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Abstract

The original contribution of this Thesis in scientific knowledge is the development of
a novel, continuum-level, sharp-interface modeling approach, which has been proven
particularly efficient for simulating wetting phenomena on complex (geometrically or
chemically textured) solid surfaces. The above task is particularly useful for the rational
design and optimization of solid surfaces with tailor-made and tunable wetting behavior.
Such micro- and nano-structured surfaces have been observed in a variety of plants and
living organisms, endowed with fascinating wetting properties. Some examples are the
lotus leaf (Nelumbo nucifera), known for its self-cleaning ability, the desert beetle (Steno-
cara gracilipes) which uses its body surface as fog collector, and the wings of the Morpho
aega butterfly that are covered with asymmetric micro-structures exhibiting anisotropic
flow friction. The latter is essential for maintaining flying stability at the butterfly’s hu-
mid habitat. The design of such artificially micro- and nano-patterned surfaces, inspired
by the natural ones, has a great technological impact and could be exploited, among
others, for reducing drag in ship hulls, transporting liquids in miniaturized lab-on-a-
chip devices and collecting fresh water from fog in arid areas. Despite their significance,
the above-mentioned applications are, however, limited due to severe restrictions in the
micro-fabrication methods as well as the inadequate capability to precisely model the
liquids behavior on complex, micro-textured surfaces (considering that a geometrically
patterned substrate can accommodate a large cardinality of meta-stable wetting states).
The method presented in this Thesis contributes to the tackling of the latter limitation,
enabling the efficient modeling of both statics and dynamics of wetting on any kind of

heterogeneous surface.

The conventional modeling approaches of wetting phenomena have been proven insuf-
ficient for the design of such functional surfaces since: either they fail to adequately
describe the complicated behavior of a droplet on a rough substrate, or demand vast
computational resources for real-life applications with millimeter-sized droplets. On
one hand, the main drawback of the continuum-level approaches is the tedious im-
plementation of explicit boundary conditions to an a priory unknown number of the
droplet’s three-phase contact lines (where the three different phases, liquid-ambient-
solid, meet). On the other hand, the fine scale approaches (lattice-Boltzmann, molecular
dynamics), usually implemented for the same task, do not suffer from the above restric-
tion, however, demand prohibitively high computational power. In order to overcome
these limitations, in this Thesis we propose a new continuum-level approach where a

unified formulation (avoiding the boundary conditions at the three-phase contact lines)



for the liquid-ambient and liquid-solid interfaces of the droplet is adopted. In addition,
the material wettability, in our approach, is determined by micro-scale liquid-solid inter-
actions. This way, we bypass the implementation of any explicit boundary condition at
each three-phase contact line, thus enabling the efficient simulation of entire millimeter-
sized droplets on structured substrates. The proposed formulation can be used to per-
form both static (by reformulating the Young-Laplace equation, which states the force
balance along a droplet surface) and dynamic wetting computations (by modifying the

Navier-Stokes equations in the hydrodynamic model).

The efficiency of the proposed method is initially demonstrated by computing multiple
meta-stable equilibrium wetting states of droplets resting on geometrically patterned
solid surfaces. We also present the evaluation of the energy barriers, separating the meta-
stable wetting states, the height of which is of utmost importance for designing robust
water-repellent surfaces, inspired by the lotus leaf. We also successfully compare our
results against the a conceptually different mesoscopic lattice-Boltzmann model. Then,
we utilize the proposed formulation to simulate the electrowetting phenomenon (where
the shape of the droplet is modified by applying an electric field) on structured solid
dielectric surfaces. Additionally, based on the above electrowetting simulations, we ex-
perimentally demonstrate the real-time tuning of the wettability of structured surfaces.
The proposed formulation is also utilized to perform dynamic simulations of droplets im-
pacting and spreading on geometrically complex substrates -an essentially tedious task
for conventional hydrodynamic models. It is notable here that our predictions totally
agree with corresponding experimental measurements. We then examine the droplet
motion on asymmetrically structured substrates, inspired by the Morpho aega butterfly
wings, under the influence of forced vibrations. The latter methodology can be used
to transfer droplets in miniaturized devices. By studying these problems, we demon-
strate that our modeling approach can be utilized as an exceptional tool for designing

functional structured surfaces that can be potentially used in technological applications.
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[TepiAnym

H ovvelogpopd ¢ mopooog ddAKTOPLKNG OoTtppng oty vIdpyovoo ETLOTY-
LWOVLKY] YV@OT €lvoL 1 avamtuEn piag véag uebodoroyiog, ouvexolg néoov, yio ™
LOVTELOTTOINON (POLVOUEVWV JLOBPoy1G 0 OUVVOETEG (TPOAYLEG M| XMULK(L ETEPOYEVELG)
oTepeEg emupaveleg, Paottopevn ot Oe®PNOoN TG OLETLPAVELOG UNOEVIKOD TTéOUG
(sharp-interface). Avti 1 TpooéyyLon eivar eEaLPETIKA ONUAVTLKY Yia TOV OYEdLOOUO
Ko T BEATLOTOTTON 0T TNG TPAYVTNTOG OTEPEDV ETLPAVELMV UE ETLOVUNTI) KL TTAPWG
eLEYYOUEVT) OLOPPEKTIKOTNTO.  AVTIOTOLYEG ULKPO- KOL VOVO-OOUNUEVES ETLPAVELEG
OUVOVTOVTOL 08 TOMA (PUOLKA CUOTHUATA, TTPO0dIdOVTaG TOVG aELOLNAEVTEG dLaPpeK-
TkéG WoTTeg. Tétowa mapadeiyuota eivol to iAlo Tov Awto (Nelumbo nucifera)
70V £yeL T duvaTdTHTO AVToK0O0PLOWOY e To vepd ™G Ppoyng, To okadapL TG epN-
wov (Stenocara gracilipes) mov GUALEYEL TOOLUO VEPO OELOTOLMVTAG TV TTPWLVY) OUiYAN
KoL TO TePO NG TETAAOVdOG Morpho aega, TO 0TT0L0 KOMITTTETAL UE KEKAUEVES, OOV
UETPEG, WKPO-OOUES TTOV EVVOOVV TNV ATTOPOAY] TNG VYPAOLAG KOL CUVETTMG EVLOYVOUV
TNV TTNTKY TG LKovotnTo. O oYedLaoUog TEYVNTOV WKPO- KoL VAVO-OOUNUEVDV
ETUPAVELDV, LE TTPOTUTTO TIG (PUOLKEG LOPPOAOYLES, ELVOL TTOM) ONUOAVTLKOG O€ ETTLTTEDO
TEYVOLOYLKMV EQPAPUOYDV OTTWG, UETOED GALWYV, YLaL TN UEIWON TG AVTIOTAONS TPLPNG
TOV VEPOU OTO KVTOG TTAOLMV, YLOL T SLOLXELPLON VYPDV OF KPO-OVOKEVEG OVAALDOEMY
(lab-on-a-chip) kot yio T GVAAOYY TOGLUOV VEPOU OTTO TOL OTAYOVIdLOL TG OUiYANG O€
mepLoyég we Aenpudpio. H vhomoinon twv mopamdve epapuoymyv, motdoo, dev £xel
aKopa TAMPwg emtevyel AOYWw TEPLOPLOUMV OTLG UEDODOVE KOTUOKEUNG TEYVITDV
WKPO- KAL VOVO-OOUNUEVIV ETTLPAVELDY, KAOMDEC Kol AOYWD TV AVETOPK®OV dUVOL-
TOTHTOV YLoL 0KPLB UOVTELOTTOINGT TNG CUUTEPLPOPAS VYPDV O TETOLEG OVVOETEG
EMLPAVELES (HEdOUEVOL OTL LLaL TPAYLAL ETTLPAVELD, WTTOPEL VO (PLAOEEVNOEL EVal PeYAAO
mm00¢g petaotabaiv kataotdoemv drafpoyng). H uébodog mov mpoteivetor og o)
™ doTtpLPp] CUUPAALEL OVOLAOTIKG 0TV AVTLUETMITLON TOV TEAEVTOLOV TTEPLOPLOUOY,
EMLTPETOVTIAG T LOVIELOTTOINON TOCO TG OTATIKNG 000 KOl TG dUVAULKTG OLaPpeK-
TIKOTNTAG 0 KAOE 100V ETEPOYEVY] ETTLPAVELQL.

Ov ovppotikég uebodoroyieg WOVIEAOTOMNONG TV QALVOUEVWV  SLoPPoyNng
OTTOOELKVIOVTOL (OG OIVETTOPKY] EPYALELX YIOL TOV OYedLOOUO TNG WKPO-Ooung Twv
TOPATAVED ETLPAVELMV KAONDG: ETE QTOTUYYAVOUV VO TEPLYPAYPOUV ETOPKDE TNV
TEPLTAOKT) CUWITEPLPOPA LOLG OTAYOVOG OE EVOL TPOYY VITOOTPMUA, 1] EXOVV ATTALYOPE-
VTLKA UEYAAO VTTOALOYLOTIKO KOOTOG YO OTOYOVEG ouvnOLouévoy peyédovg (axtivag
UEPLKMV YLAMOOTMOV). AQeEVOC UEV, TO LOVTELD OVVEYOVG UECOV TtepLlopilovTor AOyw
NG AVAYKNG EQAPUOYNG CUVOPLOK®MV ouvONKmV og ToMamAég (AryviwoTeg o€ apliud)
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YPOUUEG ETTAPNG TWV TPLOV PACEMV (VYPOV-0TEPEOV-AEPDL) TG OTAYOVOS. APETEPOV
og, to povtého néoo- (lattice-Boltzmann) 1) vavo- (molecular dynamics) khipokog, wov
YPNOLUOTTOLOVVTOL GUVIOMG Yo TETOLOU €idoVg TpofAuata, Eemepvolv Tov TTapa-
AV TEPLOPLOUO, EVTOVTOLG £XOVV OTTAYOPEVTLKA UEYAAES VITOMOYLOTIKEG CLTTOLTYOELG.
[ va oVTLHETOTLOTOUV TAL TOPATAVED TPOPANUATO, O€ auTH TN JLOUKTOPLKY dLo-
PPN TpoTeiveTal ta véa uebodoloyia ouveyoUg UECOU, TNV OTTOL0 VIOOETELTOL Lo
EVLALOL AVTLUETMTTLOT (OTTOPEVYOVTOG TIG CUVOPLAKEG OUVONKEG OTIG YPOUUES ETTOPNC)
VLo TLG OLETLPAVELEG VYPOV-0EPQ KL VYPOV-0TEPEOV TG oTaydvag. Emiong, 1 dwo-
BPEKTIKOTNTA TOV OTEPEOV, OTNV TTPOTELVOUEVT TTPOOEYYLOT), Kobopiletal miéov amd
drapoplakég alniemdpaoelg netaEl otepeng KoL vypng gdong. Me v mopo-
Tavew Oempnon, Kabiotator un avaykoio 1 €Qpapuoyr] 0TOL0CI)TOTE CUVOPLOKNG
OUVONKNG OTIC YPUUUEG ETTOPNG TV TPLDV PACEMV, ETMLTPETOVTIOG £TOL TNV TPOCO-
Holwon OAOKANPWV OTAYOVOV (AKTIVOG UEPLKDV YIMOOTMV) O OTEPEES ETUPAVELES
ue tpoyvro. H mopamdvem mpocéyylon Umopel vo epoapuooTel TO00 YLO. VTTOAOYLO-
wo¥g Lopportiag otaydvmv (emovadiatuvmwvtag v eEicwor Young-Laplace, 1) omtoia
OLETTEL TNV WY OVLKT] LOOPPOTTLCL TNG ETTLPAVELOG TNG OTAYOVOG) 000 KO YL0L OUVOLILKEG
TPOOOUOLDOELG (TPOTTOTOLMVTAG TLG ESL0MOELG pong (Navier-Stokes) 0To vOpodUVAULKSD
UOVTELO).

H mtpotervouevn nebodoroyio Tpooopolmong xp1noLuoTomOnKe apyLkd yio Ty e0peo
TOAOTAMY UETAOTAODV KOTOOTACEWV LOOPPOTTLOG OTOYOVIV OE OTEPEES ETMLPAVELEG
ue tpoyvtnra. Emumhéov, mopovoldoTnkKe 0 VITOAOYLOUWOS TV EVEPYELOKMOV PPOY-
UWATOV TTOV dLawPilovy TIG TOPATAVE KATAOTAOEL Loopportiag. To Mpog Ttwv
EVEPYELOKDV PPOYUAT®V €ival eEQLPETIKA ONUOVTIKO YLOL TOV OYESLOOUO QUTOKOL-
BapLlouevov empaveldv, ue IpdTumo 10 PUALO Tov Awtov. [TapatnpnOnke emiong,
OTLTOL ALTTOTEALEOLOLTOL TG TTPOTELVOUEVNG UEDODOV GUIPMVOUV UE ALVTLOTOLY O ATTOTELED-
LaTa atd VITohoyLopuovg uéco-khipakag (lattice-Boltzmann), wop’ Oheg Tig Oepelmoelg
OLaPOPEG OTLG VO TTPOCEYYIOELS. 2T OUVEYELX YPTNOLUOTTOLOOUE TNV TPOTELVO-
uevn uebodoloylo yLa vo. UEAETNOOVUE CLOTNUATA NAEKTPOdLOPpoyNs (electrowet-
ting) (07TOV TO OYNUOL TNG ETUPAVELOG TNG OTAYOVAG UETUPALLETOL UE TNV EQOPUOYY
NAEKTPLKOV TTEDIOV) OE TEPLTTWOELG OTTOV OTAYOVEG dLAPPEYOVV TPAYLEG OIMAEKTPLKEG
emupaveleg. Emmpoodeta, Boollouevol 0TLg TapamTdvm TPOCOUOLMOELG CUOTHUATWY
NAekTpodLafpoync, emaindelioaue TELPAUATIKA TOV dUVaULKO ELeyy 0 TmV dLofpek-
TIKOV 1OL0TNTOV WKPo-dounuévmv emupavelmv. H mpotetvouevy mpooéyyion epop-
UWOOTNKE ETTLONG |LE ETLTUYLOL YLOL TN UEAETY) TNG OUVAULKNG OVUITTEPLPOPAS OTAYOVMYV TTOV
TPOOKPOVOUV O TPAYLEG ETLPAVELEG. ZUYKEKPLUEVQL, TTOPOTNPNONKE OTL OL VITOAOYLO-
TIKEG LOG TTPOPAEYELG CUUPVOUV, UE UEYAA] OKPIBELD, LE AVTIOTOLYEG TELPAUATIKEG
UETPNOELG. ZTN) OUVEYELD LEAETNONKE 1] UETAKIVION OTOYOVWYV, VITO TNV eTidpaon €&-
OVAYKOOUEVOV TOLOVIMOEMYV, OF ETLPAVELEG UE ACVUUETPN TPOYVTNTO, EXOVTOG WG
TPATUTTO TN LOPPOAOYLDL TOV (PTEPOV TNG TETAAOVdOG Morpho aega. H ouyxkekpuuévn
TEYVIKY] WITOPEL VO EQPAPUOOTEL YLOL T1) UETOPOPA VYPMDV OF WKPO-OVOKEVES. Me T
UELETY TWV TTOPATAVO TPOPANUATWY, ATOIELKVVETAL OTL 1) TTPOTELVOUEVT] ueBOdOAOYIO
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elval €vo TOATLUO EPYOLEID YLOL TOV OYEOLOOUO TNG ULKPO-OOUNG ETTLPAVELMV UE
TMPOG ELEYYOUEVT] LAPPEKTIKOTNTA, ATTOPALITNTEG OE TEYVOLOYIKEG EPOAPUOYEG.
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Preface

Multidisciplinary teams of scientists and engineers are currently working on wetting
and capillary phenomena research; indicatively we mention physicists, mathematicians,
biologists, chemical, metallurgical and mechanical engineers. Why a chemical engineer,
however, is interested in wetting phenomena? A chemical engineer cares about techno-
logical applications that involve exchange of momentum, mass, energy as well as mate-
rial properties. Wetting phenomena is a relatively new frontier that definitely comprise
all of the above. The research on wetting phenomena aims to initially understand the
underlying physics and then to fabricate smart, functional, micro-textured surfaces with
desirable wetting properties. Such examples were firstly observed in nature, e.g. the fas-
cinating self-cleaning properties of the lotus leaf. At this juncture, we are a screwdriver’s
turn away from mimicking or even surpassing nature’s magnificent creations, however,
this last turn is proving to be rather tedious. What impedes us are the emerging limita-
tions in the micro-fabrication methods as well as the currently inadequate capability to
efficiently predict the behavior of liquids on such micro-textured surfaces. The latter is a
highly tedious task, considering the several meta-stable equilibrium droplet shapes that
can be accommodated on a certain structured substrate as well as the possible dynamic
transitions between these states. Overall, the modeling of such wetting phenomena is
of utmost importance since it would enable us to design and optimize surfaces, featur-
ing tailor-made wetting behavior, without fabricating tons of trial cases. Here, in this
Thesis, we present a novel modeling approach which, unlike the current conventional
methodologies, is proved to be particularly efficient for such applications. Specifically,
the current Thesis is organized in four parts as follows:

« Part I: Theory and modeling of wetting phenomena (Chapters 1, 2, 3). In Chap-
ter 1 we demonstrate several examples of natural surfaces with fascinating wet-
ting properties. We also present some currently available technological applica-
tions, inspired by these natural examples, as well as interesting future challenges.
In Chapter 2 we present the basic theoretical concepts of wetting and capillary
phenomena. We also demonstrate the conventional models for describing the
equilibrium shape of droplets, particularly focusing on heterogeneous (geomet-
rically structured) solid surfaces. Then, we introduce a novel modeling approach,
by explaining its advantages when dealing with complex surface topographies.
In Chapter 3 we focus on the dynamic behavior of droplets. In particular, after
demonstrating the conventional formulations for predicting the droplet dynamics

on structured substrates, we present our advantageous modeling suggestion.



Part II: Static computations (Chapters 4, 5). Chapter 4 includes computational pre-
dictions of the proposed model for the equilibrium of sessile droplets on flat as well
as geometrically structured solid surfaces. In particular, we initially successfully
validate our method against a conceptually different, mesoscopic modeling ap-
proach. Then, we demonstrate the computation of co-existing, meta-stable droplet
shapes on structured substrates, that have also been observed experimentally. In
Chapter 5 we augment our model with electric stresses, derived from the electro-
statics equations, in order to predict the droplet equilibrium behavior under the
effect of electric field (electrowetting phenomenon) on a textured solid dielectric
surface. This actuation technique is commonly used to actively control the wetting
properties of surfaces in technological applications.

Part IIl: Dynamic computations (Chapters 6, 7). In Chapter 6 we utilize the proposed
formulation in order to perform dynamic simulations of axisymmetric droplets
spreading on solid substrates covered with arbitrary asperities. We initially suc-
cessfully compare our results against experimental measurements. Then, we ex-
amine the early spreading dynamics (# ~ 10 ms) on a variety of textured surfaces,
concluding that a universal law is obeyed for all cases, as was also observed in
recent experiments. In Chapter 7 we examine the dynamics of droplets on sub-
strates with asymmetric textures (inspired by surfaces found in nature), under the
effect of a periodic force induced by oscillating the bottom plate. Such a technique
can be exploited in order to transfer droplets more efficiently in contemporary

applications.

Part IV: Conclusions and future perspectives (Chapters 8, 9). Chapter 8 includes
concluding annotations, concerning the advantages of the proposed method for
modeling static and dynamic wetting phenomena. Finally, early experimental val-
idations of our model’s innovative predictions and suggestions regarding the fu-

ture research are presented in Chapter 9.

Part V: Appendices. Appendix A contains supplementary material for Part I, Ap-
pendix B for Part II, Appendix C for Part IIl and Appendix D for Part IV, respec-
tively.

We also note that for the shake of readability, each of the five Parts of the current Thesis

contains a separate References Chapter.
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Nomenclature

Following is a list of symbols used frequently in this Thesis. Some symbols that appear
only in one chapter are not included. Note that, in general, vectors are denoted with
bold font.

Roman letters

A substrate oscillation amplitude
Ara liquid-ambient interfacial area
Ars liquid-solid interfacial area
Asa solid-ambient interfacial area

Adroplet  droplet’s cross-sectional area
C local mean curvature

Cy, C; parameters controlling the disjoining pressure range

Ca capillary number

d distance between the solid protrusions (usually)
or dielectric thickness in Chapter 5

D, characteristic droplet diameter

E surface energy (usually) or electric field strength in Chapter 5

Egiss dissipated energy

F retention force that resists droplet motion

f oscillation frequency

fres resonance frequency

g gravitational constant

g gravitational acceleration

h height of the solid protrusions



H, Hamaker constant
K reference pressure
K power law prefactor
Ly slip length

Mgroplet droplet’s mass

n unit normal of the liquid-ambient interface

n unit normal of the solid surface

Ne electric bond number

Ng gravitational bond number

p liquid pressure

prs disjoining pressure

Del electrostatic pressure

R Galerkin residuals vector

Ry characteristic droplet radius

R contact radius of the droplet and the solid surface, in equilibrium

Rs dynamic contact radius

Re Reynolds number

re roughness factor

s arc-length of the effectively one-dimensional droplet surface (usually)
or scale factor of the solid structure in Chapter 7

s total stress tensor

Sts spreading coefficient

t time

te inertio-capillary time

t unit tangent of the liquid-ambient interface

T¢ oscillation period

Tres oscillation period corresponding to the resonance

u fluid velocity field

Uy horizontal component of the velocity field (u,, in an axially symmetric case)

u, vertical component of the velocity field

Umean mean droplet velocity

u electric potential

Ue contact line velocity

U characteristic velocity

U solution vector

% applied voltage

Varoplet  droplet’s volume

w width of the solid protrusions

whS wetting parameter

w work

We Weber number

Xem droplet’s center of mass (the horizontal position)



Greek letters

a spreading exponent (usually) or tilt angle of the solid surface in Chapter 7
Beft effective slip coefficient
BLs slip parameter
VLA liquid-ambient interfacial tension
VLS liquid-solid interfacial tension
yfg effective (incorporating electrostatic forces) liquid-solid interfacial tension
YsSA solid-ambient interfacial tension
0 Euclidean distance between the liquid and the solid phases
Ap pressure jump across the droplet surface
Ap density difference between the liquid and ambient
€ disjoining pressure parameter
€0 vacuum permittivity
€ dielectric constant (e, for the ambient phase and €, for the solid dielectric)
n electrowetting number
Oy Young’s contact angle
0. apparent (mascroscopic) contact angle
04 dynamic contact angle
Oadv advancing contact angle
Orec receding contact angle
Ax capillary length
AF relative strength of the electric stress over the disjoining pressure
u dynamic viscosity
0 fluid density
o disjoining pressure parameter
T viscous stress tensor
Ton normal stress
Tat shear stress
) viscous dissipation function
P* basis functions of the Finite Element Method
o fraction of solid in contact with the liquid
w effective interface potential (usually) or angular frequency in Chapter 7
w* modified (incorporating electrostatic forces) effective interface potential
wo resonance angular frequency
Special symbols

dot product operator

double-dot product operator
X vector product operator (usually) or multiplication sign of scalars



a4«

VZ

gradient operator
surface gradient operator
divergence operator
Laplacian operator

dimensionless quantity






PART I
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CHAPTER

Introduction

In this Chapter we highlight several examples of functional micro- and nano-textured sur-
faces found in nature, which are expected to benefit various technological applications. The
most famous example is the lotus leaf, which has the ability to self-clean. Among others,
the potential uses of such bioinspired materials include drag reduction during moving in
water, liquid transport in lab-on-a-chip devices and collecting water from fog in arid ar-
eas. We present the contribution of computational modeling in the potential applications,
as well as the limitations of the current approaches. Finally, we discuss the impact of the
current Thesis in both fields of applied and theoretical research in wetting and capillary
phenomena.

1.1 From natural surfaces to applications

Micro- and nano-textured surfaces, which appear in a variety of living organisms and
plants, feature fascinating or even enviable properties such as self-cleaning, directional
liquid transport, anti-icing and drag reduction. One of the most famous examples of
structured morphology is the leaf of Nelumbo nucifera (or simply lotus) (see Fig. 1.1a)
which is known, even from the Asian traditions, for its self-cleaning ability. The water-
repellency of the lotus was firstly explained by Barthlott and Neinhuis [1] (described
as “lotus effect”) by imaging the leaves with scanning electron microscopy (SEM). In
particular, they reported that epicuticular wax crystalloids, covering the leaf, minimize
the adhesion between the substrate and an impinging water droplet (see Fig. 1.1b). As
a result, raindrops behave like “liquid-spheres” rolling off the leaf and carrying any dirt

particles which is necessary for sufficient photosynthesis of the plant.

Even though the lotus leaf can resist wetting from water droplets, it fails to repel oils
or water containing surfactants. Such liquids can penetrate more easily in the lotus
micro-structure, thus limiting its self-cleaning ability. In was only recently that an other
natural micro-structured surface was found to address this drawback, exhibiting both
water and oil-repellency. In particular, Helbig et al. [2] reported that the cuticle of
springtails (Collembola) is covered with surface features with overhanging (mushroom-
shaped) profiles, giving them exceptional self-cleaning properties (see Fig. 1.2a, b). This
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Figure 1.1: (a) Water droplet forming an almost perfect sphere on the leaf of Nelumbo nucifera
(or simply lotus) (from Munich botanical garden). (b) SEM image of a lotus leaf structure of wax
crystals (reprinted from [1]). (c) SEM image of lotus leaf inspired, artificial micro-posts, obtained
from a photolithography process (reprinted from [4]).

Figure 1.2: (a) Colony of Orthonychiurus stachianus springtails (reprinted from [3]). (b) Skin
morphology of Sinella tenebricosa springtail, featuring mushroom-shaped asperities, obtained
from SEM (reprinted from [2]). (c) SEM images of a superrepellent double re-entrant structure
inspired by the surface topography of the springtail (reprinted from [5]).

ability emerged from an evolutionary adaptation to continue the cutaneous respiration
even in flooded soil habitats [3].

Inspired by the above examples of self-cleaning materials, several approaches for arti-
ficially structured surfaces have been proposed in order to facilitate the daily life. Ar-
tificially structured surfaces are usually fabricated by a photolithography process on a
photoresist material (see Fig. 1.1c) [4]. Up to now, the state-of-the-art in fabricating wa-
ter and oil-repellent surfaces is double re-entrant, mushroom-shaped, structures [5] (see
Fig. 1.2¢), inspired by the cuticle of springtails (Collembola) [3]. We indicatively mention
that some of the already exploited applications of such surfaces are: self-cleaning paints
(Ultra Ever Dry®), roof tiles (Erlus Lotus®), fabrics (NanoSphere®) and glass windows
(SunClean®). The above broad spectrum of current applications, triggered a strong in-
terest in studying a wider range of biological materials, concluding that nature abounds
with multifunctional surfaces [6] varying from insects which can walk on water (wa-
ter strider) [7] to surfaces with antibacterial properties (gecko skin) [8]. We are just in
the beginning of exploiting more and more fascinating physical mechanisms in order to
face intractable engineering challenges. In the next Section, we discuss some of the most

promising and challenging applications.
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Figure 1.3: (a) Namib desert beetle collecting water from the fog. Droplets accumulate on the
micro-bumps of the surface until they are large enough to coalesce and roll into the beetle’s
mouth (photo by Martin Harvey/Alamy). (b) SEM image of the textured surface of the Namib
desert beetle, covered with “bump-like” micro-structures (reprinted from [9]). (c) Fog harvesting
nets, set in South Africa (courtesy of University of South Africa)

1.2 Challenges of tomorrow

1.2.1 Fog harvesting

Freshwater shortage is one of the major problems for the people of developing countries
and is expected to worsen in the coming decades. In order to quantify the problem we
mention that, according to World Health Organization, 663 million people lack access
to clean water. The surviving of some organisms in extremely arid condition, like the
beetle Stenocara gracilipes found in the Namib Desert, has recently drew to scientific
attention, indicating that nature has already found a solution. The desert beetle uses its
body surface as water collector when facing the fog-laden wind and thus manages to
survive in one of the driest habitats on Earth (see Fig. 1.3a) [9, 10]. In particular, water
droplets accumulate on non-waxy bumps on the beetle’s back until they are large enough
to coalesce and roll, through wax-coated paths, into the beetle’s mouth (see Fig. 1.3b).

The above mechanism can be exploited for developing synthetic, industrial scale, sur-
faces to collect freshwater in arid areas. Such an application is, however, still hypo-
thetical, and the only current large scale device is polymer mesh installations in coastal
areas where the fog periods are frequent, without the implementation of the complex
beetle micro-structure (see Fig. 1.3c). These simple pilot systems can not yet be commer-
cially exploited, until the harvesting efficiency is considerably improved. To implement
this, it is imperative that we must not only mimic but also combine and improve the
observed biological systems in order to adapt them in larger scales. In this direction,
Park et al. [11] fabricated a complex solid topography, which is based on principles de-
rived from Namib desert beetles [9], cacti [12], and the pitcher plant Nepenthes [13], and
can be used to collect water with an improved efficiency. Such a combination of dis-
tinct natural mechanisms is more efficient than using the structures based only from the
Namib desert beetle topography. There are several other studies arguing for the ideal

fog harvesting surface [14, 15, 16], however, a general conclusion is that the design of
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Figure 1.4: (a) The Salvinia molesta fern which can stabilize an air layer, required for respiration,
when submerged under water (CC BY-SA 3.0). (b) SEM image of a frozen Salvinia molesta leaf
exhibiting eggbeater-shaped hairs coated with nanoscopic wax crystals (reprinted from [17]). (c)
Ship hull fouling by barnacles (reprinted from [18]).

the micro-structure is an important factor for the system’s efficiency.

1.2.2 Drag reduction

The reduction of drag force for marine vessels has always been an important concern for
the shipping industry. In addition, the fuel burn of a ship can increase up to 50% when
fouled (by barnacles, oysters, mussels, algae or bacteria) versus a clean hull (see Fig. 1.4c)
[19]. There are several studies where lotus leaf inspired surfaces have been found to
reduce drag in fluid channels [20]. In particular, a layer of air is trapped between the
water and the surface which acts as a lubricating film reducing the drag force which,
however, can be retained only for a short period of time [21]. Recently, an other natural
surface, the floating fern of the genus Salvinia, has been observed to maintain air layers,
when submerged, for several days or even months (see Fig. 1.4a) [17]. The leaves of
Salvinia molesta are covered with hairs, of total height about 2 mm, which form terminal
ends of four (eggbeater-shaped) which stabilize the water-air interface (see Fig. 1.4b).

The above morphology can be exploited for reducing the drag on ship hulls and thus
the fuel consumption. Moreover, the air layer will potentially have an antifouling effect
and could thereby reduce the need of toxic antifouling agents, currently used in marine
industry [22]. For such an application, however, the eggbeater-shaped structure must
withstand stressed due to hydrostatic pressure and turbulent flow conditions. Recently,
Mayser and Barthlott [23] have examined the sustainability of the air layer trapped in
the Salvinia micro-structure, under a maximum pressure of 2.5 bar, which corresponds
to the flow conditions at the bottom of a ship hull. Although the work of Mayser and
Barthlott [23] indicate that some Salvinia species were capable of maintaining an air
layer under this pressure, it is questionable whether such artificial surfaces can be made
with the current fabrication methods, especially considering that an entire hull has to
be covered. It is reasonable that the Salvinia micro-structure has to be simplified with,
however, retaining the air trapping ability. Again we conclude that the micro-structure
design is the key factor for applying this idea in industrial level.
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Figure 1.5: (a) An iridescent blue Morpho aega butterfly found in South America (CC BY-SA
4.0). (b) Asymmetrical structure of the Morpho aega wing, exhibiting anisotropic wetting prop-
erties. Water rolls easily along the direction denoted by the black arrow (reprinted from [24]).
(c) Microfluidic lab-on-a-chip device, including pneumatic valves, used to study the growth of
microbial populations (chemostat) (reprinted from [25]).

1.2.3 Lab-on-a-chip devices

Lab-on-a-chip devices are systems that process or manipulate small amounts of fluids
using micro-channels (see Fig. 1.5¢) [26, 27]. Such systems were initially created after
the end of the cold war to serve as detectors for chemical and biological threats, sup-
ported by the US Department of Defense. Current applications of Lab-on-a-chip devices
include sensors in laboratories (e.g. water analysis) (Micronit®), diagnostic devices in
medicine ([llumina®) and optofluidics (Varioptic®), however, are not yet become widely
used. In most of the cases, the liquid manipulation in lab-on-a-chip devices is performed
by applying pressure gradients [25], electric fields (electrowetting phenomenon) [28] or
by thermal gradients along the substrate (thermocapillary convection) [29]. The con-
ventional applications of lab-on-a-chip devices do not usually require any sophistacated
surface texture (e.g. micro-posts), however, as the dimensions of the channels shrink (for
enabling more complex processes, e.g. lab-on-a-chip devices that simulate the activities
of an entire biological organ for in vitro medical studies [30]) the solid structure impact
on the device efficiency will be crucial [31]. In such a complex device, it would be useful
to minimize the liquid-solid friction so as to use as less energy supply as possible. Once

again, we will look at nature’s marvelous designs.

Recently, Morpho aega butterflies (see Fig. 1.5a), which live in the South American rain-
forest, arouse the curiosity of researches due to their exceptional flying stability, by
keeping their wings light-loaded, despite the high humidity of their environment. The
thought that the butterfly wing is covered by lotus leaf type structures did not seem log-
ical since the condensed water droplets would easily roll towards their body, preventing
them from flying. The answer was finally given by Zheng et al. [24], by examining the
micro-structure of the Morpho aega wings. In particular, they reported that the wing
surface exhibit asymmetric ratchet-like structures, leading to anisotropic wetting prop-
erties. Therefore, a droplet can roll off the surface of the wings along only the outward
direction (see Fig. 1.5b). The application of this finding in lab-on-a-chip devices would
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water drop

Figure 1.6: Environmental scanning electron microscopy (ESEM) image of a droplet edge on an
porous polycarbonate surface (reprinted from [33]).

greatly enhance the efficiency of liquid transport along a prescribed route, however, such
a design would require the ability to predict the behavior of droplets on geometrically
structured surfaces. This is a rather difficult task, by using the current approaches, as

we will present in the following Section.

