassager, O., Taboryski, 
R. 
Fabrication of Nanostructures by Roll-to-Roll Extrusion Coating 
(2016) Advanced Engineering Materials, 18 (4), pp. 484-489 
Abstract 
Fabrication of micro- and nanostructures at line-speed 60 m/min by large-
area roll-to-roll extrusion coating is demonstrated.  Nanopillars with diame-
ters 80 nm and heights 100 nm are replicated in polypropylene. The main 
limiting factor for replication on nanoscale is the retardation time for solidi-
fication of the melt. This surprisingly leads to better replication the higher 
line-speed is used for crystalline polymers. Reproduced from 
doi:10.1002/adem.201500347 with permission. © 2015 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 
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RT10 
Schneider, L., Laustsen, M., Mandsberg, N., Taboryski, R. 
The Influence of Structure Heights and Opening Angles of Micro-and Nano-
cones on the Macroscopic 

Surface Wetting Properties 
(2016) Scientific Reports, 6, art. no. 21400 
Abstract 
We discuss the influence of surface structure, namely the height and opening 
angles of nano- and microcones on the surface wettability. We show experi-
mental evidence that the opening angle of the cones is the critical parameter 
on sample superhydrophobicity, namely static contact angles and roll-off an-
gles. The textured surfaces are fabricated on silicon wafers by using a simple 
one-step method of reactive ion etching at different processing time and gas 
flow rates. By using hydrophobic coating or hydrophilic surface treatment, 
we are able to switch the surface wettability from superhydrophilic to super-
hydrophobic without altering surface structures. In addition, we show 
examples of polymer replicas (polypropylene and poly(methyl methacrylate) 
with different wettability, fabricated by injection moulding using templates 
of the silicon cone-structures. Reproduced from doi:10.1038/srep21400. Cre-
ative Commons Attribution 4.0 International License. © The Authors 2016. 
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RT11 
Andersen, N.K., Taboryski, R. 

Multi-height structures in injection molded polymer 
(2015) Microelectronic Engineering, 141, pp. 211-214 
Abstract 
We present the fabrication process for injection molded multi-height surface 
structures for studies of wetting behavior. We adapt the design of super hy-
drophobic structures to the fabrication constrictions imposed by industrial 
injection molding. This is important since many super hydrophobic surfaces 
are challenging to realize by injection molding due to overhanging structures 
and very high aspect ratios. In the fabrication process, we introduce several 
unconventional steps for producing the desired shapes, using a completely 
random mask pattern, exploiting the diffusion limited growth rates of differ-
ent geometries, and electroforming a nickel mold from a polymer foil. The 
injection-molded samples are characterized by contact angle hysteresis ob-
tained by the tilting method. We find that the receding contact angle 
depends on the surface coverage of the random surface structure, while the 
advancing contact angle is practically independent of the structure. Moreo-
ver, we argue that the increase in contact angle hysteresis correlates with 
the concentration of pinning sites among the random surface structures. 
Adapted from doi.org/10.1016/j.mee.2015.03.017 with permission. © 2015 
Elsevier B.V. 
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RT12 
Søgaard, E., Andersen, N.K., Smistrup, K., Larsen, S.T., Sun, L., Taboryski, R. 
Study of transitions between wetting states on microcavity arrays by optical 
transmission microscopy 