1.3 Why computational modeling is important

We have previously presented commercially available applications of artificially rough-
ened, water-repellent surfaces. Even those paradigms, however, suffer from vulnera-
bilities due to the inadequate mechanical robustness of the structures at high external
pressure or due to a collapse wetting transition (where the liquid impales the solid pro-
trusions) resulting in the loss of their water-repellency ability. In addition, Cavalli et al.
[32] demonstrated that the micro-structure robustness and water-repellency ability have
an antagonistic action; the higher the mechanical stability, the less the water-repellent
performance of the surface. The above indicates that an ad hoc topography optimization
is required for a specific application. Overall, in order to efficiently design and optimize
functional substrates with tailor-made wetting properties, keeping in mind that the fab-
rication cost may be prohibitive to experimentally test a plethora of solid topographies,
a predictive model of the droplet behavior on complex surfaces and under the effect
of different external forces (pressure, electric field effect, thermal gradient) is deemed
necessary.

Such a complex system of a droplet moving on a geometrically of chemically structured
substrate, requires an accurate computation model, rather than simplified phenomeno-
logical approaches. In order to understand the complexity of the studied system, we
demonstrate in Fig 1.6 the edge of a droplet in contact with a porous polymer substrate.
From the above it is clear that roughness greatly distorts the droplet shape, thus a phe-
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nomenological model that accounts only for the macroscopic fluid characteristics is not
acceptable for designing and optimizing the previously referred applications.

1.4 The objective of this Thesis

Despite the vast amount of the developed modeling approaches for predicting the droplet
equilibrium (including multiple distinct wetting states) and dynamics on a geometrically
structured solid surface, according to our knowledge, none of them has a general appli-
cability to all the aforementioned applications. In particular, either they are based on sig-
nificant simplifications failing to adequately describe the complex behavior of a droplet
on a rough substrate, or are too expensive, in terms of computational resources, for
real-life applications with millimeter-sized droplets. In this Thesis, we propose a novel
modeling approach, particularly efficient to predict the static and dynamic behavior of
entire millimeter-sized droplets on any kind of structured (geometrically of chemically)
substrate. The mathematical formulation of the proposed model is presented in Chap-
ters 2 and 3. Then, we demonstrate numerical predictions of our model for a variety of
static and dynamic problems, in Chapters 4, 5, 6 and 7. The incorporation of additional
forces (e.g. electric field, thermocapillary stresses) that affect the droplet behavior, can
also be readily performed in our approach, which renders it, to our opinion, an extremely

valuable and efficient tool.

The scope of the research presented here is twofold. Firstly, from the applications point
of view, the throughout simulations performed by our modeling approach can be ex-
ploited for designing, optimizing and then fabricating functional materials (e.g. efficient
fog harvesters, low friction surfaces, micro-channels with directional adhesion) inspired
by the above natural mechanisms. The evaluation, for example, of a solid structure per-
formance, in terms of its water-repellency, is demonstrated in Chapter 4. Moreover, in
Chapter 6 we examine the effect of the solid topography, featuring asymmetric protru-
sions inspired by the Morpho aega wings, on the directional adhesion of droplets. As
previously stated, such tasks could not be addressed up to now, with the current mod-
eling methodologies. Secondly, our model can also contribute to the active theoretical
research regarding wetting phenomena on complex solid surfaces. In particular, our
detailed simulations can shed light to several physical mechanisms and explain exper-
imental findings that cannot be clarified by the current theoretical description. Such
an example is presented in Chapter 5, where we interpret recent experiments, by per-
forming simulations of a droplet impacting on an arbitrary roughened solid surface. Our
proposed modeling approach will be introduced in the following Chapter, after present-

ing the basic concepts of wetting and capillary phenomena.
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CHAPTER

Statics

In this Chapter we present the fundamental concepts of wetting of solids by liquids in equi-
librium (also referred as capillary phenomena), particularly focusing on how roughness of
a solid surface affects its wetting properties. We refer to the conventional theoretical models
for predicting the shape of a droplet on the solid surface, which however, either fail to ade-
quately describe the complex behavior of a droplet on a rough substrate, or prove to be too
expensive in terms of computational resources for real-life millimeter-sized droplets. After
reporting these limitations we introduce a novel, continuum-level, sharp-interface model-
ing approach which is particularly efficient for predicting entire droplet equilibrium profiles
on any kind of textured (geometrically or chemically) solid surface. According to our ap-
proach, the liquid-ambient and the liquid-solid interfaces of the droplet are treated in a
unified framework under the influence a disjoining pressure term modeling the molecular

interactions.

2.1 Basic aspects of wetting phenomena

2.1.1 Interfacial tension

A liquid surface can be considered as a stretched membrane featuring an interfacial ten-
sion that opposes any distortion. A demonstration of the surface tension (interfacial
tension of water-air interface) is presented in Fig. 2.1. In particular, surface tension sup-
ports a raft of ants linked together. Such a structure allows the ants to sail for months
to survive floods [34]. The physical origin of interfacial tension can be understood by
considering a liquid at the molecular scale. A molecule in the midst of a liquid interacts
with all its neighbors. On the other hand a molecule on the surface loses half of these
cohesive interactions and is in an unfavorable energy state. This is the reason why lig-
uids adjust their shape so as to reduce the surface area as much as possible. Interfacial
tension may be equally though as (a) force per unit length and (b) free energy per unit

area. Next, we will present two examples to explain these viewpoints.

First, we consider a soap film stretched over a wire frame with a rod at the end which
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Figure 2.1: Manifestation of surface tension: (a) a waterproof raft of 500 fire ants (Solenopsis
invicta) floating on water. (b) The water-repellency of the ants prevents them from sinking when
submerged (reprinted from [34]).

is movable (see Fig. 2.2a). If the rod is displaced by dx, we can measure that a force is
acting on the movable rod in the direction indicated by the red arrow in the figure. The
value of that force per unit length is the interfacial tension, which is denoted by y (the
corresponding SI units are N/m), and the work done is:

W =y Adx, (2.1)

where, A, is the length of the wire frame.

Now, we will think of y in terms of energy per unit area (the corresponding SI units
are J/m?). In Fig. 2.2b we depict a droplet of oil submerged in water. In the absence
of gravitational field the oil droplet is spherical, since this the shape of the minimum
surface area for an enclosed volume. If the oil-water interface is displaced by dR (see
Fig. 2.2b), the work done is:

W = —Poil dvoil — Pwater deater + Yow dA, (2-2)

where dV; = 471 R*?dR = —dViyater, and dA = 871 RdR are the increase in volume
and surface of the droplet, respectively; poi and pywater are the pressures in the oil and
water phases, and .y is the oil-water interfacial tension. In equilibrium, Eq. 2.2 equals
to zero, which amounts to the fundamental equation, given in 1805 by Young and by

Laplace [35]:
2Yow

AP = poil = Pwater = R (2.3)

From the above, we conclude that the smaller the droplet, the greater the pressure inside

compared to the outside phase.

2.1.2 Three-phase contact line

When a droplet is placed on a solid surface, forms, in equilibrium, a spherical cap with a
contact angle, 8y, with the solid surface. The line where the three different phases, liquid-
solid-ambient, intersect, is called three-phase contact line (TPL) (see Fig. 2.3). According
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(a) (b)

Figure 2.2: (a) Interfacial tension, v, as a force per unit length normal to a mobile rod. (b)
Schematic of an oil droplet immersed in water, used to highlight the second formulation of in-
terfacial tension as energy per unit area.

to the work of Young, the equilibrium contact angle (also known as Young’s contact
angle) of a droplet on a smooth solid surface depends on the solid-ambient, ysa, liquid-
solid, y1s, and liquid-ambient, y1 4, interfacial tensions [35, 36, 37]. The surface free
energy in this case is defined as:

E = y1s ALs + ¥sa Asa + YLA AL, (2.4)

where Ars, Asa, Apa is the liquid-solid, solid-ambient and liquid-ambient interfacial area,
respectively. The work done (the variation of the surface free energy) for a contact line
displacement by a distance, dx (Fig. 2.4) is:

W =dE = y15dArs — ysa dArs + yra cosfy dArs =

dE . ) (2.5)
— = - costly,
dALs YLS — YSA T YLA Y

where, dArs = 27 R dx (with R the contact radius of the droplet), is the change in the
liquid-solid interfacial area. We note that the bulk energy is unaffected in this case since

the liquid pressure does not change. In equilibrium ( lim —— = 0), Eq. 2.5 amounts
dALs—>0 dALS

to the Young equation:
YsA = YLs + YLa cosfy. (2.6)

The above equation connects the Young contact angle, 8y, with the liquid-solid, solid-
ambient and liquid-ambient interfacial tensions. We note that Young’s equation is valid
only for perfectly smooth solid surfaces; such an assumption, however, does not usually
stand in real life since a small amount of roughness may be present even in macroscop-
ically smooth materials. Moreover, it is interesting that although Eq. 2.6 is generally
accepted and widely used in the literature, it has never been verified experimentally due

to the virtually impossible estimation of the interfacial tension of solids.

By definition, when the Young contact angle lies between 0° and 90°, the solid material is

23



Chapter 2. Statics

Figure 2.3: Droplet resting on a smooth solid surface. (a) The three-phase contact line (TPL) is
depicted with the dashed red line. (b) The Young contact angle, formed at the intersection of the
liquid-ambient and the liquid-solid interfaces, is demonstrated.

called hydrophilic, whereas it is called hydrophobic for 6y greater than 90°. We note that
Young’s contact angle has an upper limit in experimental practice. In particular, common
hydrophobic materials (e.g. waxes and fluoropolymers such as Teflon® AF 1600) do not
exhibit 8y > 120°. Apparent (macroscopically observed) contact angles higher than 120°,
however, can be observed on geometrically structured surfaces as discussed in Chapter 1.
When the apparent contact angle is at least 150° and the rolling-off angle (the minimum
inclination angle at which the droplet rolls-off the substrate) do not exceed 5-10°, then
the solid surface is called superhydrophobic. This term was initially introduced in 1996
by Onda et al. [38].

In the case where a liquid fully wets a solid surface (6y = 0, for e.g. a water droplet on
noble metals such as gold or platinum [39]), Eq. 2.6 ceases to hold and the imbalance of
the interfacial tensions is now given by a spreading coeflicient:

SLs = ¥sA — VLS — VLA- (2.7)

In the above case, the adhesion tension, yspo — y1rs, which is a quantity introduced by
Bartell et al. [35], exceeds yra.

The fact that wetting and capillary phenomena have been studied even from the early

18th century by great scientists of physics and mathematics (Francis Hawksbee, James
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Ambient

Solid

Figure 2.4: Mechanical force balance at the three-phase contact line (or simply contact line),
where the different phases (solid, liquid, ambient) meet.

Jurin, Thomas Young, Pierre-Simon Laplace) [40] is attributed to their close relation with
classical geometry. In particular, the static shape of a droplet on a smooth substrate can
be derived geometrically, in the absence of any gravitational field, as presented in the

next Section.

2.1.3 Droplet shape on smooth surfaces

The shape of an axisymmetric droplet on a smooth solid surface can be analytically
calculated, providing that the effect of gravity is negligible, for a given liquid volume

and Young’s contact angle. The negligible gravity effect assumption is valid only when
YA

the initial droplet radius is smaller than the capillary length, 4, = | lﬁ’ where p is the

liquid density and g the gravitational constant, respectively. Considering that a droplet
forms a spherical cap at equilibrium, the droplet shape can be obtained by solving the

following system of equations:

d
= Jomo= tan (1 — fy), (2.82)
dx
zmax
Vdroplet = f X dz, (2.8b)
0
(z-z2)°+x* =R, (2.8¢)

where, Vyroplet, is the droplet volume, z. is the center of the circle (with radius R) which
adapts to the liquid-ambient interface and zmax = zc + R (see Fig. 2.5). From Egs. 2.8a
and 2.8c for z=0, yields:

R _Rcl

tan (7 — Oy) =S forz. >0, (2.9a)
RZ _ R2
cl
= R
tan (7 — Oy) = d , for z. <0, (2.9b)
R2— R
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Figure 2.5: Droplet shape obtained by the analytical solution of Eqs. 2.8a, 2.8b and 2.8c.

which in combination with:

Ze = — 1/Rz - Rgl, for z. > 0, (2.10a)
Ze = 4| R? - Rgl, for z. < 0, (2.10b)

(from Eq. 2.8c¢) yields:

Rcl
Je=——T. 2.11
© " tan (7 — Oy) (211)
Moreover, from Egs. 2.8b and 2.8c, yields:
27R3 n7d
Viaroplet = T R? z¢ + - —, (2.12)
3 3
which in combination with, R* = |/zZ + Rgl, and Eqgs. 2.11 yields:
1/3
Vdroplet
Rq = 7 (2.13)
(k1)
9 g A Oy _ _2r _ _m
3 3tan36y tanfy

Overall, in order to calculate the shape of droplet, for given liquid volume and Young’s

contact angle, we:
1. compute the contact radius, R, from Eq. 2.13,

2. compute the center of the circle, z., which adapts to the liquid-ambient interface
from Eq. 2.11 and

3. calculate the radius of the circle, R, from R? = A /zg + Rgl.

Unfortunately, there is no such analytical solution in the case of a rough solid surface

due to the complex shape of the contact line which can form multiple contact regions
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with the substrate. The problem originates from the complex contact line shape (forming
multiple contact regions with the substrate), when the solid surface is geometrically or
chemically textured (see for example an ESEM image of the three-phase contact line on
an porous substrate in Fig 1.6). Wetting phenomena on structured surfaces were initially
studied in the work of Cassie and Wenzel more than 60 years ago [41], however, only
recently has become a highly attractive research field due to the modern applications
presented in Chapter 1. In the next Section, we present the theoretical models, starting
from elementary approaches to more complex ones, for predicting the static behavior of
droplets on solid surfaces, mainly focusing on heterogeneous (geometrically structured)
substrates.

2.2 Modeling of equilibrium wetting phenomena

2.2.1 Wenzel and Cassie-Baxter models

The solid wettability can be greatly affected by the surface topography and surface het-
erogeneities in general (chemical patterns, impurities). In the case of a geometrically
structured surface, the apparent (experimentally observed) contact angle, ,, differs from
what expected from Eq. 2.6. Such a behavior can be theoretically explained by the Wen-
zel and the Cassie-Baxter equations [41]. In particular, the Wenzel model is based on
the assumption that the liquid fully penetrates the solid roughness, by following all the
topological variations (see Fig. 2.6a) [42, 41]. The work done in this case (the surface

free energy variation, dE) as the contact line advances by a distance, dx, is defined as:

W =dE = r¢y1s dArs — reysa dArs + yra cost, dArs =

dE (2.14)
= re(YLs — ¥sa) + VLA C0SH,,

where the roughness factor, ry, is the ratio of the actual over the apparent surface area.

In equilibrium ( lim = 0), the above equation, combined with Eq. 2.6, reads:

dArs—0 dALS

cosf, = rycosby. (2.15)

The Wenzel equation predicts that the apparent contact angle, 6,, is larger than Young’s
for hydrophobic materials (6y > 90°) whereas it is smaller than the Young contact angle
in the case of hydrophilic materials (fy < 90°). The latter case is referred as superhy-
drophilic. Overall, the Wenzel equation concludes that roughness enhances solid wetta-
bility. Despite that such an argument was validated by experiments [43], the Eq. 2.15 may
predict unphysical apparent wettabilities in some cases (e.g. cosf, > 1 or cosf, < —1,
for a large roughness factor, r¢).

A different approach is adopted in the Cassie-Baxter model [44, 41]. In particular, as
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Ambient

Solid

Ambient

Solid

Figure 2.6: Contact line displacement by a distance, dx, in (a) a Cassie-Baxter regime and (b) a
Wenzel regime. The apparent contact angle, 8,, is evaluated above the solid protrusions.

observed in Fig. 2.6b, it is assumed that air remains trapped below the droplet. The
variation of the surface free energy as the droplet advances in this case reads:

W =dE = ¢s (yrs — ysa) dArs + (1 — ¢s) yra dArs + yra dArs cosb,, (2.16)

where ¢ is the fraction of solid in contact with the liquid (¢s < 1). In equilibrium, i.e.

for a minimum surface free energy, the above equation, combined with Eq. 2.6, reads:

cosf, = —1 + ¢s(1 + cosby). (2.17)

The Cassie-Baxter equation predicts that the solid wettability is reduced by decreasing
the liquid-solid contact area, however, the air entrapment assumption is only valid for
large Young’s contact angles, thus Eq. 2.17 ceases to hold for hydrophilic materials.

Lafuma and Quéré [45], in an attempt to combine these two theories and to extend our
understanding on roughness effect on wetting, assumed that Cassie-Baxter approach
(Eq. 2.17) should hold for substrates either very hydrophobic (large 8y) or very rough
(large roughness factor, r¢), where air entrapment should be favored. Similarly, they
expected that the Wenzel approach (Eq. 2.15) should hold for substrates that are hy-
drophilic (fy < 90°) and slightly hydrophobic (fy just above 90°) when air pockets
should not be favored. Moreover, they calculated the critical Young’s contact angle,
cosfc; = (¢s — 1)(rf — ¢s), which is the threshold between these regimes for a given
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Figure 2.7: The dependence of the apparent wettability, 8,, on the Young contact angle, as mea-
sured by Onda et al. [38]. The solid lines show the behavior expected by the Cassie-Baxter
(Eq. 2.17), the Wenzel (Eq. 2.15) and the superhydrophilic (Eq. 2.19) theoretical models, with r¢ =
4.43 and ¢, = 0.35. The dotted line represents a meta-stable situation where Cassie-Baxter states
were observed by Lafuma and Quéré [45].

solid structure, by equating Eq. 2.17 and Eq. 2.15. This combined model is presented in
Fig. 2.7. Lafuma and Quéré, also performed experiments to validate their hypothesis. In
particular, by compressing a water droplet between superhydrophobic micro-structured
surfaces, they have noticed wetting transitions between Cassie-Baxter and Wenzel states
for moderate solid hydrophobicity, 8y < 6c1, where the liquid impales the solid protru-
sions. They reported that the apparent contact angles in both states were comparable,
however, the adhesive properties greatly differ; unlike Cassie-Baxter state, the droplet
in the Wenzel state was highly pinned to the solid. Moreover, they observed that Cassie-
Baxter to Wenzel wetting transitions were irreversible, i.e. the droplet does not return

to the Cassie-Baxter state when relaxing the pressure.

An attempt to experimentally validate the Wenzel and Cassie-Baxter theoretical mod-
els, for a wide range of Young’s contact angles, has been also performed by Onda
et al. [38] by modifying the roughness, and thus the wetting properties, of surfaces
made of alkylketene dimer (AKD) and using liquids of various interfacial tensions (see
Fig. 2.7). In particular, it is observed that the apparent wettability of hydrophobic ma-
terials (cosfly < 0 in Fig. 2.7), can be adequately predicted by the previous theoretical
description of Wenzel and Cassie-Baxter equations, however, in the case of hydrophilic

materials (cosfy > 0), the Wenzel regime was not obeyed when the Young contact an-
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Vapor

Solid

Figure 2.8: Contact line displacement by a distance, dx, in the superhydrophilic regime, where
a liquid film propagates within the solid structure.

gle becomes smaller than some critical value (6¢; in Fig. 2.7). Thus a new regime was
assumed for this region, known as superhydrophilic, which can be characterized by a
liquid film that propagates within the material textures [41] as presented in Fig. 2.8. The

work done in this case as the contact line advances by a distance, dx, is defined as:

W =dE = ¢s (y1s — ysa) dArs — (1 — ¢s) yr.a dArs + yra dArs cosb,. (2.18)

In equilibrium, the above, combined with Eq. 2.6, reads:
cost, =1+ ¢s (cosfy — 1), (2.19)

and the critical critical value of the Young contact angle, separating the Wenzel and the
superhydrophilic regime (see Fig 2.7), is calculated as cosfc; = (1 — ¢5)(rf — ¢s), by
equating Eq. 2.15 and Eq. 2.19. We observe that the above equation can successfully
capture the experimental measurements of Onda et al. [38] for cosfy > cosfc; (see
Fig. 2.7).

As a summary, Wenzel and Cassie-Baxter equations do succeed in capturing some exper-
imental trends (see [38, 43]), however, they should be used with caution since there are
also inconsistent with some publications [46, 47]. Recently, a discussion has been started
regarding the range of applicability of these classic modeling approaches. In particular,
recent experimental and computational studies on surfaces with heterogeneous islands,
criticize Wenzel and Cassie-Baxter equations, arguing that wetting behavior is deter-
mined by liquid-solid interactions at the outer three-phase contact line alone, and that
the interfacial area within the contact perimeter is irrelevant [48, 49, 40, 50]. Such a state-
ment, however, does not contradict with Wenzel and Cassie-Baxter approach, provided
that local values (in the vicinity of the outer three-phase contact line) of the roughness
factor and of the liquid-solid area fraction are used in Egs. 2.15 and 2.17, respectively.
A more reasonable argument is made by McHale [51] where he suggested that Wen-
zel and Cassie-Baxter equations apply only (a) when the surface is similar and isotropic
everywhere and (b) when the size ratio of the droplet to the wavelength of roughness

or chemical heterogeneity is large enough. Even if the above assumptions are valid,
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Figure 2.9: Confocal microscopy images of a water miniscus in a unit cell of a pillar-structured
surface under different liquid pressures (a) 0 kPa, (b) 14 kPa, (c) 50 kPa and (d) 50 kPa after
collapse. Reprinted from [53].

however, it is difficult to imagine that simple approaches like Eq. 2.15 and Eq. 2.17 can
adequately describe the complexity of the contact line behavior on a structured surface
(see e.g. the magnified view of a contact line on a porous solid surface presented in
Fig. 1.6 of Chapter 1).

In addition, recent experimental studies, by using confocal microscopy techniques, re-
veal that composite meta-stable wetting states can also be formed, where the liquid has
partially penetrated the solid roughness (see e.g. the shape of a water meniscus for vari-
ous applied pressures in Fig. 2.9) [52, 53]. It is obvious that the multiplicity of meta-stable
equilibrium states, presented in Fig. 2.9, renders the prediction of the wetting behavior
on structured substrates extremely difficult. In particular, Cassie-Baxter states, where air
is trapped underneath a droplet footprint (see Fig. 2.9a), can coexist with Wenzel states
(in the sense that the particular geometry can accommodate both states) where the lig-
uid has impaled the surface patterning (see Fig. 2.9d). The case is even more complicated
when the surface protrusions are partially filled, and the resulting apparent wetting be-
havior lies between those of the Cassie-Baxter and the Wenzel (Fig. 2.9b). The complete
picture of the states’ space can be notably complex with an extended range of the pos-
sible apparent contact angles, 6,, as well as of the adhesion properties. Obviously, such
a behavior is not predicted by the Wenzel and Cassie-Baxter equations. To our opinion,
the complete picture of the apparent wettability dependence can not be revealed by us-
ing Wenzel and Cassie-Baxter equations alone since a throughout study would require a
detailed computational approach. Several modeling approaches have been proposed in
order to compute the different attainable wetting states on rough solid surfaces (e.g. the
suspended and collapsed states in Fig. 2.9a and Fig. 2.9d, respectively) as presented in
the following Sections. We begin with the solution of the Young-Laplace (YL) equation,
which is the simplest and most efficient computational approach for the determination

of equilibrium wetting states.

2.2.2 Conventional Young-Laplace equation

The Young-Laplace equation, which is a generalized form of Eq. 2.3 (see Section A.1, of

the Appendix A, for a rigorous derivation), states the force balance between interfacial
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Solid

Figure 2.10: Schematic illustration of a droplet wetting a flat solid surface, with contact angle
Oy. The droplet surface is parameterized with the angular coordinate, (r = 7(0)).

tension, capillary (Laplace) pressure and gravity along a droplet surface [35]:

C —
C+A =Ap = —+ A Ry =Ap =
YLA P8I Y4 YLARO pP 8 2 V4 (2.20)

C+NyZ=K,

where, C, is the local mean curvature of the droplet free surface (C = V; - n, with V; the
surface gradient operator and n the unit normal of the droplet surface) and C its dimen-
sionless form, Ap is the pressure jump across the free surface, Ry is the characteristic
droplet radius and K = Ry Ap/vyLa, is a reference pressure, constant along the interface.

The effect of gravity is also included in Eq. 2.20 through the hydrostatic pressure term,

Apg Rg
247N

ference between the liquid and ambient, and g the gravitational constant. More details

Ng z, where, Ny = is the gravitational Bond number, with Ap the density dif-
about derivation of the local mean curvature expressions can be found in the Section A.2
of the Appendix A. The Young-Laplace equation can be solved for both axisymmetric
(spherical) and cylindrical droplets, by assuming axial symmetry around the z-axis and
translational symmetry along a direction perpendicular to the xz-plane, respectively (see
Fig. 2.10). Cylindrical droplets can be formed in an experiment where the liquid is held
captive between two parallel plates to the xz-plane, and the plates’ material wettability is
such that the contact angle is equal to 90°. In both cases, the droplet can be conveniently
defined in polar coordinates (r, 6) since the problem is considered two-dimensional (see
Fig. 2.10). Note that for a three-dimensional case, the droplet would be defined in spher-
ical coordinates (r, 8, ¢) when considering axial symmetry and cylindrical coordinates
(r, 8, y) when considering translational symmetry, respectively.

2.2.2.a Axial symmetry

We initially present the mathematical formulation for spherical droplets, where axial
symmetry is considered around the z-axis (see Fig. 2.10). The characteristic length Ry,

in this case, corresponds to the radius of a sphere the volume of which is equal to the
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Figure 2.11: Unit normals used in the Young contact angle boundary condition at the three-
phase contact line (Eq. 2.23).

droplet volume (R, = ,3/ %Vdroplets where Viroplet is the droplet volume). By parameter-
izing the droplet surface with the angular coordinate, 0, (i.e., r(0)) the problem becomes
one-dimensional, where r is the distance from the substrate center (x,z) = (0,0) and 6
the angular coordinate (see Fig. 2.10). The local mean curvature of the droplet surface
formulated as a function of the angular coordinate, 6, reads (see Section A.2 of the Ap-

pendix A for the evaluation of the local mean curvature):

co 1 272 sin®0 + rh sin?0 g rrg siné (2.21)
= o - T~ ’ .
resinf \/sinze (rz + rg) do \/sin29 (r2 + rg)

where ry = %. The Young-Laplace equation (2.20) is then solved subject to the following

boundary conditions in dimensionless form:

1 dr
——=0at 6§ =0, 2.22
Rodo _ ° 222)
1
—n -ng—cosfy =0 at 0 = Opax, (2.23)

2
RO

Where Omax is the maximum value of the angular coordinate. We keep the terms - R and
RZ in Eqs. 2.22 and 2.23, respectively, in order to be consistent with the dimensionless
formulation of the problem. The first, Neumann-type, boundary condition (Eq. 2.22),
prescribes the axial symmetry around the z-axis (see Fig. 2.10). The latter boundary
condition (Eq. 2.23) prescribes the Young contact angle, fy, at the three-phase contact
line, where n and n; are the corresponding unit normals of the droplet and solid surface
respectively (see Fig. 2.11). We note that in case of a flat and smooth solid surface, the
angular coordinate 6 € [0,7/2] with 6,.x = 7/2 and ng equals to the unit vector in
the z direction. Finally, the solution of the Young-Laplace equation (2.20) is singled out
by using a constraint prescribing the droplet volume. In particular, considering that

the volume of the droplet equals to that of a sphere with radius Ry, then the volume
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Solid

Figure 2.12: Schematic illustration of a droplet resting on a single-corrugated substrate (only the
half side of the droplet is presented). In this case, the maximum value of the angular coordinate,
Omax, 1s unknown.

constraint in dimensionless form reads:

emax r 3
f — | sinfdf = 2, (2.24)
0 Ry

where, 0.« = 71/2, for a smooth substrate case.

In case where the solid surface is structured (see Fig 2.12 where a droplet is hanging on
a solid micro-post), the maximum value of the angular coordinate, 0y,,x, which delimits
the boundary of the computational domain, is unknown. This suggests a free boundary

problem where the following extra algebraic equation is required:

1 —~
R—I’COSQ = fsolid(ﬂa at 0 = Omax. (2-25)
0

In the above, Jiolid(@ is a dimensionless function that defines the shape of the solid
structure. Essentially, Eq. 2.25 states that the liquid surface touches the solid at 6 = 6.

In addition, in the case of a structured substrate, the volume constraint has also to be

modified: . ,
f (L) sind d6 — Viopa = 2, (2.26)
0 R

0

where, \Zohd, is the dimensionless excess volume calculated by rotating the triangular
solid domain ABC around the z-axis (see Fig. 2.12).

From the above we conclude that the conventional YL equation suffers from the follow-

ing limitations:

1. the structure height must be analytically expressed in a function form, fsoq4(x),

thus no re-entrant structure (mushroom-like structures) or arbitrary roughness
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can be used,

2. the Young contact angle boundary condition (Eq. 2.23), the extra algebraic equation
(Eq. 2.25), as well as the volume constraint (Eq. 2.26) have to be defined ad hoc, for
each solid surface topography.

Next, we present the mathematical formulation for the case of cylindrical droplets (trans-
lational symmetry).

2.2.2.b Translational symmetry

When translational symmetry along a direction perpendicular to the xz-plane is consid-
ered (cylindrical droplets) (see Fig. 2.10), the local mean curvature of the droplet surface
reads (see Section A.2 of the Appendix A for details about derivation of the local mean
curvature expressions):

c-—L 14 n (2.27)

2 2 rdH 2 2
1/1" +I"9 r +r6

The Young-Laplace equation (2.20) is then solved by using the same boundary conditions
as in the axisymmetric droplet case (Egs. 2.22 and 2.23). The characteristic length Ry,
in this case, corresponds to radius of a circle, the area of which is equal to the cross-
sectional area of the droplet, Agroplet. In particular, Ry = ‘/W‘ The constraint
that singles out the solution of the Young-Laplace equation, now prescribes the droplet

emax r 2
f (—) 6 = r, (2.28)
0 Ry

where, 0. = 7/2, for a flat and smooth substrate case. In addition, in the case of a

cross-sectional area, Agroplet:

structured solid surface, the cross-sectional area constraint reads:

gmax r 2 —~
f (R_O) df — Agolig = 7, (2.29)
0

where, Xsolida is now the dimensionless area of the triangular domain ABC (see Fig. 2.12).
Moreover, the extra algebraic equation for defining the maximum value of the angular
coordinate, fp,x, (Eq. 2.25) is not modified in the cylindrical droplet case.

Overall, the Young-Laplace (Eq. 2.20), along with the volume constraint for spheri-
cal droplets (Eq. 2.24 or Eq. 2.26 for a structured substrate), or the area constraint for
cylindrical droplets (Eq. 2.28 or Eq. 2.29 for a structured substrate), and the algebraic
equation 2.25 in the case of a structured substrate, are discretized using the finite el-
ement method (FEM) [54] accounting for the boundary conditions 2.22 and 2.23. The

resulting set of non-linear dimensionless equations is solved iteratively (with Newton-
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Figure 2.13: (a) Water droplet featuring multiple contact lines on a structured solid surface
(reprinted from [62]). Simulations of a similar system, by using molecular dynamics and lattice-
Boltzmann models, are demonstrated in (b) and (c), respectively (reprinted from [63] and [64]).

Raphson method) with an in-house code for the distance, r(6), the reference pressure,
K = RyAp/yLa, and the maximum value of the angular coordinate, fy,,x, only in the case
of a structured substrate (02 = 7/2 for a flat and smooth substrate).

The above formulation can be employed to predict the shape of axisymmetric, or cylin-
drical, droplets on geometrically heterogeneous surfaces, however, we note that the cur-
rent parameterization, in terms of the angular coordinate, 6, would be sufficient only for
solid surfaces with smooth corrugations (or single-corrugated substrates like Fig. 2.12),
where r(0) is a single value function. In particular, when wetting occurs on solid sur-
faces of increased topographic complexity, different r values can correspond to the same
angular coordinate, thus the angular parameterization would be deficient. In addition,
the implementation of the Young contact angle boundary condition (Eq. 2.23) is of lim-
ited efficiency on complex heterogeneous solid surfaces, since wetting states with mul-
tiple TPLs -the number and position of which is unknown- can be admitted (see e.g.
Fig. 2.13a). Computations of such composite solid-liquid-ambient states are feasible in a
unit cell of the surface pattern [55], however, they are of acceptable accuracy only when
the droplet size is considerably larger than the roughness scale since they disregard the
significant pinning effects at the droplet endings.

Alternatively, wetting states with multiple contact lines can be predicted by using fine-
scale computational approaches, such as molecular dynamics (MD) [56, 57, 58] and
mesoscopic lattice-Boltzmann (LB) models [59, 60, 61] (see Fig. 2.13b, ¢). However, the
required computational cost is considerably higher, especially in cases where real-life
millimeter-sized droplets are simulated. Fine-scale computational approaches are briefly

described in the following Section.

2.2.3 Fine-scale modeling

In the fine-scale models, the liquid-ambient and liquid-solid interfaces are actually dif-
fuse (have a finite thickness), due to thermal fluctuations and the action of molecular

forces. Such an approach does not require any contact angle boundary condition which
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is imperative in the sharp-interface continuum-level methods (e.g. Young-Laplace equa-
tion). Bellow we present more details regarding the molecular dynamics and the lattice-

Boltzmann approaches.

2.2.3.a Molecular dynamics

Molecular dynamics simulation consists of the numerical solution of the classic equa-
tions of motion (Newton’s equations) [56]. The forces acting on the atoms are derived
from a potential energy, U,p, (usually modeled with Lennard-Jones potentials), which is
usually truncated at a relatively small cut-off radius:

T ab 12 O ab ¢
OF ( ) — Dj ( ) , (2.30)

rij rij

Uap = 4 €ap

where, for a given pair of atoms a and b, the coefficients €,, and o}, are related with
the depth of the potential well and the effective molecular diameter; r;; is the distance
of separation and the coefficients Cj; and Dj; regulate the repulsive (Cj;) and attractive
(Dy) parts of the potential. Furthermore, if electrostatic charges are present, Coulomb
potentials are also included. Finally, the solid wettability is regulated by the strength
of the liquid-solid interaction (strong forces imply wetting whereas weak forces imply

non-wetting), thus Young’s contact angle derives implicitly in this case.

The first molecular dynamics simulations of wetting phenomena were presented in the
pioneer work of Saville in 1977 [65], where by using simple Lennard-Jones potentials to
describe molecular interactions, he concluded that wetting phenomena in the nano-scale
deviate from the Young’s equation predictions (2.6). Since then, the shape of droplets
on smooth as well as on rough substrates has been extensively studied, by performing
larger-scale simulations (~10° atoms) made possible by the growth of computer power
[56, 57]. Cassie-Baxter to Wenzel wetting transitions on structured surfaces, however,
have low probability of occurring (“rare events”) and thus the MD simulation procedure
has to be highly accelerated. Such a task is made possible by using forward flux sampling
(FFS) techniques [66] as presented in the recent publication of Savoy and Escobedo [58]
who have studied wetting transitions on rough solid surfaces. Even in this case, however,
the droplet size is far from realistic. Overall, MD is powerful tool and can lead to a better
understanding of the physics of wetting, however, current simulations are still restricted

to physically small systems (nano-droplets).

2.2.3.b Lattice-Boltzmann

The mesoscopic lattice-Boltzmann method, where a fluid is represented in terms of the
probability of finding a particle (fictitious basic unit of the fluid) at a certain position in

space and time, has been widely used in simulating flow phenomena [67]. LB offers the
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advantage of modeling microscopic liquid-ambient and liquid-solid interactions, with

lower computational resources compared to molecular dynamics simulations. In wetting

systems, the Boltzmann-BGK equation is solved [60, 61]:
df f- " of

__|_v.Vf:_—

2.31
dr T ot’ (231)

where, f, is the probability distribution function, f°?, the equilibrium distribution of
particle velocities, 7, the relaxation time of the system and, v, the discretized velocity
space. The term i—’: on the right-hand side of Eq. 2.31 accounts for the action of both ex-
ternal and internal forces. The liquid-solid interactions in this approach are modeled by
using a pseudo-potential with a repulsive and an attractive component, in direct analogy
with DLVO theory [60, 61]. The Young contact angle, 8y, is then tuned by the attraction

and repulsion parameters of the liquid-solid pseudo-potential.

Similar to the MD simulations, the solution procedure here has to be accelerated, since
dynamic simulations converge to stable equilibrium states only after long execution
times. Such an acceleration has been performed through a time-stepper based computa-
tional framework, described in [60, 61], which wraps around the LB dynamic simulator
and enables the computation of steady state solutions, utilizing relatively short and ap-
propriately initialized LB executions. Overall, mesoscopic simulations can successfully
describe wetting behavior on complex surfaces (including Cassie-Baxter to Wenzel wet-
ting transitions [60]), however, the required computational cost is considerably higher

compared to the continuum-level methods.

Conclusively, fine-scale models can handle cases with multiple contact lines by modeling
microscopic liquid-solid interactions, however, the computational power requirements
increase dramatically when the ratio of the droplet size over roughness is large (mil-
limeter size droplets). Alternatively, and in order to preserve the computational cost at
a reasonable level, the Young-Laplace equation (2.20) can be reformulated so as to en-
compass molecular details, lumped into a liquid-solid interaction term, and avoid the
implementation of the Young contact angle boundary condition, as described in the next

Section.

2.2.4 Augmented Young-Laplace equation

Here, in order to overcome the previously referred limitations in continuum-level mod-
eling, we present a new formulation of the Young-Laplace equation. From our point
of view, the liquid-ambient and the liquid-solid interface must be treated in a unified
context. In particular, it is suggested that the application of the Young-Laplace equation
should not end at the three-phase contact line but it should govern the entire droplet
surface (both liquid-ambient and liquid-solid interfaces). This approach requires that
the liquid and solid phases are always separated by an thin layer (see Fig. 2.14). Young’s

angle, in this framework, would emerge “naturally” as the result of the combined action
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Solid

Figure 2.14: Unified conception of the proposed augmented Young-Laplace (Eq. 2.32). The red
line depicts the liquid-ambient and the liquid-solid interfaces which are now treated uniformly
and parameterized with the arc-length, s.

of the surface tension and liquid-solid interactions.

In particular, we consider that the molecular interactions (van der Waals and electrostatic
forces) are incorporated in a disjoining (or Derjaguin) pressure term [68], active in the
vicinity of solid surface, which can be included in the Young Laplace equation. Thus,
starting from the conventional form (Eq. 2.20), the reformulated (or augmented) Young-
Laplace equation, which states the force balance between surface tension, gravity, the
disjoining and the Laplace pressure, reads in dimensionless form:

ﬁpLS +C+Ny7=K, (2.32)

YLA

where, p'S, is the disjoining pressure which consists of a short range, repulsive, and
a long range, attractive, term (see Section 2.2.4.b for more details about the disjoining
pressure formulation). The above equation now governs the whole droplet surface, en-
abling the computation of droplet profiles with an unknown cardinality of three-phase
contact lines, on geometrically heterogeneous solid surfaces. This consideration, how-
ever, requires an appropriate parameterization of the droplet surface, as discussed in the
following Section.

2.2.4.a Arc-length parameterization

The previously presented parameterization (in terms of the angular coordinate, ) would
not be sufficient in the case of the augmented Young-Laplace equation, since different
r values (from the upper and the low part of the droplet) can correspond to the same
angular coordinate (see Fig. 2.14). An alternative approach is to parameterize polar co-
ordinates (r, 8) as a function of the arc-length, s, of the intersection of the droplet sur-
face with a vertical plane (i.e., 7(s), 8(s)) (see Fig. 2.14). This parameterization enables
the tracking of the droplet surface in a natural way while the problem is maintained

one-dimensional. In particular, the local mean curvature of an axisymmetric droplet,

39



Chapter 2. Statics

formulated as a function of the arc-length, s, reads:

1
C =

. . d r o
2r 0 sinf — ry cosO + r sinf d—arctan . (2.33)

rsinf \/r2 6% + r? s rs

where 0 = g—f and ry = %. The determination of the angular coordinate, 6, requires

an extra differential equation; this is the arc-length equation, which by virtue of the

Pythagorean Theorem reads:

1
— (dr* +r*d6” - ds®) = 0. (2.34)
R;

The solution of the augmented Young-Laplace (2.32) is determined subject to the follow-
ing, Neumann-type, boundary condition:
Ldr G ats=o0 (2.35)
——=0at s=0, .
R, dé
which is equivalent to Eq. 2.22 and prescribes the axial symmetry around the z-axis (see
Fig. 2.14). In addition, the Young contact angle boundary condition (2.23) is now replaced
by the following Neumann-type condition:
Ldr o at (2.36)
—— =0 at § = Smax, .
R, do max
which prescribes the axial symmetry around the z-axis, at the droplet base. Moreover,
the following, Dirichlet-type, boundary condition singles out the arc-length equation
(2.34):
6=0 at s =0. (2.37)

The constraint prescribing the droplet volume, Viroplet, now reads (starting from Eq. 2.24):

Smax 3
f (L) sinf 0, ds = 2, (2.38)
0 Ry

where, however, the maximum arc-length of the droplet surface, syay, which delimits
the boundary of the computational domain, is unknown. The extra equation required to

deal with the free boundary reads:

1
—rsind =0, at § = Smax. (2.39)
Ry

Essentially, Eq. 2.39 is a condition that the liquid surface touches the z-axis at § = Syax
(see Fig. 2.14).

In the case of translational symmetry (considering cylindrical droplets), the local mean
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Ambient

f Solid

Figure 2.15: Schematic of the three-phase contact using the proposed unified conception (one
equation for both the liquid-solid and the liquid-ambient interfaces). The liquid and the solid
phases are considered to be separated by an intermediate layer (with thickness 8yi,) which is the
locus where the disjoining pressure acts.

curvature, as a function of the arc-length, s, reads:

1 d 0
C = ————— |65+ —arctan (r S)] . (2.40)
\r2 6% +r? ds I's

In addition, Eq. 2.38 must now be replaced by a constraint prescribing the droplet cross-

sectional area, Agroplet- In particular, starting from Eq. 2.28, yields:

Smax 2
f (RLO) 6%ds =, (2.41)
0

which singles out the solution of the augmented Young-Laplace equation in the case of
translational symmetry. The rest of the equations (Eqs. 2.34, 2.35, 2.36, 2.37 and 2.39) are
identical for both cylindrical (translational symmetry) and spherical (axial symmetry)
droplets.

We note that, in contrast with the conventional Young-Laplace equation, the expres-
sion of the augmented Young-Laplace is not affected by the shape of the solid structure.
In particular, the structure shape was explicitly introduced in the conventional Young-
Laplace equation, through the Young contact angle boundary condition (Eq. 2.23), as
well as through the volume (or area) constraint (Eq. 2.26 or Eq. 2.29), respectively. In
the proposed formulation, however, we do not have any explicit boundary condition at
the solid surface while the effect of the solid structure is implicitly incorporated in the

disjoining pressure term, pLS, as will be discussed in the following Section.

2.2.4.b Disjoining (or Derjaguin) pressure

The concept of the disjoining pressure was initially introduced by Derjaguin in order to
represent the molecular interactions between surfaces [69]. In particular, the disjoining
pressure is defined as the pressure in excess of the external pressure that must be applied

to a fluid between two plates to maintain a given separation, that is essentially, the force
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Figure 2.16: Profiles of the dimensionless disjoining pressure, % P (red lines), and of the
corresponding dimensionless effective interface potential (blue lines), 7%, as a function of the

liquid-solid dimensionless distance, Rio' The above profiles are evaluated for two sets of param-
eters: (i) solid lines for o = 3.8 x 1072, C; = 8, C, = 6, € = 8 X 1073, w> = 4 x 10? and (ii) dashed
lines for o =3.8x 1072, C; =6,C, =3, € =0, wS = 4 x 10%

of attraction or repulsion between the plates per unit area. Here, the disjoining pressure
term, p'°, essentially expresses the excess pressure in the region between the liquid and
the solid phases, due to molecular interactions (including van der Waals, electrostatic
and steric forces [68]). Such point of view differs from the conventional description,
where the disjoining pressure is raised within a thin liquid film that precedes the three-
phase contact line [68].

We formulate the disjoining pressure according to the following expression:

o G o G
(5/R0 + e) B (6/R0 + e) ’ (2.42)

which resembles a Lennard-Jones type potential (see Eq. 2.30). Alternative formulations

Ry
LS _ LS
YLA

for the disjoining pressure could also be employed, as demonstrated in [70]. In Eq. 2.42,
the depth of the potential well is proportional to a wetting parameter, w5, which is
directly related with the solid wettability (an increase of w'S results in a deeper well
of the potential, indicating stronger liquid-solid affinity). In addition, the exponents C;
(in the repulsive term of Eq. 2.42) and C; (in the attractive term of Eq. 2.42) control the
range of the molecular interactions (large C; and C, reduce the range within which these
interactions are active, as can be observed in the disjoining pressure profiles plotted in
Fig. 2.16). The distance, ¢, between the liquid and the solid surface determines whether
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the disjoining pressure is attractive (modeling van der Waals interactions, for relatively
large ) or repulsive (modeling steric forces and electrostatic interactions determined by
an overlapping of the electrical double layers, for small 6) [68]. In the case of a perfectly
flat solid surface, the distance, ¢, is defined as the vertical distance of the liquid surface
from the solid boundary. For non-flat, rough, solid surfaces, the definition of distance,
d, requires special consideration. Here, we take ¢ as the Euclidean distance from the
solid. This quantity is obtained from the solution of the Eikonal equation [71], which
expresses the signed distance from a boundary (even arbitrarily shaped). The solution
of the Eikonal equation is discussed in Section A.3 of the Appendix A. As previously
argued, in our formulation we consider that the liquid and the solid phases are separated
by an intermediate layer (with thickness dpmin) which is stabilized by the presence of the
disjoining pressure (see Fig. 2.15). In particular at 6 = Oy the repulsive and attractive
forces balance each other; further reduction of the intermediate layer thickness, below
Omin, Would generate strong repulsion. The minimum allowed liquid-solid distance dyin
is determined by the constants o and €. Specifically, for 6 = Opin © P =0= Opmin =
Ro(0 — €). We note that the presented formulation is still valid even with a zero value of
the € parameter (see e.g. a disjoining pressure profile with € = 0 in Fig. 2.16), however, €
has a small finite value in all of the demonstrated results in this Thesis, in order to avoid

any numerical singularities as ¢ approaches zero.

A common description of the attractive term (van der Waals component) of the disjoining

YLA

pressure ([—R—O ( <

6/R0+6
constant, H, [72]. In particular, the van der Waals interactions are usually modeled as

c
) 2] in Eq. 2.42) can be given in terms of the so-called Hamaker

[72]: [— 61;33 ] with H, > 0. By equating this common description with our disjoining

pressure formulation, considering that C, = 3 and € = 0, yields:
H, = 6yia R o>, (2.43)

Since the typical values of the Hamaker constant of liquids is about 107 J [72], then
Eq. 2.43 yields that the disjoining pressure parameter, o, must be of the order of 107,
for a water droplet (yLa = 0.072 N/m) with a nominal radius Ry = 1 mm. This results to
a minimum liquid-solid distance, 0, = Ro(0 — €) ~ 10® m. Unfortunately, the mod-
eling of such multiple length scales between the disjoining pressure (nm scale) and the
interfacial tension (um to mm scale) would be infeasible in a continuum-level approach.
Thus, we can either consider droplets with very small nominal radius (of the order of
um) or, for the shake of computational efficiency, we can use a dy,in quite larger than ~
10® m. Even in the latter case, though, our formulation can efficiently capture several
equilibrium and dynamic phenomena, as will be demonstrated in the following Chap-
ters (from 4 to 7). Decreasing liquid-solid distance to the realistic value of the order of
10® m, while simulating millimeter-sized droplets, would require a multiscale modeling
approach. In this case, the interaction phenomena at nanometer scale should be linked
with the macroscopic droplet behavior at a millimeter scale. Such a scale linking is a

subject of ongoing research and will be discussed in the Section 9.4 of Chapter 9.

43



Chapter 2. Statics

The molecular interactions, which are lumped into the disjoining pressure term, result
to an additional contribution to the surface free energy, referred as effective interface
potential, w. The effective interface potential essentially expresses the cost of free energy
per unit area to maintain a distance, ¢, between the solid and the liquid phases (w — 0
when § — o) and is expressed in terms of the disjoining pressure, p*°, according to

[68]:
LS dw

=-, 2.44
i (2.44)
which yields:
C, C
w s (9 (5/1%#6) (6/1(?T>+6)
= =S = te - : (2.45)
YA Ry 1-G 1-G

Characteristic profiles of the disjoining pressure and the effective interface potential, as
a function of the liquid-solid distance, d, are presented in Fig. 2.16. Starting from Eq. 2.4,

the surface free energy of the droplet now reads:

E = y15 Ars + ysa Asa + YLA ALA + Wmin ALs, (2.46)

where wniy is the absolute minimum of the effective interface potential, w (see Fig. 2.16).
In the above, we have considered that the contribution of w in the free surface energy
is significant only along the liquid-solid interface, i.e. when the liquid phase is at the
minimum distance from the solid phase (6 = dpin). At this energetically favored distance,
where pLS = 0, Eq. 2.44 gives ‘é—‘(‘; =0 = W = Wpin- Thus by substituting 6 = Opin =
Ry (0 —€) in Eq. 2.45 yields:

Wmin _ W20 (C - Cy)
YLa (Ci—-1)(Co—1)

(2.47)

In an analogy to the theory of adhesion [35], introduced by Dupré, wpn, can be also
treated as the work of adhesion between liquid and solid phases which is given by [35]:

Wmin = YsA + YLA — VLS, (2.48)

representing the work necessary to separate a unit area of the liquid-solid interface into

two liquid-ambient and solid-ambient interfaces.

Since the Young contact angle, fy, is not imposed explicitly in the simulation (both
liquid-ambient and liquid-solid interfaces are treated in a consolidated framework), a
correlation between the liquid-solid affinity, expressed via the wetting parameter, w'S,
and Young’s contact angle is deemed necessary. In particular, such a correlation yields

by combining Eq. 2.48 with the Young equation (2.6):

Wmin

cosby = - 1. (2.49)

YLA

The above is known as Frumkin-Derjaguin equation and is widely used in the literature
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(see [73, 68]) to calculate contact angle values in the presence of a disjoining pressure,
replacing the Young equation (2.6). Finally, by using Eq. 2.47 we can construct an one-

to-one correlation between the Young contact angle and the wetting parameter (W' =
w®(0y)) which reads:

WS = (C; = 1)(C3 = 1)(1 + cosby)
o(Cr—C) '

(2.50)

A validation of the above formula is presented in Chapter 4 (Fig. 4.2), by calculating
the Young contact angle with circular fitting on the equilibrium droplet profiles, in the

absence of any gravitational field.

We note that the computational cost of the Augmented Young-Laplace equation is sim-
ilar to that of the conventional form, however, it exhibits a plethora of advantages such
as modeling of droplets with multiple and reconfigurable three-phase contact lines and
independence of the equations form from the solid topography (in contrast with the con-
ventional Young-Laplace equation, the substrate geometry is not incorporated explicitly
in the augmented Young-Laplace equation).

The overall problem is solved as follows: the augmented Young-Laplace (2.32) and the
arc-length (2.34) equations, along with the constraints 2.38 (or 2.41 for a cylindrical
droplet) and 2.39, are discretized using the finite element method, accounting for the
boundary conditions 2.35, 2.36 and 2.37. The resulting set of non-linear dimensionless
equations is solved iteratively (with Newton-Raphson method) with an in-house code
for the droplet surface coordinates r(s) and 6(s), the maximum arc-length, sy,,y, and the
reference pressure, K. We note that the solution of the Eikonal equation is performed
only once for a particular solid geometry (see Section A.3 of the Appendix A), thus it is
not included in the above iterative procedure. Computational results of the augmented
Young-Laplace equation, along with the Galerkin residuals of the finite element method,
when deemed necessary, are presented in Part II of the Thesis. Following is a discussion

regarding the modeling of dynamic wetting phenomena.
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CHAPTER

Dynamics

In this Chapter we discuss the importance of the three-phase contact line motion for vari-
ous technological processes. We present the current modeling approaches for predicting the
three-phase contact line dynamics as well as the emerging limitations arising either from
the tedious implementation of the Young contact angle boundary condition or from the high
computational needs. We, then, apply our previously presented continuum level, sharp in-
terface approach, based on the unified conception of the liquid-ambient and liquid-solid
interfaces, in order to predict the dynamics of wetting on heterogeneous substrates (chem-
ically or geometrically textured). Our formulation enables the computationally efficient
treatment of multiple, dynamic contact lines, eliminating the need to apply any explicit

boundary condition at the three-phase contact line.

3.1 Contact line motion

Consider that a droplet is placed on a solid surface, far from its equilibrium state. What
follows is that the three-phase contact line will set in motion until the equilibrium con-
tact angle, 6y, is reached. The evolving macroscopic contact angle, until the equilibrium
state, is called dynamic contact angle, 64 (see Fig. 3.1). The dynamic behavior of the
three-phase contact is of utmost importance for various technological applications such
as coating of solids by liquid films, inkjet printing and fluid motion in lab-on-a-chip
devices. The contact line velocity, for example, determines whether air bubbles can be
entrapped underneath the liquid film in coating processes. This is a crucial limiting fac-
tor for the smoothness and adhesion of the coating. Due to their significance in such
applications, wetting dynamics has been studied extensively, both theoretically and ex-
perimentally [74, 75, 37, 76].

What renders the dynamic wetting phenomena more complicated than the equilibrium
is the presence of viscous forces, in a length scale starting from molecular size to the cap-
illary length, 4, = %, and inertial forces at larger scales. Therefore, the contact line
motion as well as the apparent dynamic contact angle of the droplet are now governed

by viscous, inertial and capillary forces as well as by molecular phenomena interplay.
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Figure 3.1: Different time instances of a water droplet spreading on a solid surface with 8y =
117°. The last image shows the equilibrium droplet shape (reprinted from [77]).
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Figure 3.2: Schematic presentation of the advancing (6,4y) and receding (6y.c) contact angles in
the case of (a) a sliding droplet on a tilted substrate and (b) a droplet which is slowly pumped or
drawn, on a horizontal substrate.

The relative importance between the liquid-ambient interfacial tension, y1 4, and viscos-
ity, u, is given by the capillary number:

Ca = , (3.1)

where u, is the velocity scale (usually the contact line velocity). Several complex phe-
nomena originate from the presence of viscosity during the contact line motion. In par-
ticular, it has been observed that the dynamic contact angle at the front of a sliding
droplet (advancing contact angle, 8,4y) differs from the rear one (receding contact angle,
Brec) as much as tens of degrees [37, 76] (see Fig. 3.2a). A typical technique to measure
the advancing and receding dynamic contact angles is to add and withdraw liquid from
a droplet by using a needle, as demonstrated in Fig. 3.2b. In particular, the variation of
the dynamic contact angle, as a function of the droplet volume, is presented in Fig. 3.3.
This phenomenon of contact angle hysteresis (CAH) can also be substantially enhanced
by surface roughness and chemical heterogeneities, however, it has also been observed

in molecularly smooth free liquid films [78].

Apart from viscous forces, the inertial forces are also significant in wetting dynamics,
especially in the case where the droplet impacts a solid surface with an initial veloc-
ity (see Fig 3.4). The dimensionless quantity which determines the relative importance

between the inertial forces and the interfacial tension is the Weber number:

2
D
We = 240 o

YLA

(3.2)
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Figure 3.3: Typical advancing and receding contact angle measurements of a water droplet on
a fluorinated silicon substrate [80].
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Figure 3.4: Different time instances of a water droplet impacting on a wax solid surface with 8y
= 93.5° and We = 58 (reprinted from [81]).

where p is the fluid density, Dy is the nominal droplet diameter (Dy = 2 Ry) and uy is
a characteristic velocity (usually, in the case of an impacting droplet, the velocity just
before the collision). Droplet impact with high velocities can lead to unusual droplet
formations (see Fig 3.4), accompanied with ejection of small satellite droplets (splash-
ing). The influence of solid texture is also crucial since it can lead to a complete droplet
rebound after the impact on a superhydrophobic surface [79], like the self-cleaning lo-
tus leaf. Definitely, in order to design and optimize the functional substrates that are
described in Section 1.2, a detailed model for the droplet dynamic behavior on hetero-

geneous surfaces is deemed necessary.

The current prevailing modeling approaches to simulate dynamic wetting phenomena
are the hydrodynamic model (HD) [82] and the molecular kinetic theory (MKT) [83].
According to the hydrodynamic approach, the viscous friction is assumed to be the only
significant dissipative force during liquid motion. On the other hand, molecular kinetic

theory derives a theoretical dependence of the dynamic contact angle on the velocity
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of the contact line, by balancing the capillary forces with a liquid-solid friction and ne-
glecting any viscous dissipation. A combined description was also proposed by Petrov
and Petrov [84], intending to exploit the advantages of the both approaches. We note,
however, that despite the huge amount of work published in the last thirty years, the ap-
propriate modeling of contact lines under dynamic conditions is yet a controversial issue
since both hydrodynamic model and the molecular kinetic theory exhibit discrepancies
from several sets of experiments [85]. In addition, in case we select the hydrodynamic
model to predict the behavior of a droplet on a geometrically structured substrate, a con-
tact angle boundary condition has to be applied to multiple three-phase contact lines,
unknown in number. Such a task would be infeasible by using the conventional sharp-
interface formulations of the hydrodynamic model.

Other approaches for predicting the contact line dynamics include fine-scale methods
(molecular dynamics and mesoscopic lattice Boltzmann models) which are described in
Section 2.2.3. These methodologies can handle cases with multiple contact lines, how-
ever, they suffer from severe computational limitations when realistic-sized systems are
examined (i.e. millimeter-sized droplets). In the next Section, we initially discuss the hy-
drodynamic and the molecular kinetic approaches as well as their restrictions that pre-
vent us from performing efficient dynamic simulations on structured geometries. We
then reformulate the hydrodynamic model, by applying the proposed unified, sharp-
interface approach and incorporating molecular phenomena (liquid-solid interactions

via a disjoining pressure term) in order to address the previously referred limitations.

3.2 Modeling of dynamic wetting phenomena

3.2.1 Hydrodynamic model

In the hydrodynamic approach, the viscous dissipation determines the liquid motion on
a solid surface. Unlike the augmented Young-Laplace equation presented in Chapter 2,
we note that the variety of the dynamic wetting problems which are examined in the
current Thesis renders the definition of particular characteristic quantities complicated
and thus we prefer to present the following mathematical formulation in dimensional
form. In particular, the dynamics of a fluid are modeled by the incompressible Navier-
Stokes equations [86]:

d
o, (d—l: +u- Vu) =-Vp+uViu +G, (3.3a)

V.u=o, (3.3b)

where, p, is the fluid density, , is the viscosity, # = (uy,u;) and p are the fluid velocity
field and pressure, respectively; G is a body force expressing the effect of gravity (G =

0 g, where the vector, g, is the gravitational acceleration). The fluid dynamics at the
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Ambient

Solid

Figure 3.5: Unit normal, n, and the unit tangent, ¢, vectors of the liquid-ambient interface.

droplet surface requires special consideration. In particular, the following stress balance

holds at liquid-ambient interface [86]:

§ (1) liiquid = § (1) lambient + Vsy1a — 1A Cn = 0, (3.4)

where s is the total stress tensor and n the unit normal of the liquid-ambient interface
(see Fig. 3.5). In the absence of surfactant adsorption on the droplet surface [87, 88] or
temperature gradients along the solid substrate (thermocapillary phenomena) [89, 90],
the interfacial tension gradient (Vyypa) can be neglected from Eq. 3.4. Phenomena with
interfacial tension gradients are out of the scope of this Thesis. Therefore, resolving

Eq 3.4 into normal and tangential components gives [86]:

Ap + Tanlambient — Tnnlliquid —yaC =0, (3.5a)

Tntlambient — Tntlliquid =0, (3.5b)

where 7, is the normal and 7, the shear stress, respectively. In particular, 7,, = n -7 -n
and Ty = n - T - t, where 7 is the viscous stress tensor (t = u [Vu + (Vu)T]) and ¢ the
unit tangent of the liquid-ambient interface (see Fig. 3.5). It is also notable that, for static

fluids, Eq. 3.5a reduces to the Young-Laplace equation (2.20).

Considering that the liquid-ambient interface is explicitly tracked as a boundary of the
physical domain (sharp-interface scheme), the computational mesh must be capable of
following the droplet deformations. Such boundary conforming meshes are generated
by mapping the physical domain (x,y coordinates) into a geometrically simple domain
(&c,mc coordinates). One of the simplest algorithms is the conformal mapping [91, 92],
where the mesh is generated by solving a pair of Laplace’s equations:

Vi, =0, (3.6a)
V. =0, (3.6b)

accounting for the following kinematic boundary condition along the liquid-ambient
interface:
(Umesh —u) -n =0, (3-7)

where u .4 is the velocity of the mesh at the interface.

51



Chapter 3. Dynamics

The typical boundary condition for the Navier-Stokes equations at the solid boundary
is the no-slip boundary condition, which in the case a flat solid surface reads:

Uy =0, (3.8)

where u, is the horizontal component of the velocity field. The above boundary con-
dition, however, is problematic since it creates a stress singularity at the three-phase
contact line. The breakdown of the standard hydrodynamic model at the three-phase
contact line was initially reported by Huh and Scriven in 1971 [82]. In particular, they
predicted a singularity for the shear stress which leads to a divergence in the energy dis-
sipation rate. Worth mentioning their famous quote: “not even Herakles could sink a solid
if the physical model were entirely valid, which it is not”, referring to the above paradox.
This problem has been resolved by introducing a slip boundary condition, where the
tangential component of the velocity appears to have a finite value at the contact line
[93, 94]. The slip boundary condition that replaces Eq. 3.8 at the liquid-solid interface
has the following form in the case a flat solid surface:

Uy = Ls%, (3.9)

dz

where L is a constant called slip length. The slip length essentially denotes the fictitious
depth within the solid at which u, would reach zero [86].

The three-phase contact line is a moving boundary, and therefore additional information
is needed in order to determine its evolution. Since the detailed physics very close to
the contact line is not clear yet, several theoretical correlations between the contact
line velocity and the dynamic contact angle, 64, imposed at the contact line, have been
developed. In particular, by assuming that the viscous friction is the only significant
dissipative force at the contact line, Cox [94] proposed the following formula:

-1

O N 0>
fe@a)  fe(Oy)

Ca = |In(e)™" [8c(6a) — gc(6v)] + O (3.10)

1 3
ln(ec)‘l] ’

where, 64 is the dynamic contact angle, €, is a small dimensionless parameter related
with the slip region around the contact line, Q4, O, and f,, g. are parameters and func-
tions of the model [94]. The majority of the current modeling approaches of the dynamic
contact angle are based on the above general expression, which correlates the velocity
of the contact line (u, included in the capillary number) with the dynamic (64) and the
Young contact angle (fy). One of the most famous working simplification of Eq. 3.10
reads:

uc = cr (6g — 6y)™* (3.11)

where cr is an empirical constant called mobility exponent and nt usually takes values
in the range of 1 < nt < 3. This functional dependence has been used by several re-

searchers to model contact line motion [95, 96, 97]. We also note that similar correlations
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have been also derived from molecular dynamics simulations (see e.g. the work of Ren
and E [98]) indicating that despite its phenomenological nature, Eq. 3.11 can adequately

describe the physics of contact line motion.

The above sharp-interface hydrodynamic model does succeed in removing the singular-
ity arising in the motion of the contact line, however, it does not have general applicabil-
ity on a geometrically patterned solid surface since the change in the droplet topology
demands a reconfiguration of the contact lines. In particular, the contact angle boundary
condition has to be applied in a priori unknown cardinality of contact lines hindering
the simulation of the physical system. An attempt to overcome this restriction was per-
formed by Savva and Kalliadasis [99] by treating the contact line of a two-dimensional
droplet as a set of two points, at the droplet edges. The applicability of this methodology
is however limited only for slow flows and small contact angles. In addition, the exper-
imentally observed entrapment of the ambient phase under the droplet [100] is totally
neglected.

An alternative approach to alleviate the stress singularity at the moving contact line is
to use diffuse-interface formulations of the hydrodynamic model. Such examples are
the level-set methods (LSM) [101], the volume of fluid (VOF) [102] and the phase-field
methods (PFM) [103] which can compute the interface motion and deformation on a
fixed computational mesh by using implicit functions to represent separate phases. In
these methods, the Navier-Stokes equations (3.3) are modified by the addition of a term

representing the effect of interfacial tension.

In the level-set methods the interface is defined as the zero level-set of a distance func-
tion, ¢rsym, from the interface. The motion of the interface is then performed by con-

vecting the distance function with the velocity field:

dérsm
dr

=u - Vorsm. (3.12)

Level-set methods have been widely used in wetting phenomena simulations, due to
their ease of implementation (see [104, 105]), however they suffer from loss of mass

problems in case where the interface is highly deformed.

In the case of VOF methods, a color function, ¢vor, is employed indicating the fractional
amount of fluid present at every cell in the computational grid (¢yor = 0 for an empty
cell and ¢yor = 1 for a cell filled with the traced fluid). The evolution of the interface
is again predicted by Eq. 3.12. In this case, however, apart from the value of the color
function, the interface orientation has also to be determined from the gradient of ¢vor.
Typically, VOF methods do not suffer from loss of mass problems like level-set [106, 107],
however, there are still drawbacks compared to the sharp-interface schemes (e.g. loss of

accuracy due to numerical diffusion).

In the phase-field methods, the diffusion of the interface is assumed to be proportional
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to the chemical potential, Fppy;, gradient:

déprm

e kpEm V2 FpEM, (3.13)

where, ¢ppp, is the color function, kpgy, is model constant which is called mobility and
Fpem = ﬂ%, with dE™™ the free energy of the phase concerned. Phase-field models,
have been extensively used to simulate wetting phenomena, since they can effectively
model liquid interactions with complex solid geometries [108, 109], however, they also

suffer from limitations such as the relatively large width of the interfaces.

Overall, diffuse interface formulations can handle cases with multiple dynamic contact
lines on complex surfaces, however, they exhibit drawbacks compared to sharp-interface
hydrodynamic formulations (e.g. limited accuracy for highly deformed interfaces, mass
conservation problems, numerical diffusion, large width of the interface). The conceptu-
ally different (since it neglects any viscous dissipation phenomena) modeling approach

of molecular kinetic theory is also presented in the next Section.

3.2.2 Molecular kinetic theory

According to the molecular kinetic theory, proposed by Blake and Haynes [83], the de-
pendence of the dynamic contact angle on the contact line velocity is determined by the
balance of the capillary force (ypa(cosfly — cosf4)) and a friction force in the three-phase
contact line, neglecting any viscous dissipation. Molecular kinetic theory is based on the
activated rate theory of Eyring [110], assuming that the movement of the contact line
is determined by the cumulative dynamics of the individual molecules within a region
close to the three-phase contact line. In particular, Blake and Haynes assume that the
wetting kinetics is a process of desorption of the molecules of the receding fluid and
adsorption of those of the advancing one onto adsorption sites of the solid surface. They

concluded that the contact line finally moves with a velocity [83]:

A7 yLa
ue; = 2 Ko Ap sinh b

ks T (cosBy — costy) | , (3.14)

where, K, is the equilibrium frequency of molecular displacement between adsorption
sites, Ap, is the average distance between the adsorption sites of the solid surface and
kp Tp is the thermal energy.

The molecular kinetic theory can predict the liquid motion in some systems (see e.g.
[111]), however, it does not have universal applicability and exhibits discrepancies from
other experimental data [85]. Moreover, it does not account for the exact solid geometry

near the contact line as well as it neglects any viscous dissipation phenomena.

Here we suggest to apply the previously presented unified conception of the liquid-
ambient and the liquid-solid interfaces (see Section 2.2.4) to the sharp-interface hydro-
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dynamic model. This way, we would bypass the implementation of any explicit bound-
ary condition at the contact line (e.g. Eq. 3.11) and enable the simulation of multiple
dynamic contact lines on geometrically structured surfaces. The reformulation (aug-
mentation) of the hydrodynamic model is presented in the next Section. We note that
the incorporation of molecular interactions in the Navier-Stokes equations is not un-
usual in the literature. In particular, an extra body force, representing the van der Waals
interactions, has been used in a plethora of publications studying liquid films rapture
[112, 113]. Moreover, there are several examples where the lubrication approximation
has been used, taking account of a disjoining pressure term acting in a precursor liquid
film [114]. Such models, however, neglect the ambient phase entrapment and are limited
to small contact angle values.