(2014) Langmuir, 30 (43), pp. 12960-12968 
Abstract 
In this paper, we present a simple and fast optical method based on trans-
mission microscopy to study the stochastic wetting transitions on micro and 
nanostructured polymer surfaces immersed in water. We analyze the influ-
ence of immersion time and the liquid pressure on the degree of water 
intrusion in individual micro-cavities on these surfaces, as well as the lifespan 
of their superhydrophobicity. We show that transitions between the three 
wetting states (Cassie, Cassie-impregnating, and Wenzel) occur with a certain 
pressure threshold (300 mbar for a micro-cavity diameter of 7.5 µm). Below 
this threshold, the transitions between the Cassie and the Cassie-impregnat-
ing states are reversible, while above the threshold, irreversible transitions 
to the Wenzel state start to occur. The transitions between the different wet-
ting states can be explained by taking into account both the Young-Laplace 
equation for the water menisci in the cavities and the diffusion of dissolved 
gas molecules in the water. In addition, the wetting transitions had a stochas-
tic nature, which resulted from the short diffusion distance for dissolved gas 
molecules in the water between neighboring cavities. Further, we compared 
the contact angle properties of two polymeric materials (COC and PP) with 
moderate hydrophobicity. We attributed the difference in the water repel-
lency of the two materials to a difference in the wetting of their 
nanostructures. Our experimental observations thus indicate that both the 
diffusion of gas molecules in water, and the wetting properties of nanostruc-
tures are important for understanding the sustainability of 
superhydrophobicity of surfaces under water, and for improving the struc-
tural design of superhydrophobic surfaces. Reproduced from 
doi:10.1021/la502855g with permission. © 2014 American Chemical Society. 
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RT13 
Larsen, S.T., Andersen, N.K., Søgaard, E., Taboryski, R. 
Structure irregularity impedes drop roll-off at superhydrophobic surfaces 

(2014) Langmuir, 30 (17), pp. 5041-5045 
Abstract 
In this paper, we study water drop roll-off at superhydrophobic surfaces with 
different surface patterns. Superhydrophobic micro-cavity surfaces were 
fabricated in silicon and coated with 1H,1H,2H,2H-perflourodecyltri-
chlorosilane (FDTS). For the more irregular surface patterns, the observed 
increase in roll-off angles is found to be caused by a decrease of the receding 
contact angle, which in turn is caused by an increase of the triple phase con-
tact line of the drops for those more irregular surfaces. To understand the 
observation, we propose to treat the micro drops as rigid bodies and apply a 
torque balance between the torque exerted by the projected gravity force 
and the torque exerted by the adhesion force acting along the triple line on 
the receding side of the drop. This simple model provides a proper order of 
magnitude estimate of the measured effects. Reproduced from 
doi:10.1021/la5007633 with permission. © 2014 American Chemical Society. 
 

RT14 
Cech, J., Taboryski, R. 
Stability of FDTS monolayer coating on aluminum injection molding tools 

(2012) Applied Surface Science, 259, pp. 538-541 
Abstract 
We have characterized perfluorodecyltrichlorosilane (FDTS) molecular coat-
ing of aluminum molds for polymer replication via injection molding (IM).  X-
ray photoelectron spectroscopy (XPS) data, sessile drop contact angles with 
multiple fluids, surface energies and roughness data have been collected. 
Samples have been characterized immediately after coating, after more than 
500 IM cycles to test durability, and after 7 months to test temporal stability. 
The coating was deposited in an affordable process, involving near room 
temperature gas phase reactions. XPS shows detectable fluorine presence on 
both freshly coated samples as well as on post-IM samples with estimated 
29.8% at. on freshly coated and 27.6 at % on post-IM samples with more than 
500 IM cycles with polystyrene (PS) and ABS polymer. Reproduced from doi: 
10.1016/j.apsusc.2012.07.078 with permission. © 2012 Elsevier B.V. 
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RT15 
Larsen, S.T., Taboryski, R. 

A cassie-like law using triple phase boundary line fractions for faceted drop-
lets on chemically 
heterogeneous surfaces 
(2009) Langmuir, 25 (3), pp. 1282-1284 
Abstract 
We present experimental contact angle data for surfaces, which were surface 
engineered with a hydrophobic micro pattern of hexagonal geometry. The 
chemically heterogeneous surface of same hexagonal pattern of defects re-
sulted in faceted droplets of hexagonal shape.  When measuring the 
advancing contact angles with a viewing position aligned parallel to rows of 
defects, we found that an area averaged Cassie-law failed in describing the 
data. By replacing the area fractions by line fractions of the triple phase 
boundary line segments in the Cassie equation we found excellent agree-
ment with data. Reproduced from doi:10.1021/la8030045 with permission. 
© 2009 American Chemical Society. 
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