3.2.3 Augmented hydrodynamic model

According to the unified conception (see Fig.2.14 in Chapter 2), the solution of the
Navier-Stokes equations (Eq. 3.3) must by determined subject to a single stress bal-
ance boundary condition applied at the whole droplet surface, referred from now on
as the liquid-ambient interface. The behavior of this unified interface is governed by
Eq. 3.4, which, due to the absence of any explicit boundary condition at the contact line,
should now be augmented with liquid-solid interactions. As described previously (see
Section 2.2.4), the liquid-solid interactions are lumped in a disjoining pressure term, p'°
(see Eq. 2.42), which will now be included in the normal component of the interface force
balance (Eq. 3.4). In particular Eq. 3.5a will now read:

Ap + Tonlambient — Tnnlliquid —yaC — pLS =0, (3.15)

which describes the interplay between capillary and molecular forces. Note that the
disjoining pressure term is active only in the vicinity of solid surface. For static fluids,
the above equation reduces to the augmented Young-Laplace equation (2.32). Regarding
the tangential stress component along the liquid surface (Eq. 3.5b), we will now use a
Navier slip model with an effective slip coefficient, B.g, active only in close proximity to
the solid:

Tat lambient — Tntlliquid + ﬁeff (t-u)=0, (3'16)

In the above we consider a uniform interfacial tension along the interface (Vyyra = 0).
In order to activate the above slip model only in the vicinity of the solid surface, we
formulate the effective slip coefficient, Seg (Eq. 3.16), as follows:

Bugt = ﬂl,fLs (1 — tanh [pm (61_ - 1)]) , (3.17)

0

where the dimensionless slip parameter, Sis (i.e. scaled inverse slip length), regulates

the adhesion strength of the liquid on the solid surface. The above formulation is a
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simple way to denote in a continuous manner the transition from a shear-free boundary
condition, applied on the liquid-ambient interface, to a partial slip boundary condition
along the liquid-solid interface. In particular, in the limit 6 = Omin, Eq. 3.17 reduces
to Besr = uPBrs/ Ry, whereas for § > Opin, Eq. 3.17 yields Beg = 0. The parameter, pys,
ensures a sharp transition between these two regimes. We note that, in the computations
presented in this Thesis, we assume pys = 5. Finally, we consider that typical values of
the dimensionless slip parameter, Srs, are of the order of the scaled inverse minimum
distance (Ry/Omin)-

Overall, the Navier-Stokes (Eq. 3.3) and the elliptic mesh generation equations (3.6)
are discretized using the finite element method accounting for the boundary condi-
tions 3.15, 3.16 and 3.7. In addition, by assuming axial symmetry around the z-axis
(or translational symmetry along a direction perpendicular to the xz-plane), the model
becomes two-dimensional. The resulting set of discrete equations is integrated in time
using the implicit Euler method. The above model has been implemented in COMSOL
Multiphysics® commercial software. We note that, similar to the static case, the liquid-
solid distance, 9, is obtained from the solution of the Eikonal equation. The latter is
solved only once for a particular solid geometry (see Section A.3 of the Appendix A),
thus it is not included in the above iterative procedure. Computational results of the

augmented hydrodynamic model are presented in Part III of the Thesis.

56



(9]

(10]

[14]

[15]

References

W. Barthlott and C. Neinhuis. “Purity of the sacred lotus, or escape from contamination in biolog-
ical surfaces”. In: Planta 202.1 (1997), pp. 1-8.

R. Helbig, ]J. Nickerl, C. Neinhuis, and C. Werner. “Smart skin patterns protect springtails”. In:
PLOS ONE 6.9 (2011), €25105.

R. Hensel, C. Neinhuis, and C. Werner. “The springtail cuticle as a blueprint for omniphobic sur-
faces”. In: Chemical Society Reviews 45.2 (2016), pp. 323-341.

J. Bico, C. Marzolin, and D. Quéré. “Pearl drops”. In: Europhysics Letters 47.2 (1999), p. 220.

T Liu and C. Kim. “Turning a surface superrepellent even to completely wetting liquids”. In: Science
346.6213 (2014).

B. Bhushan. “Biomimetics: lessons from nature—an overview”. In: Philosophical Transactions of
the Royal Society of London A: Mathematical, Physical and Engineering Sciences 367.1893 (2009),
pp. 1445-1486.

J. W. Bush and D. L. Hu. “Walking on water: biolocomotion at the interface”. In: Annual Review of
Fluid Mechanics 38 (2006), pp. 339-369.

G. S. Watson, D. W. Green, L. Schwarzkopf, X. Li, B. W. Cribb, S. Myhra, and J. A. Watson. “A
gecko skin micro/nano structure—A low adhesion, superhydrophobic, anti-wetting, self-cleaning,
biocompatible, antibacterial surface”. In: Acta Biomaterialia 21 (2015), pp. 109-122.

A. R. Parker and C. R. Lawrence. “Water capture by a desert beetle”. In: Nature 414.6859 (2001),
pp- 33-34.

A. R. Parker. “Natural photonics for industrial inspiration”. In: Philosophical Transactions of
the Royal Society of London A: Mathematical, Physical and Engineering Sciences 367.1894 (2009),
pp. 1759-1782.

K.-C. Park, P. Kim, A. Grinthal, N. He, D. Fox, J. C. Weaver, and J. Aizenberg. “Condensation on
slippery asymmetric bumps”. In: Nature (2016).

J. Ju, H. Bai, Y. Zheng, T. Zhao, R. Fang, and L. Jiang. “A multi-structural and multi-functional
integrated fog collection system in cactus”. In: Nature Communications 3 (2012), p. 1247.

H. F. Bohn and W. Federle. “Insect aquaplaning: Nepenthes pitcher plants capture prey with the
peristome, a fully wettable water-lubricated anisotropic surface”. In: Proceedings of the National
Academy of Sciences of the United States of America 101.39 (2004), pp. 14138-14143.

K.-C. Park, S. S. Chhatre, S. Srinivasan, R. E. Cohen, and G. H. McKinley. “Optimal design of
permeable fiber network structures for fog harvesting”. In: Langmuir 29.43 (2013), pp. 13269-
13277.

B. White, A. Sarkar, and A.-M. Kietzig. “Fog-harvesting inspired by the Stenocara beetle—An anal-
ysis of drop collection and removal from biomimetic samples with wetting contrast”. In: Applied
Surface Science 284 (2013), pp. 826—836.

C. Liu, J. Ju, Y. Zheng, and L. Jiang. “Asymmetric ratchet effect for directional transport of fog
drops on static and dynamic butterfly wings”. In: ACS Nano 8.2 (2014), pp. 1321-1329.

57



References

[19]

[20]

(21]

[22]

[27]

(28]

[29]

[30]

W. Barthlott, T. Schimmel, S. Wiersch, K. Koch, M. Brede, M. Barczewski, S. Walheim, A. Weis, A.
Kaltenmaier, A. Leder, et al. “The Salvinia paradox: superhydrophobic surfaces with hydrophilic
pins for air retention under water”. In: Advanced Materials 22.21 (2010), pp. 2325-2328.

J. A. Callow and M. E. Callow. “Trends in the development of environmentally friendly fouling-

resistant marine coatings”. In: Nature Communications 2 (2011), p. 244.

M. Schultz, J. Bendick, E. Holm, and W. Hertel. “Economic impact of biofouling on a naval surface
ship”. In: Biofouling 27.1 (2011), pp. 87-98.

G. McHale, M. I. Newton, and N. J. Shirtcliffe. “Immersed superhydrophobic surfaces: Gas ex-
change, slip and drag reduction properties”. In: Soft Matter 6.4 (2010), pp. 714-719.

A. K. Balasubramanian, A. C. Miller, and O. K. Rediniotis. “Microstructured hydrophobic skin for
hydrodynamic drag reduction”. In: AIAA Journal 42.2 (2004), pp. 411-414.

J. Genzer and K. Efimenko. “Recent developments in superhydrophobic surfaces and their rele-

vance to marine fouling: a review”. In: Biofouling 22.5 (2006), pp. 339-360.

M. J. Mayser and W. Barthlott. “Layers of air in the water beneath the floating Fern Salvinia are
exposed to fluctuations in pressure”. In: Integrative and Comparative Biology (2014), icu072.

Y. Zheng, X. Gao, and L. Jiang. “Directional adhesion of superhydrophobic butterfly wings”. In:
Soft Matter 3.2 (2007), pp. 178-182.

F. K. Balagaddé, L. You, C. L. Hansen, F. H. Arnold, and S. R. Quake. “Long-term monitoring of
bacteria undergoing programmed population control in a microchemostat”. In: Science 309.5731
(2005), pp. 137-140.

G. M. Whitesides. “The origins and the future of microfluidics”. In: Nature 442.7101 (2006), pp. 368—
373.

R. B. Fair. “Digital microfluidics: is a true lab-on-a-chip possible?” In: Microfluidics and Nanofluidics
3.3 (2007), pp. 245-281.

F. Lapierre, M. Jonsson-Niedziolka, Y. Coffinier, R. Boukherroub, and V. Thomy. “Droplet transport
by electrowetting: lets get rough!” In: Microfluidics and Nanofluidics 15.3 (2013), pp. 327-336.

R. S. Subramanian. “Thermocapillary migration of bubbles and droplets”. In: Advances in Space
Research 3.5 (1983), pp. 145-153.

I. Wagner, E.-M. Materne, S. Brincker, U. Siifibier, C. Fradrich, M. Busek, F. Sonntag, D. A. Sakharov,
E. V. Trushkin, A. G. Tonevitsky, et al. “A dynamic multi-organ-chip for long-term cultivation and
substance testing proven by 3D human liver and skin tissue co-culture”. In: Lab on a Chip 13.18
(2013), pp. 3538-3547.

E. Gogolides, K. Ellinas, and A. Tserepi. “Hierarchical micro and nano structured, hydrophilic,
superhydrophobic and superoleophobic surfaces incorporated in microfluidics, microarrays and
lab on chip microsystems”. In: Microelectronic Engineering 132 (2015), pp. 135-155.

A. Cavalli, P. Baggild, and F. Okkels. “Parametric optimization of inverse trapezoid oleophobic
surfaces”. In: Langmuir 28.50 (2012), pp. 17545-17551.

E Bormashenko, A Musin, G Whyman, Z Barkay, and M Zinigrad. “Revisiting the fine structure
of the triple line”. In: Langmuir 29.46 (2013), pp. 14163-14167.

N. J. Mlot, C. A. Tovey, and D. L. Hu. “Fire ants self-assemble into waterproof rafts to survive
floods”. In: Proceedings of the National Academy of Sciences 108.19 (2011), pp. 7669-7673.

A. W. Adamson and A. P. Gast. Physical Chemistry of Surfaces. Wiley, 1997.

P.-G. De Gennes, F. Brochard-Wyart, and D. Quéré. Capillarity and wetting phenomena: drops,
bubbles, pearls, waves. Springer Science & Business Media, 2013.

58



Design of micro- and nano-structured surfaces with tunable wettability

(37]

(38]

(39]

[49]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

D. Bonn, J. Eggers, J. Indekeu, J. Meunier, and E. Rolley. “Wetting and spreading”. In: Reviews of
Modern Physics 81.2 (2009), p. 739.

T. Onda, S. Shibuichi, N. Satoh, and K. Tsujii. “Super-water-repellent fractal surfaces”. In: Langmuir
12.9 (1996), pp. 2125-2127.

K. Bewig and W. Zisman. “The wetting of gold and platinum by water”. In: The Journal of Physical
Chemistry 69.12 (1965), pp. 4238-4242.

C. W. Extrand. “Origins of Wetting”. In: Langmuir 32.31 (2016), pp. 7697-7706.
D. Quéré. “Wetting and roughness”. In: Annual Review of Materials Research 38 (2008), pp. 71-99.

R. N. Wenzel. “Resistance of solid surfaces to wetting by water”. In: Industrial & Engineering Chem-
istry 28.8 (1936), pp. 988-994.

T. S. Meiron, A. Marmur, and I S. Saguy. “Contact angle measurement on rough surfaces”. In:
Journal of Colloid and Interface Science 274.2 (2004), pp. 637—-644.

A. Cassie and S Baxter. “Wettability of porous surfaces”. In: Transactions of the Faraday Society 40
(1944), pp. 546-551.

A. Lafuma and D. Quéré. “Superhydrophobic states”. In: Nature Materials 2.7 (2003), pp. 457-460.

C. Extrand. “Contact angles and hysteresis on surfaces with chemically heterogeneous islands”.
In: Langmuir 19.9 (2003), pp. 3793-3796.

H. Y. Erbil and C. E. Cansoy. “Range of Applicability of the Wenzel and Cassie- Baxter Equations
for Superhydrophobic Surfacest”. In: Langmuir 25.24 (2009), pp. 14135-14145.

L. Gao and T. J. McCarthy. “How Wenzel and Cassie were wrong”. In: Langmuir 23.7 (2007),
pp. 3762-3765.

L. Gao and T. J. McCarthy. “An attempt to correct the faulty intuition perpetuated by the Wenzel
and Cassie “laws””. In: Langmuir 25.13 (2009), pp. 7249-7255.

Y. Wang and S. Chen. “Numerical study on droplet sliding across micropillars”. In: Langmuir 31.16
(2015), pp. 4673-4677.

G. McHale. “Cassie and Wenzel: were they really so wrong?” In: Langmuir 23.15 (2007), pp. 8200
8205.

P. Papadopoulos, L. Mammen, X. Deng, D. Vollmer, and H.-J. Butt. “How superhydrophobicity
breaks down”. In: Proceedings of the National Academy of Sciences 110.9 (2013), pp. 3254-3258.

P.Lv, Y. Xue, Y. Shi, H. Lin, and H. Duan. “Metastable states and wetting transition of submerged
superhydrophobic structures”. In: Physical Review Letters 112.19 (2014), p. 196101.

O. Zienkiewicz, R. Taylor, and J. Zhu. The Finite Element Method: Its Basis and Fundamentals. Else-
vier Science, 2005.

E. Lobaton and T. Salamon. “Computation of constant mean curvature surfaces: Application to the
gas-liquid interface of a pressurized fluid on a superhydrophobic surface”. In: Journal of Colloid
and Interface Science 314.1 (2007), pp. 184-198.

J. De Coninck and T. Blake. “Wetting and molecular dynamics simulations of simple liquids”. In:
Annual Review of Materials Research 38 (2008), pp. 1-22.

J.-Y. Park, M.-Y. Ha, H.-J. Choi, S.-D. Hong, and H.-S. Yoon. “A study on the contact angles of a wa-
ter droplet on smooth and rough solid surfaces”. In: Journal of Mechanical Science and Technology
25.2 (2011), pp. 323-332.

E. S. Savoy and F. A. Escobedo. “Molecular simulations of wetting of a rough surface by an oily
fluid: Effect of topology, chemistry, and droplet size on wetting transition rates”. In: Langmuir 28.7
(2012), pp. 3412-3419.

59



References

[59]

(60]

[61]

(62]

[63]

[65]

[67]

(68]

[76]

(77]

A Dupuis and J. Yeomans. “Modeling droplets on superhydrophobic surfaces: equilibrium states
and transitions”. In: Langmuir 21.6 (2005), pp. 2624-2629.

M. E. Kavousanakis, C. E. Colosqui, I. G. Kevrekidis, and A. G. Papathanasiou. “Mechanisms of
wetting transitions on patterned surfaces: continuum and mesoscopic analysis”™. In: Soft Matter
8.30 (2012), pp. 7928-7936.

C. E. Colosqui, M. E. Kavousanakis, A. G. Papathanasiou, and I. G. Kevrekidis. “Mesoscopic model
for microscale hydrodynamics and interfacial phenomena: Slip, films, and contact-angle hystere-
sis”. In: Physical Review E 87.1 (2013), p. 013302.

Y. Liu, L. Moevius, X. Xu, T. Qian, J. M. Yeomans, and Z. Wang. “Pancake bouncing on superhy-
drophobic surfaces”. In: Nature Physics 10.7 (2014), pp. 515-519.

X. Yong and L. T. Zhang. “Nanoscale wetting on groove-patterned surfaces”. In: Langmuir 25.9
(2009), pp. 5045-5053.

N. Moradi, M. Gross, F. Varnik, G. Zikos, and L. Steinbach. “Morphologies of small droplets on pat-
terned hydrophobic substrates”. In: Modelling and Simulation in Materials Science and Engineering
19.4 (2011), p. 045005.

G. Saville. “Computer simulation of the liquid-solid-vapour contact angle”. In: Journal of the
Chemical Society, Faraday Transactions 2: Molecular and Chemical Physics 73.7 (1977), pp. 1122—
1132.

R.J. Allen, C. Valeriani, and P. R. ten Wolde. “Forward flux sampling for rare event simulations”.
In: Journal of Physics: Condensed Matter 21.46 (2009), p. 463102.

C.K. Aidun and J. R. Clausen. “Lattice-Boltzmann method for complex flows”. In: Annual Review
of Fluid Mechanics 42 (2010), pp. 439-472.

V. M. Starov. “Surface forces action in a vicinity of three phase contact line and other current
problems in kinetics of wetting and spreading”. In: Advances in Colloid and Interface Science 161.1
(2010), pp. 139-152.

B. Derjaguin and N. Churaev. “Structural component of disjoining pressure”. In: Journal of Colloid
and Interface Science 49.2 (1974), pp. 249-255.

M. E. Kavousanakis, N. T. Chamakos, and A. G. Papathanasiou. “Connection of Intrinsic Wettabil-
ity and Surface Topography with the Apparent Wetting Behavior and Adhesion Properties”. In:
The Journal of Physical Chemistry C 119.27 (2015), pp. 15056—15066.

B. Dacorogna and P. Marcellini. Implicit partial differential equations, volume 37 of Progress in
Nonlinear Differential Equations and their Applications. 1999.

J. N. Israelachvili. Intermolecular and Surface Forces: revised third edition. Academic Press, 2011.

M Rauscher and S Dietrich. “Wetting phenomena in nanofluidics”. In: Annual Review of Materials
Research 38 (2008), pp. 143-172.

A. Oron, S. H. Davis, and S. G. Bankoff. “Long-scale evolution of thin liquid films”. In: Reviews of
Modern Physics 69.3 (1997), p. 931.

T.D. Blake. “The physics of moving wetting lines”. In: Journal of Colloid and Interface Science 299.1
(2006), pp. 1 —13. 1ssN: 0021-9797.

J. H. Snoeijer and B. Andreotti. “Moving contact lines: scales, regimes, and dynamical transitions”.
In: Annual Review of Fluid Mechanics 45 (2013), pp. 269-292.

L. Courbin, J. C. Bird, M. Reyssat, and H. Stone. “Dynamics of wetting: from inertial spreading to
viscous imbibition”. In: Journal of Physics: Condensed Matter 21.46 (2009), p. 464127.

60



Design of micro- and nano-structured surfaces with tunable wettability

(81]

(82]

(85]

(86]

(89]

[90]

[91]

[92]

(93]

[95]

[96]

D Platikanov, M Nedyalkov, and V Petkova. “Phospholipid black foam films: dynamic contact
angles and gas permeability of DMPC bilayer films”. In: Advances in colloid and interface science
100 (2003), pp. 185-203.

A. Yarin. “Drop impact dynamics: splashing, spreading, receding, bouncing...” In: Annual Review
of Fluid Mechanics 38 (2006), pp. 159-192.

E Pierce, F. Carmona, and A Amirfazli. “Understanding of sliding and contact angle results in
tilted plate experiments”. In: Colloids and Surfaces A: Physicochemical and Engineering Aspects
323.1 (2008), pp. 73-82.

C. Tropea and M. Marengo. “The impact of drops on walls and films”. In: Multiphase Science and
Technology 11.1 (1999).

C. Huh and L. Scriven. “Hydrodynamic model of steady movement of a solid/liquid/fluid contact
line”. In: Journal of Colloid and Interface Science 35.1 (1971), pp. 85-101.

T. Blake and J. Haynes. “Kinetics of liquidliquid displacement”. In: Journal of Colloid and Interface
Science 30.3 (1969), pp. 421-423.

P Petrov and I Petrov. “A combined molecular-hydrodynamic approach to wetting kinetics”. In:
Langmuir 8.7 (1992), pp. 1762-1767.

R. Fetzer, M. Ramiasa, and J. Ralston. “Dynamics of liquid- liquid displacement”. In: Langmuir
25.14 (2009), pp. 8069-8074.

W. M. Deen. Analysis of transport phenomena (topics in chemical engineering). Vol. 3. Oxford Univ
Press, 1998.

R Miller, J. Li, M Bree, G Loglio, A. Neumann, and H Méhwald. “Interfacial relaxation of phospho-
lipid layers at a liquid-liquid interface”. In: Thin Solid Films 327 (1998), pp. 224-227.

Y. Zhang, Z. An, G. Cui, and J. Li. “Stabilized complex film formed by co-adsorption of S-
lactoglobulin and phospholipids at liquid/liquid interface”. In: Colloids and Surfaces A: Physico-
chemical and Engineering Aspects 223.1 (2003), pp. 11-16.

V. Pratap, N. Moumen, and R. S. Subramanian. “Thermocapillary Motion of a Liquid Drop on a
Horizontal Solid Surface”. In: Langmuir 24.9 (2008), pp. 5185-5193.

G. Karapetsas, K. C. Sahu, K. Sefiane, and O. K. Matar. “Thermocapillary-driven motion of a sessile
drop: effect of non-monotonic dependence of surface tension on temperature”. In: Langmuir 30.15
(2014), pp. 4310-4321.

J. F. Thompson, Z. U. Warsi, and C. W. Mastin. “Boundary-fitted coordinate systems for numeri-
cal solution of partial differential equations—a review”. In: Journal of Computational Physics 47.1
(1982), pp. 1-108.

K. Christodoulou and L. Scriven. “Discretization of free surface flows and other moving boundary
problems”. In: Journal of Computational Physics 99.1 (1992), pp. 39-55.

V Dussan et al. “The moving contact line: the slip boundary condition”. In: Journal of Fluid Me-
chanics 77.04 (1976), pp. 665-684.

R. Cox. “The dynamics of the spreading of liquids on a solid surface. Part 1. Viscous flow”. In:
Journal of Fluid Mechanics 168 (1986), pp. 169-194.

P. J. Haley and M. J. Miksis. “The effect of the contact line on droplet spreading”. In: Journal of
Fluid Mechanics 223 (1991), pp. 57-81.

S. W. Benintendi and M. K. Smith. “The spreading of a non-isothermal liquid droplet”. In: Physics
of Fluids (1994-present) 11.5 (1999), pp. 982-989.

61



References

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

G. Karapetsas, R. V. Craster, and O. K. Matar. “On surfactant-enhanced spreading and superspread-
ing of liquid drops on solid surfaces”. In: Journal of Fluid Mechanics 670 (2011), pp. 5-37.

W. Ren and W. E. “Boundary conditions for the moving contact line problem”. In: Physics of Fluids
(1994-present) 19.2 (2007), p. 022101.

N. Savva and S. Kalliadasis. “Two-dimensional droplet spreading over topographical substrates”.
In: Physics of Fluids (1994-present) 21.9 (2009), p. 092102.

A. Peters, C Pirat, M Sbragaglia, B. Borkent, M Wessling, D Lohse, and R. G. Lammertink. “Cassie-
Baxter to Wenzel state wetting transition: Scaling of the front velocity”. In: The European Physical
Journal E: Soft Matter and Biological Physics 29.4 (2009), pp. 391-397.

J. A. Sethian. Level set methods and fast marching methods: evolving interfaces in computational
geometry, fluid mechanics, computer vision, and materials science. Vol. 3. Cambridge university

press, 1999.

C. W. Hirt and B. D. Nichols. “Volume of fluid (VOF) method for the dynamics of free boundaries”.
In: Journal of Computational Physics 39.1 (1981), pp. 201-225.

D. Jacqmin. “Calculation of two-phase Navier—Stokes flows using phase-field modeling”. In: Jour-
nal of Computational Physics 155.1 (1999), pp. 96—-127.

L. Zheng and H Zhang. “An adaptive level set method for moving-boundary problems: application
to droplet spreading and solidification”. In: Numerical Heat Transfer: Part B: Fundamentals 37.4
(2000), pp. 437-454.

S. Tanguy and A. Berlemont. “Application of a level set method for simulation of droplet colli-
sions”. In: International Journal of Multiphase Flow 31.9 (2005), pp. 1015-1035.

M van Sint Annaland, N. Deen, and J. Kuipers. “Numerical simulation of gas bubbles behaviour
using a three-dimensional volume of fluid method”. In: Chemical Engineering Science 60.11 (2005),
pp. 2999-3011.

T. Kékesi, G. Amberg, and L. P. Wittberg. “Drop deformation and breakup”. In: International Jour-
nal of Multiphase Flow 66 (2014), pp. 1-10.

G Pashos, G Kokkoris, and A. G. Boudouvis. “A modified phase-field method for the investigation
of wetting transitions of droplets on patterned surfaces”. In: Journal of Computational Physics 283
(2015), pp. 258-270.

Q. Zhang, T.-Z. Qian, and X.-P. Wang. “Phase field simulation of a droplet impacting a solid sur-
face”. In: Physics of Fluids (1994-present) 28.2 (2016), p. 022103.

S. Glasstone, K. Laidler, and H. Eyring. The Theory of Rate Processes: The Kinetics of Chemical Reac-
tions, Viscosity, Diffusion and Electrochemical Phenomena. International Chemical Series. McGraw-

Hill Book Company, Incorporated, 1941.

H. Li, R. Sedev, and J. Ralston. “Dynamic wetting of a fluoropolymer surface by ionic liquids”. In:
Physical Chemistry Chemical Physics 13.9 (2011), pp. 3952-3959.

E.Ruckenstein and R. K. Jain. “Spontaneous rupture of thin liquid films”. In: Journal of the Chemical
Society, Faraday Transactions 2: Molecular and Chemical Physics 70 (1974), pp. 132-147.

M. B. Williams and S. H. Davis. “Nonlinear theory of film rupture”. In: Journal of Colloid and
Interface Science 90.1 (1982), pp. 220-228.

J. Eggers. “Contact line motion for partially wetting fluids”. In: Physical Review E 72.6 (2005),
p. 061605.

62



PART II

Simulation of statics of wetting

63






CHAPTER

Wetting transitions on structured surfaces

In this Chapter, we validate the proposed augmented Young-Laplace equation against the
conventional formulation, as well as against mesoscopic lattice-Boltzmann simulations, for
simple solid surface geometries. Moreover, we demonstrate accurate and efficient compu-
tations of equilibrium shapes of entire millimeter sized droplets on complex, geometrically
patterned, surfaces. Our computations reveal the existence of multiple meta-stable states
including Cassie-Baxter, Wenzel, as well as intermediate wetting states. The calculation
of the energy barriers separating these states, which can be performed by our method with
negligible computational cost, would be very important for designing and realizing surfaces
with fully tunable wetting properties.

4.1 Introduction: Meta-stable wetting states

As presented in Chapter 2, the wetting state where the droplet is sitting on top of the
protrusions (Cassie-Baxter state of “fakir” state, due to its similarity with a fakir sitting
on a bed of nails) is usually meta-stable, since the droplet can undergo a collapse tran-
sition to a Wenzel state, by impaling the solid protrusions. Unlike the Cassie-Baxter
state, the Wenzel state features strong pinning on the substrate [1]. Such dynamic mod-
ification of the adhesion properties of a solid surface would be highly advantageous in
many applications, for example micro-channels with intelligent adhesion switching and
controllable release of chemicals in lab-on-a-chip micro-reactors [2].

The Cassie-Baxter to the Wenzel wetting transition has been observed by increasing the
liquid pressure [3] or by vibrating the solid surface [4]. However, a more versatile tool
to examine wetting transitions is electrowetting phenomenon, where the material wet-
tability (Young’s contact angle) is electrostatically enhanced. Krupenkin et al, [5], by
performing electrowetting experiments on structured surfaces, reported that collapse
transitions occur when certain wettability thresholds are surpassed. They also observed
that the reverse transition could not be realized by switching off the electric actuation.
Further experimental studies reveal that strong external actuations (e.g., thermal heat-
ing) are required in order to induce de-wetting transitions [6]. From a thermodynamic

point of view Cassie-Baxter and Wenzel states correspond to distinct minima of the free
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energy landscape suggesting the existence of at least one intermediate unstable state
which corresponds to a local maximum of the free energy. The difference between the
saddle of the free energy landscape and the local minima determine the energy barrier
for a wetting or a de-wetting transition. In this direction, recent publications argue that
reversible wetting transitions can be facilitated by minimizing the energy barriers which
separate the distinct wetting states through proper design of the solid surface roughness
[7, 8]. The majority of theoretical studies, however, provide analytical expressions for
such energy barrier computations based on significant simplifications regarding the ac-
tual shape of the droplet and/or the solid surface [9, 10]. For an accurate determination
of the wetting transition energy barriers, the computation of all admissible states on a
heterogeneous surface is deemed necessary. Such a task can be readily performed by our
proposed modeling methodology. In particular, in this Chapter, we employ the proposed
augmented Young-Laplace equation (2.32) in order to simulate equilibrium wetting phe-
nomena of smooth as well as rough solids where multiple and reconfigurable three-phase

contact lines are formed.

4.2 Results and discussion

4.2.1 Flat solid surface

We initially present computational predictions of the proposed augmented Young-
Laplace equation (2.32) for the equilibrium of cylindrical sessile droplets (assuming
translational symmetry along a direction perpendicular to the xz-plane in Fig. 2.10) on
flat and smooth solid surfaces. The effect of gravity is neglected in the computations pre-
sented here (N, = 0 in Eq. 2.32) since the initial droplet radius is considered smaller than
the capillary length. More details about the discretization of Eq. 2.32 and in particular
the Galerkin residuals, R, are presented in the Section B.1 of Appendix B. As described
in the previous Chapter (2), in our formulation the material wettability is determined

LS without imposing any explicit boundary condition

by the wetting parameter value, w
at the three-phase contact lines. The disjoining pressure parameters (see Eq. 2.42) are
chosen here as o = 3.8 x 1072, C; = 8, C, = 6 and € = 8 X 1073. The above parameters
result to a disjoining pressure profile depicted in Fig. 4.1, for w5 = 4 x 10%. According
to Eq. 2.50 in Chapter 2 which reads: cosfy = EVCLTE%—(_CC;Z_);T)
responds to a Young contact angle 6y ~ 100°. In order, however, to test the validity of

— 1, the above w™S value cor-

this equation, we also calculate the Young contact angle value by performing circular
fitting to the liquid-ambient interface, considering that the droplet forms a spherical cap
in the absence of any gravitational field. The circular fitting on the droplet profile is per-
formed with least squares fitting at a level, beyond which the liquid-solid interactions
are of negligible magnitude, and a constant curvature of the droplet is to be expected.

The Young contact angle is then evaluated analytically from:
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Figure 4.1: Profiles of the dimensionless disjoining pressure, YRT‘)ApLS (dashed line), and of the
corresponding dimensionless effective interface potential (solid line), 7% as a function of the

dimensionless liquid-solid distance, R%, foroc =3.8x107%C, =8,C, =6, = 8x 1073 and
whS = 4 x 102

4

Oy = acos (1 — max) , (4.1)
R

where R is the radius of fitting circle and zp.x the droplet height. The comparison is

presented in Fig. 4.2 where we observe that the results obtained by circular fitting are in

agreement with Eq. 2.50, except for extremely low wetting parameter values (W — 0),

which, however, do not correspond to realistic systems.

What is also interesting here is to present the variation of the local mean curvature, C,
along the surface of the droplet. The above is depicted in Fig. 4.3, for a solid wettability

which corresponds to 8y = 120°. In Fig. 4.3, we can distinguish three interfacial regions:

(I) The liquid-ambient interface region, where the curvature is constant, consistent
with the circular profile,

(I) an intermediate region, in the vicinity of the fictitious three-phase contact line,

with sharply increasing curvature, and

(IT) the liquid-solid interface region where the curvature is equal with the curvature

of the solid surface (zero for flat surfaces).

The conventional Young-Laplace equation treats only the region (I) up to the three-phase
contact line, where the Young boundary condition is applied. On the other hand, the
augmented Young-Laplace equation accounts for the entire droplet surface, including
regions where liquid-solid interactions are active ((IT) and (II)). In the inset of Fig. 4.3, we

can also observe the thin layer that separates the liquid and solid phases. In particular,
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Figure 4.2: Young’s contact angle, @y, for a droplet on a flat surface as a function of the w'S.
The solid line is obtained from the application of Eq. 2.50; the dashed line is produced by circular
fitting to the liquid-ambient interface - Embedded figure: Droplet profile and circular fitting at
the interface.

as described in Chapter 2, the repulsive interactions between the liquid and the solid
phases induce a minimum distance, 0y, between the droplet and the solid boundary.
When 6 = Sy, then the disjoining pressure, p° = 0 and Eq. 2.42 yields:

o C o Cy
RO 6min/R0 +€ 6min/R0 + €

6min

Ry

(4.2)

=0 —¢€,

where in this case, 5;;‘1 = 3 X 1072. We note that for a droplet with e.g., cross-sectional

.. . 1/2
area, Adroplet = 5 mm?, the characteristic length is Ry = (Adroplet / 71) = 1.262mm and

the minimum liquid-solid distance is 6y = 3.7 X 1072 mm.

It is also interesting here to examine the small region where the local mean curvature of
the droplet profile reaches its maximum value ((II) in Fig. 4.3). At this region, the droplet
profile essentially bends, thus from the augmented YL equation (2.32) yields that the
dijoining pressure, pLS, reaches its absolute minimum value (since the reference pressure,
K, is constant along the whole interface). The distance, d, at this point will be denoted
as otpL, and can be calculated as:

dp™® oL 2 V30

d67pL Ro 3 € (43)

This is a crucial point since it separates the region where liquid-solid interactions are
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Figure 4.3: Dimensionless local mean curvature, C = C Ry, variation along the dimensionless
arc-length, s = s/Ry, of the droplet surface (6y = 120°).

strong (for 6 < d7pr) from the region where the disjoining pressure fades and the local
mean curvature is constant (0 > Jtpr) (see Fig. 4.3). Thus, since the droplet surface
is treated uniformly in our formulation, d1p;, can be used as an artificial limit in order
to to distinguish the liquid-ambient from the liquid-solid interface. This is important
in cases where the calculation the liquid-solid and the liquid-ambient surface areas is
required (see e.g. Section 4.2.5). We note that d1pr, equals 4.5 X 10~2 mm, for a droplet

with cross-sectional area Agroplet = 5 mm?.

In the next Section we perform simulations on geometrically structured substrates. Such
solid surface cases are more interesting, in terms of potential applications, since they can
sustain meta-stable wetting states (Cassie-Baxter, Wenzel and intermediate states) with

different adhesion behaviors, as also experimental observed by Lafuma and Quéré [3].

4.2.2 Single-stripe structured surfaces

Our first step here is to test the validity of the augmented Young-Laplace equation
by comparing its predictions against the ones obtained from the conventional Young-
Laplace equation (2.20), for a single-stripe structured solid surface (see Fig. 4.4). This is
a quite simple solid surface geometry that, however, can sustain meta-stable solutions,
which can also be predicted by the conventional Young-Laplace equation, as shown in
[11]. Such a task requires a throughout exploration of the solution space by using pa-
rameter continuation methods. On of the most common methods is the pseudo arc-
length continuation technique [12], which enables the computation of stable and unsta-
ble steady state solutions (see Section B.2 of the Appendix B). The stability of the com-
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X

Figure 4.4: Cylindrical droplet (by assuming translational symmetry along the direction per-
pendicular to the xz-plane) on a single-stripe structured solid surface (p; = 0.6, p, = 10, p3 = 5in
Eq. 4.4).

puted solutions is quantified by solving the eigenvalue problem of the Jacobian matrix
(the matrix of all first-order partial derivatives of the residual vector, R). One solution
is stable when the real part of all eigenvalues of the Jacobian matrix is negative; when
at least one eigenvalue has a positive real part, the solution is characterized as unstable
[13].

In this simplified single-structured case, the dimensionless height of the geometry is

given by:

1 —erf [(X - p1)p2]
Ps3 ’

where, erf, denotes the error function. The parameters p;, p; and ps; determine the ge-

zZ= (4.4)

ometric features of the stripe: p; regulates the width of the stripe at its top surface,
p2 controls the curvature of the lateral walls and p; determines the maximum height.
The bifurcation diagram in Fig. 4.5 shows the dependence of the dimensionless droplet
height on the material wettability, fy. For the augmented Young-Laplace equation the
bifurcation parameter is the wetting parameter, wbS, which can be correlated with the
Young’s contact angle, 8y, through Equation 2.50. One can observe that both formu-
lations predict, with exceptional agreement, an S-shaped curve with unstable wetting
states (dashed lines) linking the branches of stable wetting states (solid lines) at the two
turning points ((A) and (C)). This bifurcation diagram shows that transitions -induced by
wettability modification- between suspended (upper stable branch) and collapsed states
(lower stable branch) are hysteretic. Starting with a hydrophobic material (point (D))
and gradually enhancing material wettability (e.g., through electrowetting), then a drop
collapse occurs at turning point (A) (fy ~ 79°) i.e., the drop collapses following the route
(D) — (A) — (B).
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Figure 4.5: Dependence of the dimensionless droplet height, zjm.x/Ro, on the material wetta-
bility, 6y, for a single-striped solid surface structure (p; = 0.6, p, = 10, p3 = 5). The thick line
corresponds to the results obtained from the augmented Young-Laplace equation, whereas the
thin line corresponds to the conventional Young-Laplace equation results.

In a reverse experiment, where wettability is decreased, the droplet undergoes a de-
wetting transition at turning point (C). For this particular geometry, this lifting tran-
sition would require lowering of wettability of as much as 6y ~ 130°. This suggests
that de-wetting through wettability modification cannot be realized, considering that
common hydrophobic materials do not exhibit 6y > 120° (e.g. for Teflon® AF 1600,
By = 120°). In experimental practice the range of tunable wettability is limited; e.g.,
when wettability is electrostatically enhanced (electrowetting), 6y has an upper limit set
by the material chemistry [14] and a lower one due to the contact angle saturation phe-
nomenon [15]. The physical origins of the contact angle saturation, where a limiting
contact angle value is achieved (usually 60° for a water droplet in air ambient) even at
very large applied voltages, has been elucidated for some cases where electric charge is
trapped in the solid substrate [16, 17]. A universal theory, however, must incorporate
a variety of other synergistic phenomena, like ambient phase ionization [18] and liquid

instabilities resulting in ejection of micro-droplets [19].

Next, we validate the augmented Young-Laplace equation, for the case of a droplet rest-
ing on a more complex substrate, against the conventional formulation (see Section 2.2.2)
and the exceptionally different mesoscopic lattice-Boltzmann method which is described
in Section 2.2.3).
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Figure 4.6: Dependence of the apparent contact angle of the droplet on the material wettability,
Oy, for a wave-like stripe patterned surface (p4 = 4, ps = 3 in Eq. 4.5). The thick line corresponds
to the results obtained from the augmented Young-Laplace equation, whereas the thin line cor-
responds to the conventional Young-Laplace equation results.

4.2.3 Wave-like patterned surfaces

4.2.3.a Validation against the conventional Young-Laplace

The augmented Young-Laplace formulation can also be easily applied for a more com-
plex, multi-striped solid surface. Here, we further test the validity of our method by
comparing its results against the ones obtained from conventional Young-Laplace equa-
tion. In this case, the solid surface is structured with wave-like stripes, the height of
which is described by:

2
. [um] | s

Ps
where the parameters p4s and ps determine the geometric characteristics of the solid sur-
face: p4 controls the wavelength period and ps regulates the maximum height. We note
that for a droplet with e.g., cross-sectional area: Agroplet = 5 mm?, the maximum height
of the stripes corresponds to 0.389 mm and the wave-length period equals 1.325 mm.

In Fig. 4.6 we present the dependence of the apparent contact angle of the droplet, 6,,
as a function of the material wettability, 8y, where 6, is calculated by fitting a circle
to the liquid-ambient interface above the solid surface asperities. We observe that both
the augmented and the conventional Young-Laplace equations can successfully capture
the non-trivial behavior of the droplet on this wave-like stripe patterned surface. The
reason that the conventional Young-Laplace equation is still valid here is that the sur-

face roughness is relatively small (no air inclusions are formed below the droplet). In a
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Figure 4.7: Dependence of the apparent contact angle of the droplet on the material wettability,
Oy, for a patterned surface (ps = 3, ps = 1.8 in Eq. 4.5). The thick line corresponds to the results
obtained from the augmented Young-Laplace equation, whereas the thin line corresponds to
lattice-Boltzmann based computations.

more complex solid substrate case (such as a solid with increased roughness presented
in the Section 4.2.4), however, the utilization of the conventional Young-Laplace equa-
tion would be unfeasible. Such a complex solid substrate requires the application of
the Young’s contact angle boundary condition to an unknown number of three-phase

contact lines.

4.2.3.b Validation against mesoscopic lattice-Boltzmann

The predictions of the proposed methodology are also compared with the ones obtained
from mesoscopic lattice-Boltzmann simulations (see also Section 2.2.3). A detailed de-
scription of the employed lattice-Boltzmann model can be found in [20]. In particular,
the employed model accounts for non-trivial microscopic effects (e.g. disjoining pres-
sure, partial wetting) through the application of liquid-solid pseudo-potential interac-
tions. The liquid-solid interactions include an attractive part modeling van der Waals
forces, and a repulsive component associated with double-layer interactions and in di-
rect analogy with DLVO theory [21]. Fluid-fluid interactions are defined to ensure con-
stant compressibility in both phases, with a density ratio of 10 : 1 and a compressibility

ratio of 15.625 : 1 when the system reaches phase equilibrium.

The dependence of the apparent contact angle, 8,, on the material wettability, 6y, is
depicted in Fig. 4.7 by using both approaches: the continuum-level augmented Young-
Laplace and the mesoscopic lattice-Boltzmann model. The droplet interface, obtained
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from the lattice-Boltzmann model, is defined by the density contour corresponding to
Pinterface = (0+ Pambient) /2, Where pampient is the density of the ambient bulk phase. Even
though that the Young-Laplace and the lattice-Boltzmann are conceptually different de-
scriptions of wetting phenomena (continuum- level and mesoscopic), they both capture,
with satisfactory agreement, the non-trivial macroscopic behavior of a droplet wetting
a striped structure. The observed discrepancies are attributed to the diffuse liquid-solid
and liquid-ambient interfaces modeled in the lattice-Boltzmann description, as well as

the different formulation of the liquid-solid interactions.

As a summary, we report that both approaches can successfully capture the droplet
behavior, however, the augmented Young-Laplace description deals with the solution
of a one-dimensional problem, as opposed to the two dimensional lattice-Boltzmann
formulation. The computational benefits of the proposed continuum-level analysis are
significant; indicatively we report that a Newton-Raphson iteration utilizing lattice-
Boltzmann runs requires approximately 10 minutes (~ 6 X 10* lattice-Boltzmann time
steps plus the required time for the initialization of each lattice-Boltzmann run), whereas
the augmented Young-Laplace model requires about 1 second, when all computations are
performed on the same CPU (Intel® Core™ i7 @3.07 GHz). This computational advan-
tage of the augmented Young-Laplace equation is obtained without implementing any
adaptive mesh technique for automatic refinement in regions of high interface curvature,

which highlights the efficiency of our proposed method.

4.2.4 Multi-stripe patterned surfaces

The proposed formulation is now used to compute the admissible equilibrium wetting
states on a stripe-patterned solid surface of increased roughness (see Fig. 4.8). Definitely,
the conventional Young-Laplace formulation cannot be used here since the cardinality
of the formed contact lines (where the Young contact angle boundary condition has to
be applied) is unknown. In this example, the topography of the solid surface is given by

the following relation:

_ erf [ps cos(p7 X)]
Ps '

The geometric features of the solid surface are defined by the parameters ps, p7, and

z=1

(4.6)

ps, which determine the stripe edge sharpness, the wavelength period and the maxi-
mum height of the stripes, respectively. The parameter values are given in the caption
of Fig. 4.8. The unit cell of this solid surface structure is a stripe (see Eq. 4.4) with p; =
4.31x102, p; = 43.88, p3 = 21.16. In the case of a droplet with cross-sectional area: Adroplet
= 5mm?, the maximum height of the stripes equals 0.125 mm and the wavelength pe-
riod is 0.121 mm. The roughness factor (ratio of the actual over the apparent surface
area), rr, is 1.52 as opposed to 1.19 for the solid surface presented in the previous Sec-
tion (4.2.3.b). It is worth mentioning that the application of bifurcation analysis utilizing

lattice-Boltzmann simulations, for this case study, requires a substantial amount of com-
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Figure 4.8: Cylindrical droplet profile (by assuming translational symmetry along the direction
perpendicular to the xz-plane) on a stripe-patterned surface (ps = 1.3, p7 = 33, ps = 20 in Eq. 4.6).

putational time and resources. However, the solution of the augmented Young-Laplace
equation sustains its computational needs at very low levels.

In Fig. 4.9 we present the dependence of the apparent contact angle, 6,, on the material
wettability, quantified by the Young contact angle, fy. The diagram exhibits multiple
S-shaped curves, which are directly associated with the number of stripes of the solid
surface. Multiple wetting steady states are computed (i.e. satisfy the governing equa-
tions of equilibrium) within large 8y value intervals, e.g. 9 equilibrium states for a solid
material with 6y = 104°. Wetting or de-wetting transitions induced by material wettabil-
ity modification set on at the turning point values of fy. One can observe that de-wetting
transitions for this particular solid surface would demand a material wettability of 6y >
120° (fy value at the lower right side turning point) which is not feasible with the com-

mon hydrophobic materials.

Each stable branch (solid line) extends over a finite interval of fy values, the maximum
of which corresponds to droplets suspended on the surface protrusions trapping air
beneath it (see local magnification of the droplet shape corresponding to state (T2) at
Fig. 4.10); the lower end of this interval corresponds to wetting states being immersed in
the asperities of the surface (see local magnification of the droplet shape corresponding
to state (T1) at Fig. 4.10) retaining the number of wetted stripes. It is observed that the
material wettability modification, along a stable branch, does not result in significant
change of the apparent wettability. Indicatively, the difference in the apparent contact
angle (A#,) between states (T2) and (T1) is 9°, whereas the material wettability modifi-
cation required is far greater (Afy (T2 — T1) = 69°). This change, along the same stable

branch, is not usually observed in experiments because the apparent contact angle vari-
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Figure 4.9: Dependence of the apparent contact angle, 8,, on the material wettability, 6y, for a
patterned solid surface (ps = 1.3, p7 = 33, ps = 20 in Eq. 4.6).
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Figure 4.10: Local magnification of the droplet shapes corresponding to points (T1) and (T2) of
Figure 4.9.

ation is small.

On the other hand, transitions between co-existing states, wetting a different number
of stripes (e.g. from point (3) to (7) at Fig. 4.9) lead to substantial apparent contact an-
gle change (A8, (3 — 7) = 23°) without modifying the wettability properties (Afy (3 —
7) = 0°). Thereafter, the experimentally observed significant apparent wettability mod-
ification (e.g. at a Cassie-Baxter to Wenzel transition) is attributed to the variation in
the number of stripes covered by the liquid, which can be triggered, e.g., by mechanical
actuation [22].

In Fig. 4.11 we illustrate nine co-existing droplet profiles (five stable and four unstable)
for a hydrophobic material with y = 104° covering a large interval of apparent wetting
behaviour types, i.e. from hydrophilic to super-hydrophobic. In particular, the apparent
contact angle, 6,, of the droplet ranges from 80° up to 125°. In experimental practice, a
super-hydrophobic state is attained when the droplet is gently deposited on the protru-
sions of the surface, whereas impaled states require forced droplet deposition (droplet

impacts the surface).
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Figure 4.11: Droplet profiles corresponding to points (1) - (9) in Fig. 4.9. Profiles drawn with
thick line correspond to stable wetting states, whereas those with thin line correspond to unstable
ones. All states computed correspond to material wettability, 0y = 104°.

From a thermodynamic point of view, a wetting transition, e.g. between states (1) and
(3) in Fig. 4.9, requires a minimum amount of energy (energy barrier), set by an inter-
mediate unstable state (2) (see Fig. 4.12). The computation of energy barriers, separating
meta-stable wetting states, has been performed by Savoy et al. [23], by using molecular
dynamics, in, however, non-realistic systems (nano-droplets). In addition, continuum-
level computations of wetting transitions have only been presented, up to now, on a unit
cell of the structured surface [24]. Such computations disregard the pinning/ de-pining
effect of the droplet contact lines, when more stripes are wetted, as it actually happens
between states (1) and (3) in Fig. 4.9. According to our knowledge, this is the first time
that energy barrier computations are performed by using a continuum-level methodol-
ogy and accounting for the whole droplet surface. These computations will be presented
in the following Section.

4.2.5 Energy barrier computations

The computation of wetting or de-wetting energy barriers separating co-existing stable
wetting states for a certain material wettability can be computed as the difference in
surface free energy, given in Eq. 2.46, between each state and the unstable intermediate
one. Thus, by substituting Young’s equation, ysa = yrs+7yra cosfy (Eq. 2.6), into Eq. 2.46,
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Figure 4.12: Schematic of a segment of the surface free energy profile for a textured solid surface
and constant Young’s contact angle, 6y.

the free surface energy reads:
E = y1a (ALa — cosfly Ars) + Wmin ALs + Vsa As, (4.7)

where, As = Ars + Asa is the total, constant, area covered by the solid surface. If we
denote with Ey,, E., and E,, the surface free energy of the stable suspended (su), stable
collapsed (co) and unstable (un) - intermediate wetting states (Fig. 4.12), which can be
admitted on a textured solid surface with a constant Young’s contact angle, 6y, then the
wetting (or the suspended to collapsed, su — co) energy barrier can be computed from:

Esu—>co = Lyn — Esu =

Esu—)co

= (ALA,un - ALS,su) - COSOY(ALS,un - ALS,su) (4 8)
YLA )

Wmnin
+ (ALS,un - ALS,su) .
YLA

The surface area of the interfaces in Eq. 4.8 can be calculated as: A = SL, where S is the
corresponding arc-length of the interface (Spa and Sis) and L expresses the depth along
the direction perpendicular to the xz-plane; because of the translational symmetry of
the droplet, we set L = Ry. The energy barrier for a de-wetting transition, Eco— sy, iS

computed similarly.

In Fig. 4.13 we present the energy barriers (using Eq. 4.8) for wetting and de-wetting
transitions on a hydrophobic material with 6y = 104°. The admissible stable states,
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Figure 4.13: Energy barriers computed for the wetting and de-wetting transitions between the
stable wetting states corresponding to points (1), (3), (5), (7), (9) of Fig. 4.9.

between which transitions can occur, are shown in Fig. 8: (1) = (3) = (5) = (7) —
(9) for wetting, and (9) — (7) — (5) = (3) — (1) for de-wetting. It is found that the
energy barriers increase as the number of the wetted stripes increases. Notice that
Eqy—3) < Egyi) < Esy—»7) < E7)-9). On the contrary, for de-wetting transitions
the energy barriers increase as the number of the wetted stripes decreases. It is worth
mentioning that the presented methodology can be straightforwardly paired with opti-
mization algorithms in order to design surface structures that resist impalement transi-

tions or facilitate switching between certain wetting states.

4.3 Summary and conclusions

In this Chapter we initially validated the augmented YL equation against the conven-
tional form for droplets equilibrating solid surfaces with simple topography. Moreover,
a comparison with the conceptually different lattice-Boltzmann approach showed sat-
isfactory agreement between the two different methodologies. We then demonstrated
the efficiency of the proposed methodology to compute all admissible wetting states on
a more complex, stripe-patterned solid surface. In particular, by performing paramet-
ric continuation methods, we computed multiple equilibrium wetting states and studied
their relative stability. Finally, the calculation of the free energy difference of the meta-
stable wetting states enabled the computation of the minimum energy required to induce

certain wetting transitions (energy barrier).

To our knowledge, this is the first time that a one-dimensional continuum-level model is
able to predict Cassie-Baxter and Wenzel wetting states by simulating the entire droplet
profile and not a unit cell. In addition to the results presented here, concerning cases

with translational symmetry, we also demonstrate similar computations for axisymmet-
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ric droplets in Chapter B.3 of the Appendix B. We note that our methodology can also be
extended beyond one spatial dimension, preserving its computational merits, however,
in this case, further investigation is required in order to properly parameterize the two-
dimensional droplet surface. Such an attempt has been recently performed by Pashos
et al. [25], by using the augmented YL methodology proposed here, simulating, how-
ever, only the bottom region and not the entire two-dimensional droplet surface. We
also note that fine-scale simulators (e.g. lattice-Boltzmann or molecular dynamics) uti-
lized for the same task required substantial computational resources, especially when

real millimeter-sized droplets are studied, as also discussed in Section 2.2.3 of Chapter 2.

The study of the dependence of the computed energy barriers on various geometric
features of a rough surface would strongly impact the design of surfaces with address-
able wetting properties in terms of high resistance in impalement transitions or efficient
switching between wetting states. The wetting properties of a solid material can be
modified with a variety of techniques (electric, thermal, pressure). Among the different
choices, electrowetting [5] (electrostatical enhancement of solid wettability) combines a
lot of advantages (rapid switchability, reliability) and is commonly used in recent appli-
cations. The equilibrium droplet shape on a structure solid surface, under the effect of
electric field is studied in the next Chapter (5).
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CHAPTER

Electrowetting on structured dielectric

surfaces

In this chapter we employ the previously proposed augmented Young-Laplace equation, ac-
counting also for an electric stress term along the droplet surface, in order to simulate the
electrowetting phenomenon (i.e. the electrostatical enhancement of wetting by applying
a voltage). Without making any simplification concerning the droplet shape or the field
distribution, our formulation goes beyond the limitations of the classic theoretical models
(Lippmann equation), while it is relieved from the implementation of the Young contact
angle boundary condition. This way, electric field singularities (arising in the conventional
modeling) are bypassed, allowing for accurate and efficient simulations, in terms of com-
putational time and recourses. We initially examine the effect of the electric field strength
(controlled by the voltage magnitude as well as the solid dielectric thickness) on both macro-
scopic (apparent contact angle) and microscopic (Young’s contact angle) droplet shape char-
acteristics. Next, by applying our methodology to patterned dielectrics we compute all ad-
missible droplet equilibrium droplet profiles, including Cassie-Baxter, Wenzel and mixed

wetting states.

5.1 Theory and modeling of electrowetting phenomenon

As previously discussed, miniaturization of devices renders electrowetting (EW) as the
most convenient tool for manipulating droplets in lab-on-a-chip systems [26], optoflu-
idic devices [27, 28] and even in more exotic systems such as energy harvesters using
reverse electrowetting [29]. In a typical electrowetting-on-dielectric (EWOD) setup (see
Fig. 5.1), a droplet of a conductive liquid (usually an aqueous solution) is deposited on a
dielectric layer coating a flat base electrode. We note that the ambient medium must be
an insulating fluid. By applying a voltage, V, between the base electrode and the con-
ductive droplet, electric charge accumulates in the liquid-solid interface. The resulting
decrease in the corresponding interfacial energy is observed as a decrease of the appar-
ent contact angle i.e., as an enhancement of the wettability of the solid by the liquid [30,
15, 31].
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Figure 5.1: Schematic of the electrowetting-on-dielectric (EWOD) setup illustrating a drop at
zero voltage (solid line) and its new profile when voltage is applied (dashed line).

A simple mathematical description of the apparent contact angle, 8,, dependence on the
applied voltage, V, is provided by the so-called Lippmann equation [31]:

cosf, = cosfy + ﬂ = cosf, = cosby + 1, (5.1)

2dyia

where d is the thickness of the solid dielectric, €, is the vacuum permittivity (e, =
8.854 x 1072 F/m) and e, is the dielectric constant of the solid. The dimensionless EW
number, 77, in Eq. 5.1 expresses the relative strength of the electrostatic over the surface
tension forces in the system, assuming a uniform electric field at the liquid-solid interface
(ideal parallel plate capacitor). Despite its simplicity, the Lippmann equation provides
accurate predictions in many EW configurations [32, 18], for low applied voltages and
flat dielectrics; however, when higher voltages are applied the Lippmann equation fails
to accurately predict the apparent contact angle since it neglects the electric fringe fields
close to the three phase contact line (TPL), where the three different phases meet. In addi-
tion, the Lippmann equation predicts a steep monotonic decrease of the apparent contact
angle (up to complete wetting) as the voltage increases. This contradicts the experimen-
tally observed contact angle saturation phenomenon, where the contact angle variation
slows down at high voltages, before reaching total wetting [30, 15]. The physical origins
of contact angle saturation have not yet been completely explained in all cases, how-
ever, its onset is closely connected with the electric field distribution close to the TPL
[16]. Furthermore, Lippmann equation does not account for the solid structure effect on
the droplet shape, which would by particularly important in electrowetting applications
on superhydrophobic [6] and generally heterogeneous solid surfaces. Thus, for a more
accurate description of the EW phenomenon, accurate modeling approaches, without
making any assumptions regarding the droplet shape, are required. Such an approach
has been realized by solving the equations of capillary electrohydrostatics [33, 17]. In
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particular, the droplet shape is given by the conventional Young-Laplace equation (2.20),
augmented with the electric stress term accounting for the electric forces exerted on the
droplet surface. If such a modeling is applied to structured surfaces, however, it would
suffer from the previous discussed vulnerability of imposing the Young contact angle
boundary condition to an unknown in number three-phase contact lines. In addition,
the capillary electrohydrostatics equations are also limited from electric field singulari-
ties arising at the sharp wedge liquid shape, assumed at a three-phase contact line. The
above limitations can be overcome by using the previously proposed augmented Young-
Laplace formulation while incorporating the effect of the electric field on the equilibrium
droplet shape.

In particular, in this Chapter we utilize the augmented YL formulation in order to re-
formulate the capillary electrohydrostatics equations and efficiently model, for a first
time, the electrowetting phenomenon on textured solid dielectric surfaces. As previ-
ously discussed, our formulation does not require any pinning boundary condition, thus
enabling the computation of wetting states with multiple and reconfigurable contact
lines. In addition, the emerging electrohydrostatics equations will not suffer from the
electric field singularities that arise from the sharp wedge shape of the liquid at the TPL.
The droplet profile solutions obtained from the augmented YL formulation do no longer
form wedges, allowing for a more accurate computation of the curvature of the liquid
surface and of the field distribution close to the TPL. The reformulated (augmented)

electrohydrostatics equations are presented in the following Section.

5.1.1 Augmented electrohydrostatics equations

Here, the electric field effect is incorporated in the augmented Young-Laplace equation
as an electric stress term [34]. In particular, starting from Eq. 2.32, the dimensionless
augmented Young-Laplace equation accounting for the electric stress term (and neglect-

ing the effect of gravity) reads:

R N.E?
—OpLS+C:K+ —, (5.2)
YLA 2
where N. = ;LOX;O is the electric Bond number and E the dimensionless electric field
strength (E = %) The latter is calculated along the droplet surface by solving the

equations of electrostatics (Gauss law for electricity) for both the ambient phase and the
dielectric material (see Fig. 5.2.):

V- (e, Vid) = 0, (5.3)

where i is the dimensionless electric potential (u = 7;), and E =|| Vit ||. The permittivity,
€r, is denoted by €, for the ambient phase (insulating medium) and €, for the solid dielec-

tric, respectively. Eq. 5.3 is solved accounting for the following dimensionless boundary
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Figure 5.2: Electrowetting of a cylindrical drop on a stripe patterned solid dielectric. The droplet
shape is obtained by solving the augmented Young-Laplace Equation (5.2).

conditions:
u
v 1at (x,2) € Vx2+ 22 =r(s), (5.4)
u
—=0atz=0, 5.5
s =0atz (5.5)
RO du
——=0atx =0, 5.6
V dx abx (5.6)
Vu-np,=0at (x,2) € Vx%+ 22 = Rpax, (5.7)

RyV
where ny, is the unit vector normal to the boundary of the computational domain,
Vx2 + 22 = Ry (see Fig. 5.2). Here we assume that the droplet is perfectly conduc-
tive; however, in the case of a dielectric liquid or a liquid with finite conductivity, the
equations of electrostatics should also be solved in the interior of the droplet, and the
electric stresses in the Eq. 5.2 should also be modified in order to account for the non-zero
electric field inside the droplet.

In our computations, we study droplets with translational symmetry along the direction
perpendicular to the xz-plane (cylindrical droplets). In order to capture both the liquid-
solid and the liquid-ambient interface, the droplet profile, which is defined in cylindrical
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coordinates (r, ), is parameterized in terms of the arc-length, s, of the effectively one-
dimensional droplet surface (see Fig. 5.2). More details about the arc-length parameteri-
zation are presented in Section 2.2.4.a of Chapter 2. The sought droplet shape affects the
electric field distribution, u, and vice versa constituting a coupled non-linear and free
boundary problem, which can be solved iteratively as presented in Section B.4 of the
Appendix B.

5.2 Results and discussion

5.2.1 Apparent contact angle calculation

In this Section, we present computations of the dependence of the apparent contact an-
gle, 8,, on the applied voltage, V, for a cylindrical aqueous droplet in silicone oil ambient
(AK 5, Wacker). Such insulating oils are commonly used as an ambient phase in experi-
mental practice [35, 36]. For the selected ambient phase, the Young contact angle of the
aqueous droplet on a Teflon® (PTFE) [37] flat surface is approximately 170° (correspond-
ing to a wetting parameter, w'> = 84, from Eq. 2.50). The disjoining pressure parameters,
used here, are: 0 = 9x 1073, C; = 12, C, = 10, € = 8 X 1073. The selected characteristic
length, Ry = 0.62 mm, corresponds to a droplet with cross-sectional area Agroplet = 7TRy?
= 1.21 mm?. The same configuration is used for the derivation of all results presented in
this Chapter.

The electric stresses, developed along the droplet surface in an electrowetting simula-
tion, result to an additional contribution to the surface free energy. This contribution
can be included in a modified effective interface potential, w*. In particular, w* must

incorporate both the molecular interactions (disjoining pressure, p'°) and the electric

2 2
field effect (expressed as an electrostatic pressure, pe] = GOZV RgE [38)):

LS_ E()VZEZ _ dw*
2R,  d&’

(5.8)

In the above, the electric field strength, E, is not constant but is evaluated along the
droplet surface, expressed as a function of the distance, ¢, i.e., E = E(d). Furthermore,
in an analogy to Eq. 2.48, the absolute minimum of w* which appears at the liquid-solid
interface (for 6 = Omin, where O, is the minimum value of the liquid-solid distance)

can be expressed as:
i
w;knin =7YsAt VLA — )/ES’ (59)
where 7Eg is an effective liquid-solid interfacial tension (incorporating electrostatic
forces) [38], with yfg < vy1s. By using the above equation, we can derive a Frumkin-

Derjaguin type theoretical formula (similar to Eq. 2.49) for the prediction of the apparent

contact angle of the droplet in the presence of a disjoining pressure and electric field.
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Figure 5.3: Apparent contact angle dependence on the applied voltage; 8, is calculated following
the Frumkin-Derjaguin approach (Eq. 5.11), as well as by circular fitting on the liquid-ambient
interface (e4 = 2.1 (PTFE), €5 = 2.58 (AK 5, Wacker), 8y = 170°, yp 4 = 0.038 N/m, d = 10 pm).

In particular, by using a modified Young’s equation (2.6), where 7y is replaced with the
effective yleg and the Young contact angle, 8y, with the apparent one, 6,:

YT+ yLa cosba = ysa, (5.10)

and by combining Eq. 5.9 with Eq. 5.10, finally yields:

w:nin
cosf, = — — 1. (5.11)
VLA
In the above, the modified effective interface potential is computed from the integral:

)
*
w:f
6A

min

€0 V2 EX(8)

2
2R

P - ds’. (5.12)

We can observe that in order to compute the apparent contact angle from Eq. 5.11, apart
from the exact droplet shape, we also need the electric field distribution along the droplet
surface, which definitely is not convenient for a quick calculation of 6, (it requires the
solution of the augmented electrohydrostatics equations described in Section 5.1.1). We
note, however, that the above relation can be used to validate our computations, by com-
paring its predictions against the 8, derived from circular fitting. In particular, in Fig. 5.3,
we show the dependence of the apparent contact angle value on the applied voltage, for
a PTFE substrate with thickness d = 10 pm, as computed from the Frumkin-Derjaguin
type formula (Eq. 5.11) and by performing a circular fitting on the computed liquid-
ambient (here water-oil) interface (more details about the circular fitting are presented
in Section 4.2.1). We observe that the two lines are optically indistinguishable, which
strengthens the validity of our computations. We note that similar findings also hold for
different dielectric thicknesses. Eq. 5.11 could also be used by assuming simplifications
regarding the electric field distribution (e.g. neglecting the effect of fringe fields around

the contact line), in order to make quick estimations of the apparent contact angle. The
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Figure 5.4: Dependence of the apparent contact angle on the applied voltage, V, for d = 10 um,
50 um and 150 um PTFE, calculated from the conventional YL, the augmented YL (Eq. 5.2) and
the Lippmann equation (5.1).

accuracy of such assumption, however, would be low, leading to erroneous estimations
of 8,. Next, we further validate our proposed methodology by comparing the predictions
of the augmented YL equation, against those from the conventional one, which explicitly
imposes the Young contact angle boundary condition. The latter model is analytically
described in the work of Drygiannakis et al. [17].

5.2.2 Validation against the conventional Young-Laplace

The results obtained from the electro-capillary augmented YL equation (5.2) are com-
pared with those obtained from the conventional electrohydrostatics formulation (de-
scribed in detail in [17]) for flat solid dielectrics (PTFE foils) of variable thickness (d
= 10 um, 50 um and 150 pum). The apparent contact angle presented in Fig. 5.4 is ob-
tained by circular fitting at the liquid-ambient interface. The comparison between the
results obtained from the two different formulations shows excellent agreement for all
dielectric thicknesses tested. However, the predicted contact angle values obtained by
the Lippmann equation are systematically smaller. This deviation is expected, and has
been reported in the literature [33], since the Lippmann equation accounts only for the

electrostatic energy stored within the dielectric layer between the droplet and the flat
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Figure 5.5: Electric potential distribution in the vicinity of the TPL computed from the solution
of (a) the augmented and (b) the conventional YL equation. The Young contact angle boundary
condition in the conventional formulation creates a wedge-shaped geometry at the TPL. The
equipotential lines are depicted with light yellow (d = 10 ym PTFE, = 0.67, V = 165 Volt).

electrode, neglecting the corresponding energy of the ambient medium. Indeed, if we
neglect the surrounding medium permittivity (i.e., assuming €5 = 1) our computations

agree with the Lippmann equation (see Fig. 5.4).

In Fig. 5.5, the droplet profiles and the electric potential distribution are shown at the
TPL region. In the case of the conventional YL equation, the Young contact angle is
explicitly imposed as a boundary condition assuming a wedge-shaped liquid-ambient
interface profile at the TPL. This geometric assumption is not necessary when solving
the augmented YL equation. In this case, and in order to implicitly obtain the Young
contact angle, we perform high order (sixth) polynomial fitting to the droplet profile
close to the TPL. The Young contact angle emerges within the range of action of the mi-
croscale interactions (disjoining pressure) (see Fig. 5.5(c)). The augmented YL equation
governs also the liquid-solid interface, defined as the part of the droplet interface, which
is at a minimum distance, 0p,in, from the solid boundary. This minimum distance, 6y,
corresponds to the thickness of the liquid-solid diffuse interface. Indicatively, when the
characteristic length is Ry = 0.62 mm, dpin= 3.25 X 10*mm.

It should be also noted that the proposed augmented YL formulation can provide a more
detailed picture of the droplet surface shape and of the field distribution close to the
TPL, compared to the conventional formulation; in the latter case, the field strength the-
oretically reaches an infinite value due to the singularity induced by the wedge-shaped
droplet profile at the TPL.

Theoretical studies of Buehrle et al. [39], based on the local balancing of electrostatic
and capillary forces at the TPL, suggest that the Young contact angle is independent of
the applied voltage. Experimental studies [35], however, show a variation of the Young
contact angle with the applied voltage, especially when the thickness of the solid dielec-

tric is small (< 10 um). Below, we examine whether a change of the dielectric thickness
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Figure 5.6: Dimensionless local mean curvature (C Ry) and disjoining pressure (Ry p™°/y1) dis-
tribution along the droplet surface (d = 10 um PTFE, n = 0.5, V = 319.7 Volt).

has an effect on the Young contact angle value, which in the augmented YL formulation

arises implicitly from the combined action of microscale and capillary forces.

5.2.3 Influence of the dielectric thickness on Young’s contact angle

In this section we investigate a possible link between the dielectric thickness and the
Young contact angle value as well as the liquid surface curvature in the vicinity of the
TPL. Initially, in Fig. 5.6, we present the liquid surface curvature and the disjoining pres-
sure distribution along the droplet interface profile for electrowetting number, n = 0.5.
For a computed droplet equilibrium profile, the curvature distribution is evaluated from

Eq. 2.40. In Fig. 5.6, we distinguish three interfacial regions corresponding to:

(I) the liquid-ambient interface where the curvature is constant and the disjoining
pressure is virtually absent,

(IT) the region close to the TPL where the curvature increases sharply up to a maximum
finite value while the dimensionless disjoining pressure has reached a minimum
value, and

(IT) the liquid-solid interface where the curvature equals to that of the solid surface

(zero for a flat dielectric) and the dimensionless disjoining pressure has a virtually
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constant value (Ry p™° y1a = K + N, EZ/Z, from Eq. 5.2).

Overall, the droplet shape is mainly determined by the capillary forces along the liquid-
ambient interface whereas the microscale forces (disjoining pressure) prevail along the
TPL and the liquid-solid interface. The force balance at three-phase contact line region
is also affected by the electric field, resulting in an increase of the apparent wettability
with the applied voltage. The electric stresses effect on the force balance at the TPL
has been investigated in numerous publications [40, 39, 35]. In particular, two different
approaches have been proposed in the literature: the electrochemical approach, where
the electric field affects the interfacial energies resulting in a reduction of the Young
contact angle, and the electromechanical approach, where the electric stresses result
in a net force acting on the droplet. In the latter case, the Young contact angle remains
unaffected as the droplet deforms. Here, since the Young contact angle derives implicitly
in our formulation (see Section 2.2.4), it is critical to examine the effect of the electric
field strength (by modifying the applied voltage and the thickness of the solid dielectric)
on the Young contact angle value and consequently on the curvature of the droplet in
the vicinity of the three-phase contact line.

In Fig. 5.7, we present important shape features of the droplet surface for different solid
dielectric thicknesses of PTFE (d = 10 pm, 50 um and 150 pum), over a range of electrowet-
ting numbers (7 € [0, 1]). In particular, we compute the dependence of the apparent
contact angle, #,, the Young contact angle, fy, and the dimensionless maximum local
mean curvature of the surface as a function of the electrowetting number, 7. For the
computation of the Young contact angle, a sixth order polynomial fitting is applied on
the droplet surface in the vicinity of the TPL. Initially, in Fig. 5.7a, it is observed that
the macroscopic droplet shape (i.e. the apparent contact angle, 8,) is not affected by the
thickness of the solid dielectric. Note that, however, the applied voltage is considerably
higher in the case of the thick dielectric, in order to achieve the same electrowetting
number (e.g. for n = 0.5, V = 101 V for thin dielectric (d = 10um) and V = 392 V for
the thick one (d = 150 um)). Regarding the microscopic characteristics of the droplet,
in Fig. 5.7b, it is observed that the Young contact angle variates in the case of the thin
dielectric (d = 10 um). In particular, 6y is reduced from 170° to ~ 156° for = 1. Such a be-
havior is not observed in the case of thick dielectrics (d = 50, 150 um), where the Young
contact angle appears to be insensitive to the electrowetting number. The maximum
droplet curvature, at the (fictitious in our model) three-phase contact line, behaves in a
similar fashion, as observed in Fig. 5.7c. Thus, the maximum curvature, in the case of the
thin dielectric (d = 10 pm), is considerable increased with the applied voltage, contrary
to the thick dielectrics cases (d = 50, 150 pum).

Similar trends have been presented in the experimental work of Mugele and Buehrle
[35]. In particular they performed electrowetting experiments of a water droplet, in a
silicone oil ambient (AK 5, Wacker), on solid dielectrics (PTFE) of various thicknesses (d
=10, 50 and 150 um). They found that Young’s contact angle decreases with the applied
voltage only in the case of the thin dielectric (d = 10 pm). A direct comparison of the
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a

Figure 5.7: Dependence of (a) the apparent contact angle, 6,, (b) the Young contact angle, 8y, and
(c) the dimensionless maximum curvature of the droplet surface on the electrowetting number,

electrowetting number, n

n, for different dielectric thicknesses (d = 10 pym, 50 um and 150 um).

Figure 5.8: Comparison between experimental (upper part of the figure, reprinted from [35])
and computed droplet shapes (lower part of the figure) for different dielectric (PTFE) thicknesses
(d = 10 pm, 50 um and 150 pm) at n = 0.5. The aqueous droplets are immersed in a silicone oil
bath (AK 5, Wacker). The variation of the local curvature (in the vicinity of the TPL) with the
dielectric thickness can be easily observed in both experiments and simulations. We note that
the computed apparent contact angle is virtually the same for all these cases (see also Fig. 5.7a).
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term (N, E?/2) of the augmented YL equation along the droplet surface for different dielectric
thicknesses (77 = 0.5).

droplet shapes between the experiments of Mugele and Buehrle and our simulations is
depicted in Fig. 5.8. In these experiments, the variation of the Young contact angle value
measured for thin dielectrics was attributed to the finite and limited optical resolution
of their setup to resolve the details of the droplet profile; measuring curvature values
in experimental practice involves high order polynomial fitting of the droplet interface,
a process highly sensitive to the optical resolution. According to our perspective, the
Young contact angle variation is not really a resolution issue, but is related with the elec-
tric field distribution along the droplet surface, which strongly depends on the thickness
of the dielectric. The investigation of the dielectric thickness effect on the electric stress
term of the augmented YL equation would provide more evidence on the link between
the Young contact angle and the electric field strength at the TPL.

In Fig. 5.9, we present the variation of the curvature and the electric stress term of the
augmented YL, along the droplet surface for different PTFE thicknesses and for a fixed
electrowetting number (in this case 7 = 0.5). We observe that for the case of the thin
dielectric (d = 10 pm) the strength of electric stress term increases sharply at the TPL
and then reaches a constant value along the liquid-solid interface. For thicker dielectrics
(see Fig. 5.9, d = 50 um and 150 um), the maximum electric stress value is reduced and its
effect extends over a wider region around the TPL (as compared to the case of the thin
dielectric with d = 10 um in Fig. 5.9).
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the disjoining pressure (Ry p*/yLa) of the augmented YL (Eq. 5.2), at the TPL, on the electrowet-
ting number for different dielectric thicknesses: d = 10 pm, 50 pm and 150 ym.

As a summary, the observed variations of the computed maximum curvature value (as
well as the Young contact angle) for thin dielectrics can be attributed to the higher elec-
tric stresses developed within the action range of the microscale forces (disjoining pres-
sure). In Fig. 5.10, we present the relative strength, Ar, of the electric stress term, of the
augmented YL equation, over the disjoining pressure in the vicinity of the TPL for dif-
ferent dielectric thicknesses and electrowetting numbers. The electric stress term is of
lower magnitude compared to the disjoining pressure in all studied cases of electrowet-
ting numbers, when the dielectric thickness is 50, and 150 pm. However, in thinner di-
electric thickness cases (d = 10 um) the electric field effect is significantly enhanced espe-
cially at high electrowetting numbers; the magnitude of the developed electric stresses
exceeds the disjoining pressure causing an increase of the local curvature and a concomi-
tant decrease in the Young contact angle. Similar results can be obtained using different
forms of the disjoining pressure isotherm as presented in Section B.5 of the Appendix B.
The above argument is extremely important for realizing reversible wetting transitions
on superhydrophobic surfaces, by controlling the droplet surface curvature at the TPL,

as will be demonstrated in Section 9.1 of Chapter 9.

Apart from the previously presented curvature and electric field computations on
smooth solid surfaces, the main advantage of the proposed methodology is the abil-
ity to model electrowetting on geometrically patterned solid dielectric surfaces, where
multiple and reconfigurable TPLs arise. Existing fine-scale electrowetting modeling ap-
proaches, e.g., molecular dynamics [41, 23] and mesoscopic lattice-Boltzmann models
[42, 11, 20] suffer from severe computational limitations (especially when real millime-
ter sized droplets are studied), whereas continuum-level models are based on significant
simplifications regarding the actual shape of the droplet and the field distribution [43]
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Figure 5.11: Dependence of (a) the apparent contact angle, 6,, and (b) the dimensionless half
perimeter length, spax/ Ry, on the electrowetting number, 1, for a patterned solid dielectric sur-
face.

at the TPL.

5.2.4 Electrowetting on geometrically patterned dielectric surfaces

In our illustrative example we model electrowetting on a multi-striped dielectric (see
Fig. 5.2). The height (h4) and the width (wq) of the protrusions are 62.03 um and 93.05 pm,
respectively. The minimum thickness of the dielectric (PTFE) is: dyin = 25 pm, and the
maximum thickness is dmax = 4 + dmin = 87.03 um. For the computation of the elec-
trowetting number (see Eq. 5.1), we select: d = dpax = hd + dmin in order to account for

the non-uniformity of the dielectric thickness.

As reported above, geometrically patterned dielectrics can admit multiple droplet equi-
librium profiles ranging from Cassie-Baxter to Wenzel wetting states. By utilizing pa-
rameter continuation techniques, all the admissible wetting states (stable and unstable)
can be traced. In particular, in Fig. 5.11, we present the dependence of the apparent con-
tact angle (calculated by fitting a circle to the liquid-ambient interface above the solid
surface asperities) and the dimensionless half-perimeter length of the droplet, smax/Ro,
on the electrowetting number. The different solution branches correspond to distinct
wetting states. In particular, the stable solution branch AB corresponds to droplets wet-

ting a single stripe, while the stable solution branch FC corresponds to Cassie-Baxter
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Figure 5.12: Electric field distribution around co-existing wetting states on a stripe patterned
dielectric for 7 = 1.19, in the vicinity of the solid surface. The streamlines of the electric field are
depicted with light yellow. The stable wetting states are denoted with “S”, and the unstable ones
with “U”.

states wetting three stripes (taking into account the reflection symmetry about the verti-
cal plane (6 = 0)). Several solution branches intervene between points E and D exhibiting
approximately the same apparent wettability for the same electrowetting number, and
correspond to:

1. Cassie-Baxter states wetting five stripes (see Fig. 5.11b, = 1 (Cassie-Baxter)),

2. fully collapsed Wenzel states wetting the same number of stripes (see Fig. 5.11b, n
=1 (Wenzel)) and

3. mixed wetting states where the liquid has partially penetrated into the solid rough-
ness (see Fig. 5.11b, n = 1 (Mixed)).

We also observe that the electrostatically induced wetting transitions on the patterned
dielectric under study are hysteretic. When no voltage is applied, a “fakir” droplet sits on
the top of protrusions (see Fig. 5.11, point A for n = 0, 6, = 177°). By quasi-statically in-
creasing the applied voltage, the apparent wettability is enhanced (the apparent contact
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angle reduces from 177° to 128°) and the liquid gradually penetrates the solid surface
roughness following the route: A — B — C — D along the stable solution branches
(solid lines in Fig. 5.11a). By decreasing the applied voltage, the droplet de-wets the
solid surface following a different route: D — E — F (see Fig. 5.11a). The range of hys-
teresis is determined by the range of the intermediate unstable branches (dashed lines
in Fig. 5.11). We also note that the initial “fakir” droplet with 6, = 177° cannot be recov-
ered by switching off the applied voltage; the wetting transition is irreversible, and the

highest apparent contact angle that can be recovered through voltage reduction is 164°.

Interestingly enough, the intervening stable solution branches between points E and D
in Fig. 5.11 correspond to wetting states exhibiting nearly identical macroscopic charac-
teristics (same apparent wettability for the same applied voltage), yet with significantly
different fractions of the solid surface area wetted by the liquid. In Fig. 5.12, we present
the electric field distribution in the vicinity of the solid surface for five co-existing wet-
ting states (stable and unstable) with 6, =~ 139.3° and the same electrowetting number (5
= 1.19). Apart from the stable Cassie-Baxter (Fig. 5.12a), and Wenzel (Fig. 5.12e) wetting
states, the patterned dielectric can also admit mixed stable states (Fig. 5.12c), where only
two of the four oil pockets of the solid surface are filled with water. We remark that the
intermediate unstable equilibrium states depicted in Fig. 5.12b and Fig. 5.12d cannot be
tracked experimentally. The sequence of equilibrium profiles in Fig. 5.12b-d illustrates
the intermediate states of a minimum energy path connecting the Cassie-Baxter state
(Fig. 5.12a) and Wenzel state (Fig. 5.12¢); impalement originates from the outer side of

the droplet and succeeds in the center for the particular solid surface geometry.

5.3 Summary and conclusions

In this Chapter, after validating the presented methodology against the predictions of the
conventional Young-Laplace equation (which imposes the Young contact angle bound-
ary condition) we studied the effect of dielectric thickness on the liquid surface curvature
distribution, and on the Young contact angle for different electrowetting numbers. We
found that by increasing the applied voltage in adequately thin dielectrics, results in
variations in the droplet shape both macroscopically (apparent contact angle), and mi-
croscopically (Young’s contact angle). Such a dependence of the Young contact angle on
the applied voltage has also been reported previously in the literature [35], however not
theoretically supported.

The advantage of the proposed modeling approach is its ability to perform electrowetting
computations on geometrically structured dielectric surfaces. To our knowledge, this
is the first time that a continuum-level model can predict Cassie-Baxter, Wenzel, and
mixed wetting states by simulating the entire droplet and not a small part of it, like a unit
cell. Continuum-level studies of wetting transitions on geometrically patterned surfaces

have been previously presented in the literature, however they do not take into account
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the pinning/de-pinning effects of the droplet at the protrusion edges, performing the
analysis at a unit cell of the texture [44, 45]. Under this assumption, no mixed states can
be predicted (since the outer stripes are equivalent with the inner ones) and thus there
is no information concerning the energetics of the mechanism of the wetting transition.
The multiplicity of the wetting states, computed here for a relatively simple patterned
geometry is indicative of the wealth of equilibrium states expected to be computed when
smaller scale or of arbitrary roughness (i.e., without any symmetry assumption) solid
surfaces are studied.
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CHAPTER

Modeling of droplet spreading on rough

surfaces

The conventional hydrodynamic model suffers from severe limitations when modeling the
wetting dynamics on textured substrates due to the tedious implementation of the boundary
condition to an unknown number, and reconfigurable, contact lines. In order to resolve these
limitations, we apply the proposed hydrodynamic model formulation (see Section 3.2.3), in
which no explicitly boundary condition is required at the three-phase contact lines. The
validity of our approach is initially tested against experimental data of a droplet impacting
on an arbitrary roughened solid surface. In our simulations, we observe that the viscous dis-
sipation on the solid surface roughness gives rise to an effective no-slip boundary condition,
although it is not explicitly imposed. The study of the early spreading phase on hierarchi-
cally structured, as well as on chemically patterned, solid substrates reveal an inertial regime
where the contact radius grows according to a universal power law, perfectly agreeing with
recently published experimental findings. Finally, we also investigate the droplet dynamics
under the effect of electric field (electrospreading). Electrostatically assisted spreading is
commonly observed in practice, in lab-on-a-chip devices.

6.1 Spreading dynamics

As experimentally observed [1, 2] for low viscosity fluids on smooth substrates, the con-
tact radius of a spreading droplet, R (see Fig. 6.1), grows with time according to the

R, K (t )a, (6.1)

&5l

power law:

where K is the power law prefactor, @ is a spreading exponent and 7, is the inertio-

: : R . : e :
capillary time (z, = %), defining the time scale where the flow is inertia-dominated.

Bird et al. [2] demonstrated that @ = 0.3 for a water droplet on a solid substrate with 0y =
120°, whereas it increases to @ = 0.5 for a fully wetted substrate (6y ~ 0°). As spreading

continues, the viscous friction inside in the droplet becomes the main dissipation mech-
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Figure 6.1: Snapshots of an axisymmetric droplet at different time instances (ty < #; < t;) after
impacting on a flat solid substrate.

anism and @ = 0.1, with another constant K’. Thus, in order to accurately simulate of a
droplet impinging and spreading on solid surface, one needs to take into account both
the inertial and viscous forces, as well as the friction that the liquid exhibits at the three-
phase contact lines. The latter is usually incorporated through the Navier slip boundary
condition (Eq. 3.9). In addition, since an amount of roughness is always present, even
in macroscopically flat substrates, the viscous friction on the solid micro-structure must
also be included in the modeling. Such a study, however, would be infeasible with the
conventional formulation of the hydrodynamic model (see Section 3.2.1). In this Chapter,
we utilize the proposed augmented hydrodynamic model formulation (see Section 3.2.3)
to perform dynamic simulations of axisymmetric droplets spreading on solid substrates
covered with arbitrary asperities, in air ambient. Contrary to the conventional hydrody-
namic model, in our proposed formulation the relative velocity between the solid and the
liquid is not directly imposed with a boundary condition, thus allowing the throughout

study of the solid roughness effect on the spreading dynamics.

In particular, in order to highlight the role of the solid surface micro-structure in the
energy dissipation, in this Chapter we neglect any tangential stresses along the liquid
surface (B¢ = 0, in Equation 3.16). What we expect is that the roughness will enhance
the viscous dissipation in the vicinity of the solid surface, resulting to an effective tan-
gential stress. Such an argument was initially introduced by Richardson [3] and Jansons
[4] who concluded that the energy dissipation taking place on the intrinsic roughness
can approximate, macroscopically, a no-slip boundary condition, even when the solid
material is microscopically perfectly slipping. This assertion was later mathematically
proved for a three dimensional flow by Casado-Diaz et al. [5], however, a throughout
investigation of the solid micro-structure effect on the flow characteristics (e.g. con-
tact radius and apparent contact angle versus time) has not yet been performed. In the
following Section, we initially validate the computational results (i.e. contact radius
and dynamic contact angle of the droplet against time) against experimental measure-
ments and we discuss the influence of surface roughness geometric characteristics on

the spreading dynamics.
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o Solid 7

Figure 6.2: Geometric parameters of the solid surface intrinsic roughness.

6.2 Results and discussion

6.2.1 Spreading dynamics: Validation with experimental data

The proposed “boundary-condition-free” approach is implemented to model the dynam-
ics of a droplet impacting and spreading on a horizontal surface (see Fig. 6.1). In order to
validate our predictions, the results are compared with experimental data [6] of a glyc-
erin/water mixture droplet (85 % of glycerin) spreading on a wax solid surface (see also
Section C.2 of the Appendix C for a pure water droplet). Since the viscosity of the sur-
rounding phase (air ambient) in our system is negligible compared to that of the droplet,
the flow problem is solved only for the droplet interior (Q in Fig. 6.1) and thus the to-
tal stress tensor of the ambient phase, §(1)|ambient = 0, in the stress balance boundary
condition (Eq 3.4). In the studied experiment, the droplet impacts and then spreads on a
solid surface with an initial vertical speed of ©y = 1.04 m/s. This corresponds to a Weber
number, We = 51.2, and a Reynolds number, Re = 26.8 (We = % and Re = 'O”‘)TZR",
where p = 1220 kg/m®, Ry = 1.225 mm, y14 = 0.063 N/m and yu = 116 mPa s). Further-
more, the gravitational force, G, in the Navier-Stokes equation (3.3) is neglected since
the initial droplet radius, Ry, is smaller than the capillary length, A, (1, = ?—2 =2.2%4
mm for the used glycerin/water mixture droplet). Finally, the wettability of the wax sub-
strate corresponds to a Young contact angle, 8y = 93.5°, which is equivalent to a wetting
parameter whS = 5.16 x 103, given from Eq. 2.50 for C; = 12, C; = 10, ¢ = 9 X 10~% and
€ = 8 X 107, We note that a sensitivity analysis regarding the value of the disjoining

pressure parameters is presented in Section C.3.1 of Appendix C.

There are previous studies [7, 8] where the conventional hydrodynamic model has been
utilized to simulate the same experiments. Although they do succeed in capturing some
of the experimental trends, the above approaches are case sensitive since ad hoc correla-
tions are used to model the dynamic contact angle and the shear stresses at the contact
lines. In particular, in the first study [7] Sikalo et al. use a semi-empirical correlation

given by Kistler [9], whereas in the latter [8] a time variation of the contact angle, based
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on experimental measurements, is employed. Here, by using the suggested hydrody-
namic formulation, the effective shear stresses have to arise macroscopically due to the
micro-scale roughness of the solid surface (note that disjoining pressure induces only
normal forces to the liquid-ambient interface (see Eq. 3.15)). Aiming to mimic the intrin-
sic roughness of the wax surface, we employ an arbitrary roughness topography, which
is characterized by two length parameters: a maximum amplitude of the protrusions, #,
and an average distance between two neighboring extrema of the surface, d (see Fig. 6.2).
The solid surface topography is produced with the following procedure: Initially, an ar-
ray of random scalars, representing the local extrema of the substrate profile, is drawn
from the standard uniform distribution on the interval (0, /) and the distance between
them is set equal to d. Next, the final form of the solid topography is obtained by per-
forming a piecewise cubic interpolation [10] on the random extrema of the substrate,
ensuring that the substrate profile and its derivatives are continuous. In order to quan-
tify the non-uniform, arbitrary pattern of the solid protrusions we also introduce the
surface roughness factor, g, which is defined as the ratio of the actual over the apparent
surface area (rf > 1). The effect of the roughness factor on the spreading dynamics is

examined in the following Section.

6.2.1.a The effect of the micro-scale roughness factor

In the cases under study, the intrinsic roughness factor of the modeled surface varies
from r¢ = 1 (for an ideally smooth surface) to r¢ = 1.2 (for the most roughened solid
surface). In the following Sections, when referring, for brevity, to a “smooth” surface we
mean an ideally smooth and flat substrate. The solid surface rugosity is parametrized by
the average distance of the inhomogeneities, d, (0.012 mm < d < 0.06 mm), and by their
maximum height, 4, (0.012 mm < A < 0.055 mm). Note that the ratio of the smallest
1

roughness height (4 = 0.012 mm) over the initial droplet diameter, 2Ry, is 55;

In Fig. 6.3, we present the temporal evolution of the normalized contact radius, Rs/Ry
(see also Fig. 6.1), for different solid surface roughness cases. In particular, we consider
that the contact radius is the position of the outer (or macroscopic) contact line which
is defined as the intersection of the droplet surface with a horizontal baseline just above
the substrate (z ~ 4 X 1073Ry). The initial frame, i.e. = 0, is the instance of the droplet
impact. The time is presented in dimensionless form and the characteristic time is fuo/ Ry.
The surface roughness factor, here, is increased either by decreasing the average distance
between the surface inhomogeneities while keeping fixed their maximum amplitude (see
Fig. 6.3a), or by increasing their maximum amplitude by fixing their distance constant
(see Fig. 6.3b).

Our results show that the spreading behavior is not similar for the different surface

roughness cases. The spreading evolves in three stages (see Fig. 6.3):

(I) An early spreading stage, where the radius sharply increases with time (notice the
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Figure 6.3: Temporal evolution of the normalized contact radius of a glycerin/water mixture
droplet impacting on wax surface: simulations against experimental data from Sikalo et al. [6]
for different roughness factor cases. The roughness is increased by: (a) reducing the average
distance of the inhomogeneities, d, or (b) enlarging the protrusions amplitude, .

concave part of the curve). At this stage the spreading evolution does not depend

on the roughness factor.

(Il) An intermediate stage, where an almost linear dependence of the normalized con-

tact radius on the logarithmic characteristic time can be observed. At the end of

this stage the effect of the roughness factor is visible. As it can be seen, the more

roughened the substrate, the slower the contact radius evolution.

(IT) A recoiling stage, where the droplet begins to recede and the contact radius slightly

reduces after reaching a maximum value. This effect is particularly visible in the

case of the perfectly smooth surface. As it can be observed, at the recoiling stage,

the positions of the outer contact line for the smooth and the rough substrate cases

significantly differ.

Interestingly enough, the computational results converge to the experimental data, re-

gardless of the geometric details of the substrate, above a certain roughness factor

threshold (here for ¢ > 1.15). The minor effect of the exact roughness topography (for

r¢ > 1.15) on the impact dynamics, is an indication that the assumption of the axially-

symmetric substrate does not play a key role in the obtained results. We also note that

a sensitivity analysis regarding the size of the computational mesh is presented in Sec-
tion C.4.1 of Appendix C.

109



Chapter 6. Modeling of droplet spreading on rough surfaces

Smooth surface

Rough surface

(c)| o2 (d1)
0.1<r<1.1

2 3 0 0.5

t = 0.5 ms

0.5 a - t=1ms

t =15 ms

0
0 1 2 3 0 0.5 1 15
r (mm) u,. (m/s)

Figure 6.4: Visualization of the r-component of the droplet velocity, u,, for different roughness
factor cases: (a) rr = 1 and (c) rf = 1.2, at various time instances (t € [0.5 ms, 1.5 ms]). The u,
distribution is also plotted along vertical, equidistant cut lines (with a ér step of 0.2 mm) for (b)
smooth and (d) rough substrate cases.

6.2.1.b Recovering the no-slip boundary condition

Aiming to unravel the effect of the solid substrate roughness on the flow dynamics, we
visualize in Fig. 6.4 the r-component of the velocity, u,, for a droplet spreading on a
smooth and a rough solid surface. By plotting the u, distribution along equidistant cut
lines of constant r (see Fig. 6.4d1-d3), it can be observed that the velocity considerably
decreases and reaches almost zero, especially very close to the substrate (for z — 0),
in the case of the rough surface. This indicates that small variations in the velocity
direction, as the fluid slips on the solid asperities, dissipates a considerable amount of
energy. Clearly, the total dissipation in the roughness vicinity can approximate a no-slip
boundary condition, without imposing directly any shear interaction between the liquid
and the solid surfaces. On the contrary, in the absence of an intrinsic surface rough-
ness, the velocity has a finite value on the wall since the energy dissipation is negligible
(see Fig. 6.4b1-b3). Note that such a free-slip case is non-realistic since a microscopic
slip length has been observed (in molecular dynamics simulations) even for molecularly
smooth surfaces due to the discrete nature of the lattice structure of the solids [11]. Here,
however, we use this case in order to highlight that the no-slip boundary condition can
occur as a solely geometric effect, even at a molecular level. The above is in line with
the work of Richardson [3] and Jansons [4].

A magnification of the droplet profile in the vicinity of the solid surface, shown in Fig. 6.5,
provides a detailed view of the droplet deformation during the initial spreading stages
(t < 0.5 ms). The discrepancy between the contact radius at the smooth (Fig. 6.5a) and
the rough solid surface (Fig. 6.5b) is visible, especially on the last frame (f = 0.5 ms).
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Figure 6.5: Droplet profiles in the vicinity of: (a) a perfectly smooth (rf = 1) and (b) a rough
solid surface (r¢f = 1.2) during the initial spreading stages (t < 0.5 ms). A magnification of the
droplet shape, for the area outlined in (b), is depicted in (c) for # € [0.3 ms, 0.35 ms]; changes
in the droplet topology (marked by the arrow) can be effectively handled by using our proposed
formulation.

The inherent capability of our formulation to handle changes in the droplet topology is
presented in Fig. 6.5c. In particular, the formation (¢ = 0.325 ms) as well as the destruction
(t = 0.35 ms) of contact lines can be observed, as the droplet slips on the corrugated
substrate. Regarding the evolution of the contact angle, it is noticeable that the two cases
(perfectly smooth and roughened substrate) exhibit large differences. We note here that
the apparent (or macroscopic) dynamic contact angle, in the conventional hydrodynamic
models, is set as a function between the equilibrium (Young’s) contact angle and the
capillary number, Ca (Ca = ucu/yra, where u is the fluid velocity magnitude at the
outer contact line) (see e.g. Eq. 3.10 in Chapter 3), however, in our modeling approach
it emerges “naturally” as a result of the local interplay of viscous, capillary and liquid-
solid interaction forces. Indicatively, in Fig. 6.6 we present the dynamic contact angle
value, 64, of the droplet for a smooth (r¢ = 1) and a rough (¢ = 1.2) solid surface cases, as
a function of time. Unfortunately, as Sikalo et al. [6] claim, the dynamic contact angle
measurements are at limited accuracy (the measured values depend on the experience of

the experimentalist). Here, we apply their measurement technique in our computational
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Figure 6.6: Dynamic contact angle, 64, of a glycerin/water mixture droplet impacting on wax
surface: Computations, on a smooth (rf = 1) and a rough (¢ = 1.2) solid substrate, are tested
against experimental data from Sikalo et al. [6]

predictions (namely to obtain the contact angle from the computed droplet profiles) in
order to directly compare them with the experimental measurements. In particular, the
slope of the droplet surface is evaluated, against the horizontal plane, at a fixed distance
from the substrate (z ~ 8 X 107 R;) where the action of the disjoining pressure has been
effectively vanished (region III in Fig. C.4b, Section C.3.1).

Our results in Fig. (6.6) show that the early spreading (I) and the recoiling (IIl) stages are
adequately captured, for the case of rough solid substrate. During the intermediate stage
(IT), however, our results predict fluctuations around a plateau value of the contact angle
which can be attributed to the pinning-depinning of the contact lines on the substrate
corrugations. This contrasts to Sikalo et al. [6] measurements, where a local maximum
of the dynamic contact angle is observed. To our opinion the discrepancy is caused
by the relative large height of the roughness protrusions, compared to the droplet size,
which highly distorts the droplet shape at the outer contact line. Further decrease of the
protrusions length scale, resulting in more realistic roughness structures (e.g. the docu-
mented average roughness amplitude for the wax surface is 0.3 X 107> mm [6]), although
it is feasible in our formulation, it requires extensive computational resources sacrific-
ing the efficiency of the continuum-level modeling. Such a study is beyond the scope of
this particular work. When the substrate is ideally smooth, the dynamic contact angle
coincides with the Young contact angle (64 =~ 6y = 93.5°) shortly after the droplet impact,

indicating again that an amount of roughness is essential in our modeling approach.

Aiming to obtain more insight of the viscous effects resisting the droplet spreading, we
next investigate the dissipation of energy during the droplet impact. In particular, we
focus on the differences at the energy loss between the case of the ideally smooth and a
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Figure 6.7: Rate of energy dissipation per unit volume, ¢ (given in units %), during the impact
process on: (a) a smooth solid surface (rf = 1) and (b) a rough solid surface (r¢ = 1.2), at different
time instances (¢ € [0.5 ms, 1.5 ms]). The distribution of ¢ along a line with constant height
(z = 5% 1073 mm) above the substrate is depicted in the right panel of the figure (c).

roughened solid substrate.

6.2.1.c Quantifying the rate of energy dissipation

The energy dissipation can be quantified by calculating the viscous dissipation function,

¢ [12]:
¢=1:Vu. (6.2)

By evaluating the double-dot product and utilizing the symmetry arguments, Eq. 6.2 in

cylindrical coordinates, reads:

dMr2+ %2+(&)2+1 %2+ du,2+2%dur (6.3)
dr dz r 2\\ dr dz dr dz |’ '

where u_ represents the z-component of the fluid velocity. In Fig. (6.7), we plot the spa-

¢=2pu

tial distribution of ¢, which practically expresses the rate of energy dissipation per unit
volume of the fluid. It is observed that during the spreading process, the initial droplet
energy for the rough surface, is mainly dissipated in the vicinity of solid boundary. By
examining the distribution of ¢ along a line with constant height z = 5 x 10~ mm
(see Fig. 6.7c1-c3), we find a considerable energy dissipation close to the outer contact
line (note that the ¢ values are presented on a logarithmic scale on the right panel of
Fig. 6.7). This means that the energy loss, responsible for the spreading deceleration
in the rough surface, predominantly occurs at the outer contact line region as a fluid
passes over the substrate irregularities. We note that the fluctuations, observed in dissi-

pation function distribution in Fig. 6.7c1-c3, are attributed to the highly inhomogeneous

113



Chapter 6. Modeling of droplet spreading on rough surfaces

%103

>~
o

Smooth surface (ry = 1) ||

N

Rough surface (ry = 1.2)

w
o

N
o w

—_
()]

[[[ ¢ rdrdodz (J s)

0 1 2 3 4 5
tuO/Rg

Figure 6.8: Volume integral of the dissipation function in cylindrical coordinates, f f f ¢ dVigroplet =
o

f f f ¢ rdrdfdz, during the spreading process for a perfectly smooth (¢ =1) and a rough (r¢ = 1.2)
(@)

solid surface case. In the expression of the volume element, rdrdfdz, 6 represents the cylindrical
azimuthal coordinate (6 € [0,2x)).

geometrical features of the substrate. Away from the outer contact line, as observed in
Fig. 6.7b1-b3, the rate of dissipation is negligible due to the low liquid velocity. When
the droplet is spreading on a perfectly smooth and slippery substrate, the energy dissi-
pation is attributed only to the inertial forces resisting the fluid movement. In this case,
as demonstrated in Fig. 6.7c1-c3, the dissipation function, ¢, does not exhibit extreme
values along the line parallel to the solid surface at height z = 5 X 1073 mm, since the

effect of the solid substrate is insignificant.

The integration of ¢ over the entire droplet’s volume, Vyroplet, presented in Fig. 6.8, also
highlights the differences in the evolution of energy dissipation, for the rough and the
smooth substrates, respectively. Specifically, in the rough surface, the overall rate of dis-
sipation is high during the early spreading stages (tRL(;’ < 1) followed by a sharp decrease.
In the case of smooth surface the energy dissipation is milder. Although the rate of dis-
sipation over time differs significantly between the two cases, a question arises about
the relative ratio of the total amount of energy dissipated. Up to the time where the

dissipation rate asymptotically gets very small (at tRi(f ~ 4 ort = 4.7 ms) we calculate

that the total energy consumed is: Egjss = 47ms f f f ¢ dVdr = 4.72x 107 J for the rough
0

0

substrate, and Egs = 4.35 X 107¢ J for the smooth substrate. The first corresponds to
the 75.3 % of the initial droplet energy before impact, E;, and the latter to the 69.3 %
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Figure 6.9: Solid substrates featuring: (a) micro-scale textures (rf = 1.15), (b) micro-scale tex-
tures accompanied with chemical heterogeneities and (c) hierarchical roughness with micro-
and macro-scale textures.

respectively, where E; is calculated as:

1
E, = Ex+ E; = EMdroplet u(z) + Sdroplet YLA =
, (6.4)
E = pgﬂ'Rg u(z) + 47TR§ YA = 6.27 X 10_6],

with Ej the initial kinetic energy, Ej the initial surface energy, Mgroplet the droplet’s
mass and Sqroplet the surface area of droplet at 7 = 0. From the above, we conclude that
although the overall energy loss is virtually the same, the major differences observed in
the spreading behavior on a rough and on a smooth solid surface, are mainly attributed
to the locally dissimilar distribution of ¢ close to the outer contact line.

We believe that such an analysis can provide important information for the under-
standing of energy dissipating phenomena taking place at the contact lines and would
contribute in extending our understanding regarding the underlying complex physical
mechanism. Finally, we note that the corresponding experimental measurement, of the
dissipated energy during the spreading process, is until now unfeasible. In the following
Section, we perform computations of droplets spreading on chemically patterned and
hierarchical roughened solid surfaces (where an intrinsic surface roughness is super-
imposed on larger structures) in order to examine a recently proposed argument [13]
of a universal droplet evolution regime at the early spreading stages, regardless of the
underlying substrate.

6.2.2 Early spreading universality on complex surfaces

6.2.2.a Spreading on different types of surface complexity

The proposed modeling approach can be used to examine the effect of any kind of com-
plex geometrical structure of the substrate (even hierarchical patterned solid surfaces)
on the spreading dynamics - an arduous task for the conventional hydrodynamic mod-
els. Early time spreading phenomena, on partially or fully wetted substrates, are far from

being fully understood [14], since the droplet behavior is affected by inertia, viscous and
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Figure 6.10: Normalized contact radius, R, /Ry, as a function of dimensionless time from impact,
t/tc, for three different types of solid substrates featuring topographical and chemical inhomo-
geneities (see Fig. 6.9).

contact line friction effects; for later times, the energy dissipation mechanism is simpli-
fied and the dynamics can be adequately captured by the well-established Tanner’s law
[15], which is also recovered by our model (see C.1 of the Appendix C). In a recent work,
Stapelbroek et al. [13], argued that the initial spreading dynamics of low viscosity fluids
obey to a universal power law, independently of the geometric or chemical complexity
of the solid substrate. Aiming to verify this argument, i.e. the insensitivity of the early
spreading dynamics on the substrate’s details, we next perform droplet impact compu-
tations on different types of solid surfaces, featuring topographical, as well as chemical

heterogeneities.

For a perfectly wetting substrate, it has been experimentally observed that the spreading
exponent, @, equals to 1/2 [1, 2]. In particular, Eq. 6.1 reads:

R, \1/2
— =K |— . 6.5
= =k(r] ©5)

The above applies for #/¢. < 1, where the dynamics are inertia-dominated. Stapelbroek
et al. [13] experimentally demonstrated that the geometrical morphology and the chem-
ical heterogeneities of the substrate are unimportant during the early spreading case.
In particular, even if the final equilibrium profiles are different, they argue that there
exist an ubiquitous inertial regime where the power law (Eq. 6.5) is applicable. Here, in
order to demonstrate this inertial spreading universality, we perform computations of
the previously examined glycerin/water mixture droplet spreading on different types of
solid surfaces. Indicatively, we examine the effect of geometrical, in conjunction with

chemical heterogeneities, on the droplet motion on silicon dioxide (SiO;) substrates (see
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Fig. 6.9). In the first solid substrate case (see Fig. 6.9a), the selected micro-scale (intrinsic)
geometrical complexity corresponds to a roughness factor of 1.15, which equals to the
minimum roughness required to match the experimental measurements in the case of

spreading on a horizontal wax surface (see Fig. 6.3).

Chemical patterns are introduced in the second solid surface case, by alternating the
hydrophilic SiO, substrate with wax patches (see Fig. 6.9b). Indicatively, the wetting

parameter, wlks

, varies along the spatial r coordinate, ranging from a minimum (SiO5)
to a maximum value (wax) with a wavelength of 0.2 mm. Note that the wettability of
the SiO, corresponds to a 6y = 5°, and fy = 93.5° for the wax substrate. Lastly, a hierar-
chical roughened solid surface (see Fig. 6.9c), where the micro-scale intrinsic roughness
is superimposed on larger sinusoidal structures (macro-scale roughness), is also investi-
gated. Regarding the hierarchical patterned surface (Fig. 6.9¢), the ratio of first to second
level roughness amplitude is hT”‘ = 1.7, whereas the distance of the respective inhomo-
geneities correspond to a ratio % = 6.8 (hy, = 0.033 mm and d,, = 0.1 mm). The impact
velocity of the droplet is now neglected since the approach speed at the corresponding
experiments is extremely low (1o < 20 X 107® m/s) [13]. Overall, as demonstrated in
Fig. 6.10, the evolution of the normalized contact radius, R/R, is indeed identical for
the different types of surface complexity during the early stage of spreading (¢/¢. < 1).
The results are plotted in logarithmic scale so as to demonstrate the power law (Eq. 6.5)
growth dynamics of the early spreading inertial regime.

6.2.2.b Universal spreading mechanism

In order to interpret the minor role of the underlying substrate to the spreading dynam-
ics, we examine the normal component of the stress balance along the liquid-ambient
interface (Eq. 3.4) which reads:

AP = Tnnlliquid + 2')’LA K+ PLS =0, (6.6)

where « = % By disregarding the viscous stress components of the above equation, due
to the negligible impact velocity, the stress balance along the droplet surface (Eq. 6.6) for
the early spreading stage can be approximated by:

Ap =~ 2yia k + p&S. (6.7)

When the droplet equilibrates, the pressure difference between the liquid and the
ambient medium, Ap, is maintained constant along the effectively one-dimensional
droplet surface. In our case, however, the calculation of the right hand side of Eq. 6.7,
2y1a k + pt°, along the entire droplet profile at the time instance just after impact (f = 5
%1072 ms), shows a significant deviation from a constant value, localized in the vicinity
of the solid surface. This results to a local pressure drop, close to the solid substrate

region, as illustrated in Fig. 6.11. Namely, the highly negative disjoining pressure value
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Figure 6.11: (a) Mean curvature, , (right axis) and pressure (left axis) values along the effectively
one-dimensional droplet surface just after the contact (t = 5 10~ ms) with a rough (r¢ = 1.15) SiO,
substrate. (b) Visualization of the pressure, p, distribution for the entire droplet and a magnified
region close to the outer contact line. The arrows at the latter sub-figure represent the fluid
velocity field, u.

at the outer contact line (equals to the depth of the Lennard-Jones potential well; see
Eq. 2.42) (point B in Fig. 6.11a) is not compensated by the surface tension forces, 2 y14 «,
even though « reaches a peak value (point C in Fig. 6.11a). This unbalanced surface force
generates a pressure gradient inside the droplet (see point A in Fig. (6.11a)), which drives
the initial liquid motion over topographical or chemical inhomogeneities, annihilating
the role of the substrate. At equilibrium, the pressure difference between the liquid (p)
and the surrounding medium (py), Ap = p—po, should approach zero since the extremely
small Young contact angle (fy = 5°) drives the droplet into a liquid film. This yields to:
PMS = =291 k, at SQ, from Eq. 6.7. Previous theoretical attempts to explain the spread-
ing insensitivity on the roughness structure [16, 13] suggest that the strong curvature
induced at the liquid meniscus, connecting the droplet and the substrate (see Fig. 6.11b),
is the origin of the pressure difference. However, in our detailed analysis, by examining
the entire droplet surface, we conclude that the curvature of the meniscus does not have
a major contribution; contrariwise the key factor is the increased curvature at the three-
phase outer contact line. Specifically, we calculate that just after the droplet contacts the
substrate (f = 5 X102 ms), the absolute curvature value of the liquid meniscus equals
to 7.8 X 1072 um™! (point D in Fig. 6.11a) whereas the corresponding value at the outer
contact line is larger and equal to 38 X 1072 um™! (point C in Fig. 6.11a).

As previously discussed, experimental studies show that the spreading exponent @ and
the prefactor K in Eq. 6.1 depend on the fluid properties and the solid wettability [2].

Due to the recent development of lab-on-a-chip devices though, there is a need to influ-
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Figure 6.12: Temporal evolution of the normalized contact radius of (a) a water and (b) a glyc-
erin droplet spreading, under the influence of electrostatic forces, on a hydrophobic substrate
(8y = 114°). The spreading exponent, «, and the power law prefactor, K, (of Eq. 6.1) vs the
electrowetting number, 7, are presented in the insets.

ence these parameters in order to control the spreading dynamics. The use of an external
potential (e.g. electrowetting phenomenon which is described in Chapter 5) can over-
come these limits, offering a more precise control on the spreading dynamics. Next, we
perform a systematic study of such electrospreading dynamics of axisymmetric droplets

on smooth as well as structured solid surfaces.

6.3 Electrostatically assisted spreading

In this Section, we study the electrostatically assisted spreading (by utilizing the elec-
trowetting phenomenon) of conductive (aqueous) droplets on smooth as well as struc-
tured (even with arbitrary roughness) hydrophobic surfaces (6y = 114°). The effect of the
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Figure 6.13: Geometric characteristics of (a) a concentric rings-structured and (b) an arbitrary
roughened topography. The roughness factor corresponds to r¢ = 2.21 for (a) and r¢ = 1.21 for (b),
respectively.

electric field is incorporated through an electrostatic pressure term, p| (see Section 5.2.1),
which acts on the liquid surface, with a negative contribution to the total pressure [17].
The modified normal stress component of the interface force balance (Eq. 3.4) then would

read:

Ap = Tnnlliquid +7aC+ pLS — Pel = 0. (6.8)

In the above, the electrostatic pressure, pe| = SOTEZ, is calculated from the solution of the
electrostatics equations (5.3) in the air ambient and the solid dielectric, by accounting
for the boundary conditions 5.4-5.7 and without making any simplification regarding the
droplet shape. Finally, similarly to the solution procedure presented in Section 3.2.3, the
set of Egs. 3.3, 5.3 and 3.6 is discretized using the finite element method and integrated
in time using the implicit Euler method. The extra unknown here is the electric field
distribution, u, around the droplet, as also described in the static electrowetting simula-
tions in Chapter 5. The above model has been implemented in COMSOL Multiphysics®

commercial software.

6.3.1 Glycerin droplet on a smooth substrate

We initially study the electrospreading dynamics of an conductive droplet on a smooth
solid dielectric substrate. In Fig. 6.12 we depict the normalized spreading radius just
after contact with the surface, R;/R,, of (a) a water (p = 1000 kg/m®, Ry = 1.25 mm,
YLA = 0.072 N/m and y = 1.002 mPa s) and (b) a glycerin droplet (p = 1261 kg/m>, R, =
1.25 mm, ypa = 0.063 N/m and u = 1.412 Pa s). The thickness of the dielectric material
(Teflon® coated silicon dioxide) is d = 50 um and €, = 4.2 for both cases. By fitting
Eq. 6.1 to the computational results presented in Fig. 6.12, we observe that the spreading
exponent, @, and the prefactor, K, get higher values by increasing the electric potential
difference between the drop and the base electrode. Such an argument is in qualitative

agreement with electrospreading experiments of aqueous droplets on both hydrophilic
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Figure 6.14: Temporal evolution of the normalized contact radius of a glycerin droplet on dif-
ferent kind of hydrophobic substrates (smooth with the blue line, arbitrary roughened with the
red line and concentric rings-structured with the orange line) (see also Figure 6.13) for various
electrowetting numbers (7 = 0, 0.25 and 0.48).
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Figure 6.15: (a) Electric potential, u, distribution of a spreading glycerin droplet on a concentric
rings-structured solid surface (at # = 5 ms in Fig 6.14c, with V = 300 V). A magnification of the
droplet profile in the vicinity of the solid surface is presented in (b).

and hydrophobic solid surfaces [18, 19].

6.3.2 Glycerin droplet on rough substrates

In this section we examine the electrospreading dynamics on concentric rings-structured
as well as arbitrary roughened solid surfaces. The geometric details of these two cases
are demonstrated in Fig. 6.13. Our results, in Fig. 6.14, show that the topography of the
substrate strongly affects the capillary spreading dynamics (for = 0). In particular, the
spreading on rough solid surfaces is found to be slower as compared to the spreading
on a flat solid surface due to viscous dissipation on the roughness protrusions. When
voltage is applied (7 > 0), the role of the substrate morphology is downgraded since the
electrostatically enhancement of the liquid momentum lowers the effect of viscous dis-
sipation. Finally, the profile of an glycerin droplet spreading under the effect of electric
field, as well as a detailed view of the droplet shape close to the solid protrusions, at ¢ =
5 ms is presented in Fig. 6.15.
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6.4 Summary and conclusions

Aiming to validate our augmented hydrodynamic model formulation (presented in Sec-
tion 3.2.3), we examined the dynamic behavior of a axisymmetric droplets spreading on
a horizontal surface. We found that when enhancing the micro-scale intrinsic roughness
of the solid surface, our results gradually converge to the experimental measurements.
Interestingly enough we demonstrated that local viscous forces, which are generated
at the solid surface roughness length scale, give rise to effective (macroscopic) shear
stresses resisting the droplet deformation. The above is accompanied with a substantial
energy loss at the outer contact line in the case of a roughened substrate, contrary to an

ideally smooth solid surface, as noticed by visualizing the local rate of energy dissipation.

By studying the initial spreading behavior of a droplet on highly complex -hierarchically
and/or chemically patterned- solid surfaces, we found that there always exists an inertia-
dominated, initial stage, where the contact radius evolution is independent of the under-
lying solid substrate complexity. During this time interval, the spreading dynamics can
be well approximated by a universal power law (Eq. 6.5). This argument is in remarkable
agreement with experimental observations performed by Stapelbroek et al. in a recently
published work[13]. After the initial spreading stage, the only factor that limits the dy-
namics is the viscosity of the liquid; this slow spreading regime can also be captured by
our model, in agreement with Tanner’s law [15]. The contact line dynamics of a droplet
spreading under the influence of electric field (by using the electrowetting phenomenon)
has been also examined. In particular, we observed that an increase in the voltage be-
tween the base electrode and the droplet induces a growth in the spreading exponent
of the power law (Eq 6.1), in qualitative agreement with experimental findings [19]. We
also, for a first time, investigated the effect of the solid roughness on electrospreading
dynamics. We found that the effect of solid topography on the spreading dynamics is
important at low voltages, however, the droplet motion is insensitive to the geometric
details of the substrate at high voltages.

Regarding the future perspectives of modeling, we note that our computations would
enable the derivation of an overall energy dissipation term (including all the micro-scale
dissipation phenomena taking place on the solid roughness) as a function of the outer
contact line velocity. Such a phenomenological approach, which is a subject of ongoing
research, could greatly simplify the computations since the complex roughness geome-
try could be replaced by a flat boundary featuring the same friction properties; different
roughness scales can also be simulated in this way. These kind of approximations are al-
ready used in modified hydrodynamic models [20] as well as in phase-field computations
[21, 22], where the microscopic interactions at a contact line are incorporated through
a single friction parameter. The proposed modeling approach is however advantageous

over these methodologies when dealing with complex surface topographies.
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CHAPTER

Passive droplet motion on asymmetrically

patterned surfaces

Asymmetrically patterned surfaces appear in many living organisms. An interesting ex-
ample is the ratchet-like structures of the Morpho aega butterfly wings which help to keep
water droplets away from its body, thus enhancing the flying stability. Here, we investi-
gate the mechanisms of droplet motion on inclined as well as oscillated (horizontally or
vertically) asymmetrically structured substrates. Our results show that the imbalance of
capillary forces leads to a preferential direction of motion. In particular, the directionality
is regulated by the ratios of capillary retention forces (that impede movement) in opposing
directions. We demonstrate that the solid structure asymmetry can be exploited in order to
passively transfer droplets in miniaturized devices and we also perform a parametric study,

by varying the roughness parameters, in order to maximize the migration velocity.

7.1 Droplet actuation on asymmetric surfaces

As discussed in Section 1.2.3, the selection of the optimal actuation type for handling a
sessile droplet in lab-on-a-chip devices is of utmost importance for modern applications.
Several techniques have been proposed like the electrowetting effect [23] (see also Chap-
ter 5), thermocapillary convection [24], the Leidenfrost phenomenon (where a droplet
can levitate on a cushion of vapor when brought in contact with a hot solid) [25, 26]
or even acoustic fields [27]. In addition, droplet handling can be achieved by a combi-
nation of vertical and horizontal substrate vibrations which result, due to their phase
difference, in the breaking of the droplet axial symmetry [28, 29, 30, 31]. Recently, it
has also been demonstrated that the uni-directional droplet transport can be facilitated
on surfaces featuring anisotropic wettability (with asymmetric micro-structures), even
if the micro-device is operating under non-stationary conditions [32, 33, 34, 35]. The
latter case actually requires only one driving oscillation, since the symmetry breaking

occurs due to the anisotropy of the solid substrate.

The concept of fabricating surfaces with anisotropic wettability originates from living

organisms. In particular, Zheng et al., in a milestone work [36], found that the wings of
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Figure 7.1: (a) Directional droplet motion (along the direction toward the corrugations tilt, RO)
on superhydrophobic butterfly wings (reprinted from [45]). Details of the asymmetric solid struc-
ture are presented in (b) (CC BY-SA 3.0). (c) Self-propelling ethanol droplet (with a radius R = 3
mm), moving in the direction opposing the corrugations tilt, on a hot ratchet (with temperature
350°C) (reprinted from [25]). The latter is known as Leidenfrost phenomenon, where the droplet
levitates on a cushion of its own vapor.

the Morpho aega butterfly are covered by asymmetric ratchet-like structures, exhibiting
directionally biased wetting. The above causes droplets deposited on the wings to roll off
along the outward direction (and not toward its body), providing flying stability for the
butterfly, which lives in the humid rainforest. A plethora of similar structure morpholo-
gies, that can directionally control the movement of droplets, have been also discovered
in living nature (e.g. shark and lizard skin, spider silk) [37, 38, 39], inspiring the design
of asymmetrically structured substrates in order to handle small amounts of liquid [40,
41, 42, 43, 44], as also discussed in Section 1.2.3 of Chapter 1.

Determining the preferable motion direction on an asymmetrically patterned surface is,
however, still an ambiguous issue in the literature, since it is affected by the local forces
applied in the vicinity of the contact lines. In particular, a droplet moves to the direction
toward the corrugations tilt on the butterfly wings [46] (see Fig. 7.1a, b) whereas it self-
propels to the opposite direction when deposited on a hot ratchet due to the vapor escape
below the droplet (Leidenfrost phenomenon [25]) (see Fig. 7.1c). In addition, opposing
motion directions of droplets on asymmetrically structured, vibrating substrates were
considered in published experiments [33] and simulations [35]. From the above it is

clear that different driving forces may exist, originating from competing mechanisms.

In this Chapter, we aim to extend our understanding regarding the driving mechanism
and the dynamic behavior of a droplet on asymmetrically micro-structured substrates,
by using the proposed sharp-interface, continuum-level formulation. In particular, we
provide predictions regarding the migration velocity and the (dynamic) contact angle
hysteresis under the effect of gravity (by tilting the solid surface, as depicted in Fig 7.2a)
or a periodic force induced by oscillating the bottom plate either in the vertical (see
Fig 7.2b) or horizontal direction (see Fig 7.2c). The effect of the solid structure length
scale on the droplet motion is also investigated. Our goal here is to maximize the migra-
tion velocity of the droplet by understanding the role of the structure asymmetry on the

liquid transfer process. Such a task has a great practical importance in designing and

126



Design of micro- and nano-structured surfaces with tunable wettability

(b) (©
/// B \\\ T
) A;A
1
$ -~
Asin(wt) Asin(ey)

Figure 7.2: Schematic of a droplet: (a) sliding, and moving on a (b) vertically, or (c) horizontally
oscillated, asymmetrically structured substrate, where, A, is the oscillation amplitude and w the
angular frequency (notice that droplet and surface features are not shown in the same scale).

optimizing modern miniaturized devices (see also Section 1.2.3 of Chapter 1).

7.2 Results

We begin our study by examining the flow dynamics of a glycerin/water mixture droplet
(85% of glycerin, p = 1275 kg/m®, Ry = 1.5 mm, ypa = 0.07 N/m and u = 116 mPa s)
sliding on inclined surfaces with different topographies (both symmetrically and asym-
metrically structured). Then we study the effect of solid vibration on the movement of
droplets on asymmetrically structured surfaces. Here, we consider translational sym-
metry along a direction perpendicular to the xz-plane (see Fig. 7.2). Moreover, simi-
larly to the previous Chapter 6, the flow problem is solved only for the droplet interior
(Q in Fig. 7.2). We have selected the glycerin/water mixture droplets (instead of water
droplets) so as to minimize the inertial effect and highlight the role of the solid surface
asymmetric structure. Considering that the disjoining pressure parameters (see Eq. 2.42)
do not significantly affect the obtained results (the details of the disjoining pressure pro-
file have a negligible effect on the droplet shape, as discussed in the sensitivity analysis
presented in Section C.3.2 and C.3.3 of Appendix C), we selected their values in accor-
dance with the previous Chapters (see 4 and 5), namely: C; = 12, C; = 10, o0 = 9 X 1073
and € = 8 X 1073, In addition, in order to account for the liquid-solid friction, even
on macroscopically smooth solid surfaces, we have selected a slip parameter value (see
Eq. 3.17) of the order of the scaled inverse minimum distance (Ry/dmin), as also discussed
in Section 3.2.3 of Chapter 3. Specifically, Srs = 10°. We note that the flow dynamics
remain practically unaffected beyond this large Sis value, as demonstrated in [47] (in an
analogy to the converging curves of the spreading radius versus time, by increasing the
roughness factor in Fig. 6.3).

The heterogeneity of problems which are examined in the current Chapter (involving
sliding, and vibrated droplets) renders difficult the definition of particular characteristic
quantities and thus we prefer to present the results of our simulations in dimensional
form. This is by no means restrictive since dimensionless groups are introduced where
deemed necessary to draw conclusions on the importance of different physical mecha-

nisms. Finally, we note that a sensitivity analysis regarding the size of computational
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Figure 7.3: Unit structure of the different substrate cases. The elementary corrugation of the
asymmetric surface (IIl) is a combination of the basic structure of the two symmetric surfaces (I,
10).

mesh can also be found in Section C.4.2 of Appendix C.

7.2.1 Droplet sliding on inclined structured surfaces

We initially examine the mobility of a droplet on two kinds of textured substrates, fa-
voring either the Wenzel (the droplet fully penetrates the micro-structure [48]) or the
Cassie-Baxter (air pockets are trapped in the micro-structure [48]) wetting state. In par-
ticular, as observed in Fig. 7.3, we consider:

1. a symmetrically structured striped surface (symmetric surface I) featuring smooth

protrusions of width w; = 0.3 mm that favors the Wenzel wetting state,

2. a symmetrically structured striped surface (symmetric surface II) with mushroom
like cross-sectional shape that promotes the Cassie-Baxter wetting state. In this

case the width of the stripes, w5, is 0.18 mm.

The roughness factor, defined as the ratio of the actual over the apparent surface area,
is evaluated to be approximately equal to r¢ = 1.12 for the symmetric surface I and and
re = 1.49 symmetric surface II, respectively. Our main objective, however, is to study
the droplet dynamic behavior on an asymmetrically structured surface. The asymmetric
surface is formed by merging the halves of each symmetric unit structure studied in our
previous work. Then a hybrid structure of width, ws = 0.24 mm, arises (I in Fig. 7.3).
The height of the protrusions is identical for the three structures, 4 = 0.06 mm; Note that
the ratio of the height, A, over the initial droplet diameter, 2Ry, is %. We also consider
that the solid material is hydrophobic (6y = 130°).
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Figure 7.4: Magnification of an equilibrium droplet profile on a solid substrate which promotes
(a) the Wenzel wetting state (symmetric surface I) and (b) the Cassie-Baxter wetting state (sym-
metric surface II).
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Figure 7.5: Equilibrium profile of a glycerin/water mixture droplet on an asymmetrically pat-
terned surface with 6y = 130°.

Our computations showed that the liquid has impaled the solid roughness in the case of
symmetric surface II (see a magnification of the equilibrium droplet profile in Fig. 7.4a),
whereas the droplet sits on top of the protrusions minimizing the contact between the
liquid and the solid surface in the case of symmetric surface II (see Fig. 7.4b). Regarding
the asymmetric surface, we observe that the droplet rests on a Cassie-Baxter state (see
Fig. 7.5), where, however, the liquid meniscus between the protrusions is inclined (see
the inset of Fig. 7.5).

We continue by investigating the behavior of a droplet sliding on an inclined symmetri-
cally structured substrate. In particular, in a virtual experiment, starting from the equi-
librium state (at # = 0 the inclination angle is @ = 0°) the droplet is inclined at @ = 60°.
Naively, one would expect that the droplet mobility would decrease in the case of high
r¢ value since we would expect that viscous dissipation would be more enhanced on a
rougher surface. However, in Fig 7.6 we observe that the presence of air pockets trapped
in the solid structure (Cassie-Baxter wetting state) leads to an increased mobility of the
droplet as it slides on the inclined symmetric surface II. The above argument was also in
qualitative agreement with experimental observations [49]. Additionally, we also exam-
ine the dynamic behavior of a droplet sliding in the different directions of an asymmet-

rically structured surface. In particular, we now tilt the left end of the substrate either
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Figure 7.6: Temporal evolution of the average x-component of the velocity for a glycerin/water
mixture droplet on different kinds of solid surfaces. The two different motion directions for the
asymmetric solid surface are presented with dashed lines of different color (red - direction I, blue
- direction II). The unit structure of the different surfaces is depicted in the right part of the figure.
We note that the absolute value of the velocity is used in the case where the droplet is moving
in the negative direction (II).

upwards or downwards, as presented in Fig. 7.7. In the first case (for inclination angle
a = 60°) the droplet moves to the right (toward the direction of the corrugations tilt),
defined as direction I, whereas in the latter case (@ = -60°) the droplet moves to the left
(opposite to the direction of the corrugations tilt), which is defined as direction II (see
also Fig. 7.3). Interestingly enough, in Fig 7.6 it is observed that the droplet exhibits
different migration velocities, according to the direction of motion on the asymmetri-
cally structured substrate. An illustrative example is presented in Fig. 7.7, where, for the
same period of time (f = 0.1 s), the droplet has covered larger distance when moving in
the direction II. In particular, the droplet’s center of mass has been displaced by 5.25 and

6.35 mm when moving in the direction I and II, respectively.

By returning at Fig. 7.6, which presents the droplet migration velocity on the different
solid substrate cases (symmetric surface I, Il and asymmetric surface), we notice an ac-
celeration phase (sharp increase of the velocity) at early times (for # < 0.02 s) whereas
for later times (¢t > 0.07 s) the migration velocity reaches a plateau value. The observed
fluctuations of the velocity around the plateau value can be attributed to the pinning and
de-pinning of the contact lines on the substrate corrugations. In more detail, we observe
that the asymmetric surface behaves in a similar fashion with the symmetric surface
I (exhibiting stronger adhesion) when the droplet advances in the direction I, whereas
the dynamics compare to the ones of the symmetric surface II (facilitating the droplet

sliding) when the fluid moves in the direction II.
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Figure 7.7: Profiles (at # = 0.1 s) of a glycerin/water mixture droplet, sliding on two different di-
rections (a: forward and b: against the corrugations tilt) of an asymmetrically structured inclined
substrate.

7.2.1.a Preferable motion direction

In the previous Section, we have attributed the difference in the migration velocity, be-
tween the two symmetrically structured surfaces, to the presence of trapped air pockets
in the Cassie-Baxter state. However, in the case of asymmetric texturing the droplet is
always in the Cassie-Baxter state no matter whether it moves in the direction I or II (see
Fig. 7.7) and therefore the contact area between liquid and solid remains roughly the
same. Thus the preference in the motion direction has to arise due to the local forces ap-
plied in the vicinity of the solid surface. A study regarding the capillary retention forces
developed at the outer contact line of a droplet on asymmetric features has been per-
formed by Extrand [50]. In particular, it is calculated that the force resisting the droplet
motion, originated by the interfacial tension acting at the outer contact line of a sessile
droplet, is defined as:

F;i = k Ry yLa (€080 ec — cOSOady), (7.1)

where k is a prefactor which depends on the shape of the outer contact line, 6,4, and

Orec are the macroscopically observed advancing and receding contact angles of the

droplet, respectively (see Fig. 7.7). In our simulation the capillary forces are predom-
pu

inant against the viscous forces (the capillary number is below unity, Ca = e 0.2,

where u* = 4/||gl|Ro is a characteristic velocity) therefore the capillary net force that
resists the droplet motion on the different directions should be critical. Furthermore, the
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Figure 7.8: Advancing and receding contact angles of a glycerin/water mixture droplet sliding on
an inclined (@ = 60°) asymmetrically structured surface. The solid lines correspond the direction
coinciding the corrugations tilt (I) whereas the dashed lines correspond to the opposite direction
of motion (II). The mean value for each advancing and receding contact angles is also presented.

advancing and receding contact angles can be easily predicted by our proposed scheme
as shown in Fig. 7.8. In particular, the slope of the droplet surface is evaluated, against
the inclined plane, at a fixed distance (y = 1 X 1072R;) from the substrate, where the
action of the disjoining pressure has been effectively vanished (see also Fig. C.6, of Ap-
pendix C.3.2, for the advancing and receding contact angles of the symmetrically struc-
tured surfaces I and II). Even though the dynamic contact angles exhibit fluctuations
(due to the pinning-depinning of contact lines on the substrate corrugations), our results
show that the mean contact angle hysteresis, A6 (the difference between the advancing
and the receding contact angles) is smaller when the droplet slides in the slippery di-
rection (II). In particular A = 6,dy(mean)t — Orec(mean)t = 158.4° - 104.2° = 54.2°, whereas
AO1 = Oadv(mean)T — Orec(meanym = 154° - 109.3° = 44.7°. Therefore, the retention capillary
force in direction I, F, significantly exceeds the one in the opposite direction, Fy, and
their ratio is FLIII = 1.23 (the values of Fi, Fyy are calculated by using Eq. 7.1). We note
that the preferred motion direction predicted here is in line with the theoretical work
of Extrand [50], as well as the experimental works of Buguin et al. [33] who studied
droplets moving on vibrated asymmetrically structured substrates, and Contraires et al.

[51] who considered droplets growing asymmetrically on asymmetric asperities.

7.2.1.b Surfactant-bearing droplet

According to the above, it would be expected that a change in the capillary forces magni-
tude (e.g. by using a surfactant to lower the surface tension) would affect the preferable

motion direction of the droplet on the asymmetrically structured substrate. It order
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Chapter 7. Passive droplet motion on asymmetrically patterned surfaces

to examine this situation, we calculate the migration velocity of a surfactant-bearing
droplet (ypa = 0.014 N/m, which corresponds to a capillary number, Ca =~ 1) sliding on
each of the previously studied substrates (the symmetric I, Il and the asymmetric one).
Specifically, in Fig. 7.9 we plot the temporal evolution of the average x-component of
the droplet velocity. Interestingly enough, we observe that the migration velocity is vir-
tually the same for all the substrate cases. The above argument cannot be attributed to
the change of the wetting state (i.e. from Cassie-Baxter to Wenzel state) since the liquid,
on the asymmetrically patterned surface, is still suspended above the solid protrusions,
as can be observed in Fig. 7.10. Such a conclusion is important for selecting suitable liq-
uids in cases where a directional droplet motion is required. In particular, a low surface

tension liquid seems to be inappropriate.

7.2.2 Droplet on a vibrated asymmetrically structured surface

Although that transferring droplets on tilted substrates has a practical importance in
some applications (e.g. fog harvesting [52]), the active control of the droplet migration
velocity (e.g. in lab-on-a-chip devices) requires an external stimuli. Such an actuation
can be achieved by applying horizontal or vertical forced oscillations on the solid sub-

strate.

7.2.2.a Effect of the vibration frequency

The effect of several parameters (frequency, direction, amplitude of the oscillation,
length scale of the solid texture) on the droplet motion is investigated in this Section.
We initially consider a droplet on an asymmetrically structured substrate subjected to a
forced sinusoidal vibration either at the vertical or the horizontal direction. The position

of the solid substrate for each of the two cases is described by the following equations:

7 =79 — Asin(wt), (7.2a)
X = xo — Asin(wt), (7.2b)

where xg,yy are the positions at # = 0; A is the oscillation amplitude and, w, denotes
the angular frequency. In order to maximize the effect of vibration on the liquid droplet
motion and to minimize the energy damping, it is reasonable to set the frequency, f =
w/27, to the resonance frequency of the system [53]. It is well known that the resonance
frequency strongly depends on the droplet size and the liquid properties [54]. Moreover,
in the case of a supported droplet on a structured substrate the resonance frequency
depends on the detailed equilibrium droplet shape on the corrugated surface (it has been
demonstrated that several equilibrium droplet shapes can be accommodated on a certain
structured substrate [55]). The above requires detailed computations of the statics and

dynamics of the droplet on such a complex solid surface.
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Chapter 7. Passive droplet motion on asymmetrically patterned surfaces

Here, we detect the resonance by computing the dependence of the deformation of the
droplet on the applied frequency. A simple measure of the deformation for the horizontal
oscillations is the maximum difference between the right and the left contact angles (see
Fig. 7.11); for vertical oscillations we select the aspect ratio of the droplet profile (see
Fig. 7.12). Therefore, by using a small oscillation amplitude (A = 0.075 mm) we calculate
that the maximum deformation appears at fies 1, = 16.1 Hz for the horizontal and fies v
= 45.05 Hz for the vertical vibrations. At this point, it would be interesting to test our

predictions against the existing theoretical models.

For predicting the resonance frequency of horizontally vibrated droplets Celestini et
al. [56] proposed a semianalytical expression. In particular, by using a simple oscilla-
tor analogy they concluded that the resonance angular frequency of a two-dimensional
droplet under the influence of horizontal vibrations is estimated by:

o \/ Onah®)  pap 03

p (1 — cosby) (2 + cosby) °

where the function h(6y), which is computed by static simulations, incorporates the
effect of droplet deformation [56]. The agreement between our simulation and the pre-
diction of Celestini et al. (see Fig. 7.11) corroborates to the reliability and accuracy of
our scheme. Unfortunately, there is no such formula for the vertical vibrations case,
however, our results can be roughly compared with a general expression, proposed by
Lamb [57], for the n-tn vibration mode of a three-dimensional free liquid droplet:

(7.4)

_n(n=1)(n+2)yLa
Wy = .
PRy’

The fundamental frequency (n = 2) predicted by Eq. 7.4 deviates from our computations
(see Fig. 7.12) due to the contribution of pinning effects of the contact lines that were

obviously not taken into account in the theoretical work of Lamb [57].

7.2.2.b Effect of the vibration direction

We have already shown that the asymmetric structure may set a preferential direction
of motion in the case of gravity driven droplet migration. A question that may arise
is whether it is possible to exploit the asymmetric features in order to set a droplet to
motion by applying either vertical or horizontal vibrations. In Fig. 7.13 we present the
temporal evolution of the droplet’s center of mass (the horizontal position), x.n, as a
function of oscillation direction and amplitude. The forced frequency for each case corre-
sponds to the resonance (fres), as calculated in the previous Section for a glycerin/water
mixture droplet. Note that in order to depict both cases of horizontal and vertical vi-
brations in a single graph, and given that the oscillation frequency differ (16.1 Hz for

the horizontal and 45.05 Hz for the vertical vibrations, respectively), time is expressed
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Figure 7.13: Temporal evolution of the droplet’s center of mass (the horizontal position), x¢p,
for different vibration directions (horizontal and vertical) and magnitudes, A. The normalized
time is defined as #/Tes Where Ty is the oscillation period which corresponds to the resonance
(Tres = ﬁ) An average value of the droplet’s center of mass , for A = 0.375 mm in the case of
horizontal vibrations, is presented by the black dotted line.

here in dimensionless units. It is observed that for small oscillation amplitude (A = 0.15
mm) the droplet deforms but does not move along the substrate (see Fig. 7.13). However,
for a vibration amplitude larger than the width of the solid protrusions (A = 0.375 mm
> w3 = 0.24 mm) the liquid moves to the direction opposing the corrugations tilt (di-
rection II). The motion direction here conforms to the preferable sliding direction when

the asymmetrically structured solid surface is tilted (see previous Section).

Although that the liquid moves to the same direction for both horizontal and vertical
substrate oscillations, the dynamic behavior of the droplet changes significantly. In par-
ticular, as observed in Fig. 7.13, the displacement of the center of mass is smoother
in the case of vertical oscillations, whereas it is distorted (exhibits fluctuations) when
the substrate is vibrated horizontally. Moreover, in contrast with the vertical oscillation
case where the droplet starts to migrate almost immediately at t = 0, the droplet starts
to move after a certain time interval (e.g. ~ 5 periods (57%), for the specific solid struc-
ture) in the case of horizontal vibrations. Interesting observations can also be made by
zooming at the droplet shape near the solid surface. In particular, in Fig. 7.14 we present
different snapshots of the droplet (for t = 7.5T; and 97¢, where Ty = Tis for each case)
by applying horizontal and vertical forced vibrations. Note that in both time instances
(t = 7.5T¢ and 97T¢) the solid substrate is at the same position although the acceleration
direction is opposite. It is observed that in the case of horizontal oscillations the droplet
sits on top of the protrusions, minimizing the contact area between the liquid and the
solid phases (Cassie-Baxter state). On the other hand, the picture is different for the

vertical oscillations where the liquid fully penetrates the solid asperities (Wenzel state).
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for each case. A magnification of the droplet profiles, close to the solid surface, is presented in
the insets.

In particular, the higher momentum developed in the y-direction facilitates the collapse
from Cassie-Baxter to Wenzel state. The migration velocity is expected to be lower in
this case since it is known that Wenzel wetting states exhibit high friction and thus low
droplet mobility [49]. Such a behavior can be actually observed in Fig. 7.13, where the
droplet migrates faster in the case of horizontal vibration (black dotted line). The dif-
ferent rate in the energy dissipation may also be responsible for this discrepancy (the
droplet deforms to a greater extend in the case of vertical vibrations). A detailed analysis

regarding the energy dissipation rate will be presented in the following Section.

7.2.2.c Effect of the vibration amplitude

We have shown that a droplet migrates uni-directionally on an asymmetrically struc-
tured surface when the oscillation amplitude is larger than a threshold value, however it
is important to better understand the factors that affect the droplet migration velocity.
In Fig. 7.15 we depict the mean value of the droplet migration velocity (computed in the
interval of two oscillation periods) for different amplitudes. In particular, the mean ve-

locity is estimated by umean = 86;{??;{, where dXmean is the displacement of the droplet’s

center of mass in the time interval between the 6! and the 8 oscillation periods, when

the droplet has reached a virtually constant velocity (see also Fig. 7.13).

As observed in Fig. 7.15, the mean droplet velocity is very sensitive to the vibration

amplitude. In particular, we observe four different regimes:

(I) For low vibration amplitudes (A < 0.2 mm) the external force is not enough to
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surpass the static hysteresis and thus no motion is detected.

(I) Exceeding a vibration amplitude threshold (A = 0.24 mm for the horizontal and
0.32 mm for vertical oscillations, respectively) the friction in direction II (opposing
the corrugations tilt) is surpassed and the droplet migrates with a mean velocity,
Umean- The latter is observed to increase linearly with the amplitude.

(IT) As the amplitude further increases, the vibration gets so intense that the contact
angle hysteresis can be surpassed in both directions. The above results to a de-
crease in the average droplet velocity. The critical amplitude, Acit, where the mi-
gration velocity is maximal, is equal to 0.375 mm for the horizontal vibration case.
On the other hand it ranges from 0.34 mm to 0.41 mm for the vertical oscillations.
A similar behavior, where the migration velocity is reduced for large vibration am-
plitudes, has also been reported experimentally [33] which strengthens the validity

of our simulations.
(IV) Finally, the mean velocity is stabilized for larger vibration amplitudes.

Considering that during an oscillation period, 7t, the droplet moves along a number
of solid unit cells, 7., the average velocity equals to: umean = "“CT:%, where ws is the
width of the unit cell structure of the asymmetric substrate (see Fig. 7.3). Consequently,
when the migration velocity is maximal (8 mm/s for the horizontal and 10.8 mm/s for
the vertical vibration) the droplet is shifted by two solid structure corrugations for the
horizontal and one for the vertical oscillations. Given that the lateral displacement of

the droplet by one corrugation requires overcoming an energy barrier [58] (constant for
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both vibration cases), we would expect that the peak potential energy of the droplet is
larger in the case of the horizontal vibration. This is not the case though: by evaluating
the peak potential energy, E;., per unit mass, Maroplet, at A = Acrit and [ = fres:

Etot

2 2
=7 f A, (7.5)
Mdroplet res “ “crit

we conclude that the peak energy of the vertical is considerable higher compared with

the horizontal vibrations @ = 7.83 (we considered an average value of A = 0.375

’ Eot, hor
mm for the vertical vibration case). The lateral displacement per cycle, however, is
smaller in the first case. An explanation for this behavior can be derived by examin-

ing the energy dissipation for both vibration cases.

In Fig. 7.16 we present the surface integral, over the entire droplet cross-sectional area,

Agroplet of the dissipation function, ¢, which reads in cartesian coordinates [12]:

du, \? du, 2 du, du, 2
—_— —_— . 7.6
(dx)+(dz) TH dz i (7.6)
It is clear, from our results, that the rate of dissipation is substantially larger in the case
of vertical vibrations. This is also evident by looking at the droplet deformation for the

two cases (see Fig. 7.14). In particular, the total energy, per unit depth of the droplet,

consumed during a cycle is: Egiss hor = LST? ff ¢dxdzdt = 5.05x 107 J/m and

Adroplet
Egiss, ver = 2.34 X 107* J/m for the horizontal and vertical oscillations, respectively.

¢p=17:Vu=2u
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7.2.2.d Effect of the structure length scale

Useful conclusions can be derived by proportionally modifying the size of the solid struc-
ture unit cell. In particular, in Fig. 7.17 we present the dependence of the mean droplet
velocity on the texture scale factor, s. We consider that the basic case, studied in the
previous Sections, where w3 = 0.24 mm and A = 0.06 mm (see Fig. 7.3), corresponds to a
scale factor, s = 1. In the studied cases, the width the asymmetric structure (ws3) ranges
from 0.18 mm (s = 0.75) to 0.3 mm (s = 1.25) and the height (/) from 0.045 mm to 0.075
mm, respectively. The frequency of each vibration is set to the corresponding resonance
which is evaluated as described in Section 7.2.2.a, for each case.

Initially, in the case of vertical forced vibrations (Fig. 7.17a) and small oscillation ampli-
tudes, we observe that the mean velocity of the droplet increases with the scale factor
of the solid structure. By further increasing the amplitude, we observe that the mean
velocity is at first stabilized but then decreases sharply, for very high amplitude values.
An interesting note here is that the interval of amplitudes, where the mean velocity of
the droplet has a constant value, shrinks by increasing the structure scaling. Thus, the
smaller the scale factor is, the more insensitive is the migration velocity to the oscillation
amplitude. We also remark that the maximal migration velocity is higher for larger solid

structure length scale.

On the other hand, in the case of horizontal vibrations (Fig. 7.17b), we detect a sharp
maximum of the migration velocity at a specific amplitude value (for A = A;t) (in con-
trast with the interval of possible amplitudes, observed at the vertical vibrations). Fur-
thermore, we remark that this critical value of the amplitude (At) is a non-linear func-
tion of the structure scaling (i.e. At decreases from 0.725 mm to 0.375 mm as the texture
scale grows from 0.75 to 1 and then increases again to 0.65 mm for the larger structure
scale, s = 1.25). The above behavior can be attributed to the fact that the anisotropic
wetting properties gradually fade when reducing the structure scaling, thus requiring a
larger oscillation amplitude to start the droplet motion in a certain direction. The latter
depends on the maximum difference between the right and the left contact angles (see
Eq. 7.1) which is observed to reduce, for a static droplet, as the structure size is shrunk
(from A6 = 2°, at s = 1.25 to A@ = 0.2°, at s = 0.75). In addition, large amplitude is also
required when the structure scale is magnified, since the droplet needs to be deformed
to a greater extend in order to migrate. Therefore, fine tuning the amplitude of the hori-
zontal oscillations, for an effective droplet migration in experimental practice, seems to
be a tedious task, unless a predictive model for the droplet behavior, as the one described

here, is employed.

An overall picture can be obtained by plotting, in Fig. 7.18, the maximum migration
velocity of the droplet, [#mean (max)l> @s a function of the solid structure length scale, s.
Interestingly enough, it is observed that the migration velocity increases linearly with
the texture scale factor for the vertical vibration case. The above behavior is attributed

on one hand to the larger distance covered by the droplet during a cycle (since the space
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between the protrusions is increased), and on the other hand to the amplified effect of the
unbalanced capillary retention force at the outer contact line. Furthermore, in the case
of horizontal vibrations the migration velocity is not affected by changing the structure
scale factor. Such a behavior may be attributed to the limited droplet deformation in this
case, in contrast with the vertical vibrations (see also Fig. 7.14). The same analysis is
performed for the resonance frequency (see the inset of Fig. 7.18) which also seems to
change slightly with the length scale of the solid structure.

7.3 Summary and conclusions

In this Chapter, we focused on cases where the droplet motion was induced either by
tilting or vibrating asymmetrically structured substrate. In the case of a sliding droplet,
we demonstrated that an asymmetrically structured surface can reproduce two kinds of
wetting behaviors: slippery behavior (resembling the Cassie-Baxter regime), when the
substrate is tilted downward (for @ < 0°) and sticky behavior (resembling the Wenzel
regime), when the substrate is tilted upward (for @ > 0°). This is attributed to the un-
balanced capillary retention force at the outer contact line. Thus, in cases where the
capillary effect is weakened (e.g. for a surfactant-bearing droplet) we observed that the

anisotropic friction behavior fades.

We have also examined cases where the droplet movement is induced by a forced vi-
bration of the solid substrate. Once again the droplet follows the direction prescribed
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by the capillary forces (opposing the corrugations tilt), after a threshold value of the
oscillation amplitude has been surpassed. Moreover, we have found that the migration
velocity is maximal for a certain oscillation frequency and amplitude values (at f = fies
and A = At). Finally, we have demonstrated a link between the droplet migration ve-
locity and the length scale of the solid structure. In particular, when applying vertical
vibrations, the migration velocity is appeared to be a linear function of the texture scale
factor. This is not the case, however, when the droplet is set to motion by horizontal
vibrations. In the latter situation the migration velocity is not considerably affected by

the structure scale factor.

Regarding the future perspectives, in order design more effective asymmetric structures
that promote the uni-directional liquid motion, it would be extremely useful to evaluate
the energy barriers (see Section 4.2.5) for the motion outset of a droplet in opposite di-
rections (opposing and coinciding the corrugations tilt). Such a task requires to solve the
augmented Young-Laplace equation (see Section 2.2.4) while, however, disregarding, due
to the asymmetric substrate, any mirror symmetry conditions at the droplet’s apex and

base. More information about our ongoing research will also be presented in Chapter 9.
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CHAPTER

Concluding remarks

In this Chapter we summarize the research presented in the Thesis and we discuss the impact
of this work in both fields of applied and theoretical research. Briefly, our original contri-
bution to knowledge is a novel, continuum-level, sharp-interface modeling approach which
gave us the ability to study a plethora of wetting phenomena, ranging from equilibrium
wetting states to droplet motion, on structured solid surfaces. Such a study would have been
infeasible, up to now, with the conventional modeling approaches which either are failing
to adequately describe the complex behavior of a droplet on a rough substrate, or being too
expensive, in terms of computational cost, for real-life applications with millimeter-sized
droplets.

8.1 Summary of the Thesis

In this Thesis, we proposed a novel, continuum-level, sharp-interface modeling approach
which has been shown to be particularly efficient in cases where the conventional for-
mulations fail, i.e. in the modeling of multiple static or dynamic contact lines of entire
droplets. In particular, the simplest and most efficient computational approach for the
determination of equilibrium wetting states, i.e. the solution of the Young-Laplace equa-
tion [1, 2], is of limited applicability for the computation of droplets wetting geometri-
cally heterogeneous surfaces. The same applies also for the dynamic simulations where
the conventional models are based on the Cox equation [3] (a condition that relates the
velocity of a contact line with the dynamic contact angle). The above limitations origi-
nate from the a priori unknown number and position of the three contact lines (where
the three different phases, liquid, ambient, solid, meet), where the Young contact angle
boundary condition has to be applied. The main advantage of our proposed methodol-
ogy is that it avoids the implementation of any explicit boundary condition at the con-
tact line(s) by treating the liquid-ambient and the liquid-solid interfaces of the droplet
in a unified framework. The solid-liquid boundary condition has now been replaced by
micro-scale liquid-solid interactions, via a disjoining (or Derjaguin) pressure term [4],
which act in close proximity to the solid. By using the above formulation we can suc-
cessfully model the statics and dynamics of entire droplets (e.g. the droplet shape, the
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velocity of the contact line(s), the dynamic contact angle) on any kind of geometrically
or chemically structured solid surface.

After validating our methodology against the conventional modeling approach for static
cases (Young-Laplace equation) as well as against a conceptually different mesoscopic
lattice-Boltzmann model, we have for a first time managed to effectively predict multi-
ple meta-stable equilibrium wetting states on patterned substrates. Moreover, we have
easily computed the energy barriers required for wetting transitions between the well-
known Cassie-Baxter (where air pockets are trapped in the solid structure) and Wenzel
(the liquid fully wets the solid structure) states (see Chapter 4 as well as the correspond-
ing published works [5, 6]). We note that fine scale computational approaches, such as
molecular dynamics [7, 8] and mesoscopic lattice-Boltzmann models [9, 10, 11], com-

monly used for the same task, demand prohibitively higher computational resources.

By solving the equations of electrostatics, along with the augmented Young-Laplace, we
have also successfully simulated the electrowetting phenomenon (where the solid wetta-
bility is electrostatically enhanced) on structured substrates, deriving useful conclusions
regarding the mechanism of Cassie-Baxter to Wenzel wetting transitions. The electric
field effect is incorporated in this case through an electric stress term accounting for the
electric forces exerted on the droplet surface. Our results indicate that the microscopic
(Young) contact angle, as well as the local mean curvature of the droplet in the vicinity
of the solid surface, vary with the applied voltage, for adequately thin (< 10 pm) solid di-
electrics (see Chapter 5 as well as the corresponding published work [12]). Based on the
above conclusion, we have experimentally performed real-time tuning of the wettabil-
ity on superhydrophobic surfaces, which will be demonstrated in the following Chapter
(Section 9.1). To our opinion, the potential applications of such a technique are abundant
in lab-on-a-chip devices.

The proposed formulation was also utilized to perform dynamic simulations of droplets
spreading on geometrically complex substrates -an essentially tedious task for conven-
tional hydrodynamic models- showing exceptional agreement with experimental mea-
surements. In this case, we have also observed that the no-slip boundary condition de-
rives implicitly due to the viscous dissipation on the solid asperities, even though no
tangential forces are explicitly imposed. This conclusion is in accordance with the theo-
retical work of Richardson [13] and Jansons [14]. Moreover, the study of the early droplet
spreading stage on hierarchically structured, as well as on chemically patterned, solid
substrates revealed an inertial regime where the contact radius of the droplet with the
solid grows according to a universal power law, in agreement with recently published
experimental findings (see Chapter 6 as well as the corresponding published works [15,
16]). We have also studied the droplet dynamics under the effect of electric field (elec-
trospreading), which is commonly observed in practice, in lab-on-a-chip devices.

Finally, we have investigated the uni-directional droplet motion mechanism on asym-
metrically patterned surfaces, inspired by the wings of the Morpho aega butterfly [17].
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We have found that the uni-directional motion is strongly connected with the capillary
forces at the outer contact line, thus the anisotropic wetting properties vanish as we re-
duce the surface tension of the droplet. We demonstrated that the structure asymmetry
can be exploited in order to passively transfer a droplet by vibrating the solid surface,
either vertically or horizontally. In addition we have performed a full parameter space
investigation in order to improve the efficiency of the droplet displacement (e.g. increase
the migration velocity of the droplet) (see Chapter 7 as well as the corresponding pub-
lished work [18]).

8.2 Impact on potential applications

As described in Chapter 1, the proper surface patterning design can dramatically change
the wetting properties of a solid surface (e.g. can render a slightly hydrophobic mate-
rial as super water-repellant like the lotus leaf). Thus when designing surfaces with
desirable and even switchable wettability, the surface patterning is of great importance.
There are several studies that deal with optimizing the solid surface structure shape in
order to obtain desirable wetting properties (e.g. by utilizing lattice-Boltzmann [19, 20]
of continuum-level modeling approaches [21, 22, 23]). Our proposed methodology, how-
ever, seem advantageous over these approaches, since the computational requirements
are quite lower than the lattice-Boltzmann models while the disengagement from the
contact angle boundary condition distinguish our method between the other continuum-
level approaches. The presented methodology can be readily applied to any kind of solid
surface topography (or even chemically patterned) for understanding the effect of geo-
metric characteristics on static and dynamic wetting behavior. The study of the active
control of the droplet motion, by utilizing electrowetting phenomenon, is also an im-
portant feature of the proposed methodology. Several other actuation techniques, used
in microfluidic applications, can also be readily incorporated in our modeling approach
(e.g. thermocapillary migration, magnetic forces) as will be discussed in Section 9.3. The
proposed formulation can even become more realistic by studying droplets resting on
three-dimensional structured surfaces (see also the Section in the following Chapter) and
by using more precise formulations of disjoining pressure profiles, i.e. with experimen-
tal force-distance isotherms, obtained from atomic force microscopy (AFM) [24]. Note
that, however, the macroscopic droplet behavior, predicted by our model, seems to be
virtually insensitive to the exact value of the disjoining pressure parameters (e.g. Cy, Cz,
o and €, from Eq. 2.42) beyond a certain threshold (see also the sensitivity analysis is
Section C.3 of Appendix C).

The model proposed in this Thesis, paired with optimization algorithms (e.g. gradient
methods [25] or genetic algorithms [26]), can suggest the proper surface roughness ge-
ometry, in order to obtain certain apparent wettability and friction properties for the

substrate, to facilitate (or prevent) the switching between Cassie-Baxter and Wenzel
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wetting states and to directionally transfer droplet in lab-on-a-chip devices. The ra-
tional design of novel synthetic surfaces could contribute to the facing of contemporary
engineering challenges (see also Section 1.2 of Chapter 1), such as freshwater shortage
in arid areas (by using optimized fog harvesting surfaces inspired by the desert beetle),
fuel economy in marine and airline industry (by reducing the drag on ship and airplane
hulls with micro-structures inspired by the Salvinia molesta leaf) as well as better diag-
nostic technologies in developing countries (by using inexpensive lab-on-a-chip medical

devices).

8.3 Impact on theoretical research

Apart from the benefits in the technological applications discussed above, our detailed
simulations can also shed light to several physical mechanisms and explain experimental
findings that cannot be clarified by the conventional theoretical models. In particular, in
Chapters 4 and 5 we demonstrated the existence of multiple meta-stable wetting states
on structured solid surfaces. Although meta-stable equilibrium states had been exper-
imentally observed [27], the systematic study of the solid structure topography on the
energy barriers (the minimum amount of energy required of a transition between meta-
stable states) could not be performed, up to now. Moreover the fact that the dynamic
contact angle derives implicitly in our simulations, as a result of the viscous dissipation
above the arbitrary roughness of a solid surface (see Chapter 6), is a more sensible and
accurate mechanism than using an explicitly imposed friction at the three-phase contact
line(s). Obviously, the latter does not account for the exact solid surface topography. In
addition the results presented in Chapter 7 can be extremely important for illuminating
the onset of droplet motion on asymmetrically structured substrates. We note that this
topic is still unclear and controversial in the literature [28, 29]. The derivation of such
results would of course not have been possible by using the conventional Young-Laplace

and hydrodynamic modeling approaches.
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CHAPTER

Directions for future work

In this Chapter, we present the future perspectives of our research which are focused on four
directions: (a) experimental validation of our model’s predictions (e.g. the real-time tuning
of the wettability of structured surfaces, based on electrowetting simulations presented in
Chapter 5), (b) simulation of 3D droplets, (c) modeling of alternative droplet actuation tech-
niques (thermocapillary convection, magnetic forces) on patterned solid substrates and (d)

multi-scale modeling approaches so as to incorporate more realistic liquid-solid interactions.

9.1 Reversible wetting transitions on supehydrophobic sur-

faces

9.1.1 Theoretical establishment

As mentioned in Chapter 5 electrowetting is only efficient when applied on horizontal-
smooth surfaces, on which only a limited range of apparent wettabilities is attain-
able, due to the constraints imposed by the material wettability (not exceeding 120°
in common hydrophobic materials) and the contact angle saturation phenomenon [30],
which prevents apparent contact angle values from dropping below a certain value
(~ 60°). When electrowetting is applied on a structured surface it can be efficient only
uni-directionally, and in particular inducing transitions from super-hydrophobicity to
hydrophilicity [31]; however, driving the reverse de-wetting transition is not feasible
through voltage reduction or even by completely switching off the voltage application,
thus, strong external actuations (e.g., thermal shocks [32]) are often required. These ir-
reversibilities occur when a droplet undergoes a collapse transition from a Cassie-Baxter
state (where air inclusions are trapped between the droplet and the solid structure) to
a Wenzel wetting state (where the liquid fully impales the solid roughness). The latter
corresponds to a local minimum of the free energy landscape, suggesting that an energy

barrier has to be surpassed for a reverse de-wetting transition [6].

Several attempts have been made to prevent collapse transitions (Cassie-Baxter to Wen-

zel) on a structured surface subjected to electrowetting. In particular, Lapierre et al.
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[33] achieved a small ranged contact angle reversibility interval (160° - 130°) by using
specially designed substrates covered by two layers of packed silicon nanowires. Nev-
ertheless, their poor mechanical properties, as well as their fairly complex fabrication
technique render these substrates inappropriate for applications outside the laboratory.
Later, Barberoglou et al. [34] demonstrated an electrowetting induced reversible contact
angle modification on structured surfaces, which have been produced by laser irradia-
tion. Although the reversibility range appears to be slightly wider in this case (140° -
108°), it is obscure whether the droplet at the final (reverted) state exhibits high mobility,
which is the second requirement for superhydrophobicity. The wettability modification

cannot be termed reversible if the above criterion is not met.

Here, guided by the detailed computations presented in Chapter 5, we experimentally
verify that a fully reversible wettability tuning on superhydrophobic surfaces is possible
when the dielectric thickness is sufficiently large, regardless of the topography of the
structured solid. In particular, it was shown, in Section 5.2.3, that the local mean curva-
ture of the droplet profile at the contact line (the droplet has a single contact line in this
case since the substrate is smooth) exhibits strong dependence on the applied voltage
when the solid dielectric layer is relatively thin (< 10 um) (see Fig. 5.7). Dielectrics of
such a thickness are typically used in electrowetting experiments. Surprisingly enough,
it was also found that when using a thicker dielectric layer (> 50 um), the mean curva-
ture of the droplet profile remains virtually unaffected as the applied voltage increases.
This behavior can be explained considering that the electrostatic pressure, acting on the
droplet surface with a local negative contribution to the total pressure, is active at a
length scale proportional to the thickness of the dielectric layer. When the dielectric
layer is thin, the electrostatic pressure contribution is concentrated at the vicinity of the
contact line, leading to a significant increase of the droplet local curvature. On the other
hand, in the case of a thick dielectric layer, the electrostatic pressure contribution is scat-
tered, resembling droplet compression experiments where a pressing force is applied to
the entire droplet captured between two parallel plates [35].

The above could interpret experimental observations where specially designed, highly
wetting resistant structured surfaces (e.g. with inverse-trapezoidal structures), cannot
resist to a collapse transition, when subjected to electrowetting experiments (see e.g. [31,
32]), since the localized increase in the droplet curvature results in the liquid impalement
into the solid roughness. Instead, we suggest that scattering of the electrostatic force
along the droplet surface by using thick dielectric layers, would prevent the increase of
the local curvature at the contact lines, which concomitantly would inhibit the liquid
impalement into the solid roughness. Such a finding, that the only important require-
ment for contact angle reversibility is the thickness of the dielectric layer, regardless the
specifics of the solid structure geometry, can be significantly useful for lab-on-a-chip
applications. The above argument is next experimentally verified by demonstrating re-

versible wettability transitions on superhydrophobic surfaces.

156



Design of micro- and nano-structured surfaces with tunable wettability

e | |

< £ 3 ¥ i e
Sb:80 SEM LEI 20kY  X20,000 WD 5.9mm 1um Sb:80 SEM LEI 20kV  X20,000 WD 54mm

Figure 9.1: (a) SEM image of the solid surface topography displaying submicron (quasi-)ordered
pillar arrays fabricated on the thin dielectric layer (400 nm TEOS and a 1 pum PMMA) and on the
75 um SUS8 film. (b) SEM image of the random micro-nanotextures fabricated on the 188 pm COP
film. Scale bar = 1 pm.

9.1.2 Electrowetting experiments

Three different substrates (one thin and two thick) were used to test the effect of dielec-
tric thickness on electrowetting behavior. First, we prepared one thin dielectric stack,
consisting of a 400 nm tetraethoxysilane (TEOS) and a 1 pm poly(methyl methacrylate)
(PMMA) layer, was assembled on a silicon wafer. Next, we prepared a 75 um thick di-
electric layer of SU8 photoresist. On top of these two stacks, submicron (quasi-)ordered
pillar arrays were prepared, using a combination of colloidal lithography and plasma
etching [36] (see Fig. 9.1a for a scanning electron micrograph of the topography). Finally,
a random micro-nanostructure was fabricated on a 188 pm thick cyclic olefin copolymer
(COP) film (see Fig. 9.1b). Details of the fabrication method are included in Appendix D.
The apparent contact angle, 6,, was measured using a real time image processing soft-
ware that is developed in house and is based on drop shape analysis technique [30].

We initially conducted an electrowetting experiment on the thin dielectric substrate (1

um PMMA and 400 nm TEOS). Fig. 9.2a shows the dependence of the apparent contact
cV?
2yLa
area. The experimental setup is also demonstrated in the inset of Fig. 9.2a. In particu-

angle, 6,, on the electrowetting number, = , where c is the capacitance per unit
lar, the apparent wettability reduces by increasing the applied voltage, V, according the
classic electrowetting model, given by an effective Lippmann equation [37] (solid line in
Fig. 9.2a):

cost, = cosb,’ + 7, (9.1)

where 6,° is zero voltage apparent contact angle. When switching off the voltage appli-
cation, however, we observe that the contact angle modification is irreversible for almost
all the experimental points presented in Fig. 9.2a (with the exception of very low volt-
ages, when 17 < 5 x 1072). The apparent wettability reduction still follows the Lippmann
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Figure 9.2: (a) Apparent contact angle vs electrowetting number, = 72—, for a water droplet
on structured surfaces featuring different dielectric thicknesses. The capacitance per unit area,
¢ = 24 is determined by fitting an effective Lippmann curve to the experimental measurements.
In particular ¢ = 2 X 10 F m™ for the thin dielectric substrate (1 um PMMA and 400 nm TEOS),
¢ = 3.1x107 Fm™ for the 75 pm SU8 and ¢ = 7.8x10® Fm for the 188 um COP film, respectively.
A schematic of the experimental setup is presented in the inset. (b) Snapshots demonstrating the
contact angle reversibility (from 119° to 156°), when the voltage is switched off from 452 V, on a

75 pm thick SU8 substrate.
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equation when performing the same electrowetting experiment on the thick dielectric
substrates (75 um SU8 and 188 um COP). Surprisingly enough, when the applied voltage
is removed in this case, the droplet retracts back almost to the initial superhydrophobic
state from all the experimental points in Fig. 9.2a. Specifically, the maximum reversible
contact angle modification observed is ~ 37°, from 156° to 119°, in the case of SU8 (see
Fig. 9.2b); this reversibility interval is considerably larger than any other relative exper-
iment in the literature. We also remark that the above behavior has been successfully
predicted by our previous computational analysis. Moreover, we note that the droplet
mobility of the final state (when the voltage has been removed) has not been affected,
indicating that the liquid has not impaled the solid roughness. In particular, the droplet
still rolls-off easily, by tilting the substrate only by ~ 2°.

Unfortunately, it was impossible to increase the apparent wettability up to complete
wetting since the droplet shape exhibited instabilities for very high applied voltages.
Thus, the minimum achieved apparent contact angle is 119° for the SU8 and 138° for
the COP, respectively (see Fig. 9.2a). Specifically, in the conducted experiments, the
droplet oscillates around the upper electrode, when approaching this wettability limit.
The above limiting phenomenon cannot be attributed to the contact angle saturation [37]
(see also Section 4.2.2 of Chapter 4) since the latter usually appears at ~ 60° for a water
droplet in air ambient. A possible explanation is that the electric stresses along the outer
three-phase contact line are unbalanced (the electric charge is not evenly distributed)
due to infinitesimal dissimilarities of solid structure below the contact line, thus leading
to a droplet bulk motion on the superhydrophobic surface. The above justifies why the
wettability modification range is narrower in the case of the random micro-nanotextured
substrate (COP film). We note that such a behavior is not observed in the thin dielectric
case, due to the strong pinning of droplet on the solid structure (the liquid has impaled

the solid roughness in this case).

Overall, considering that the two thick substrates (75 um SU8 and 188 um COP) have
different surface topographies ((quasi-)ordered pillars and random micro-nanotextures)
(see Fig. 9.1b) we conclude that the geometric details of the structure do not play a major
role in the contact angle reversibility. Instead, we report that the electric field distribu-
tion along the droplet surface, which is controlled by the thickness of the dielectric layer,
is the key factor, as shown in the computations in Chapter 5. Such a finding, that the
contact angle reversibility is not connected with the solid structure detailed topogra-
phy, opens new possibilities in manipulating micro-droplets, since the cost associated
with the texture fabrication in miniaturized devices will be significantly reduced. We
believe that the potential applications of the real-time tuning of the wettability on su-
perhydrophobic surfaces, using electrowetting effect on a thick dielectric, are numerous
and remain to be explored. The experimentally demonstrated contact angle reversibility
opens new possibilities in manipulating micro-droplets, since the cost associated with

the texture fabrication in miniaturized devices will be significantly reduced.
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Figure 9.3: Footprint aspect ratio, of a glycerin/water mixture droplet, as a function of y; Srs =
103, C; =8, C, = 6, 0 = 0.038 and € = 0.008.

9.2 3D simulations

Despite that the two-dimensional simulations, presented in the previous Chapters, can
effectively describe the static and dynamic droplet behavior in several cases, however,
3D simulations are crucial for understanding certain wetting phenomena (e.g the for-
mation of oval droplets when sliding on an inclined solid surface [38]). In particular,
in Fig. 9.3 we demonstrate the aspect ratio of a glycerin/water droplet’s footprint as a
function of the inclination angle for various material wettabilities, fy, by using our pro-
posed hydrodynamic model formulation (see Section 3.2.3). We note that, for the shake
of computational efficiency, the above preliminary results have been obtained by con-
sidering an ideally smooth solid surface. It is interesting here that the droplet’s aspect
ratio increases with increasing hydrophobicity. Obviously, such a conclusion could not

be derived by the previously presented 2D simulations.

Definitely, we can derive useful conclusions by performing 3D simulations on smooth
solid surfaces, however, the solid topography has to be included in order to examine
even more realistic cases (e.g. to investigate the viscous dissipation and friction of the
contact lines on the roughness scale as well as the contact angle hysteresis). In this case,
the computational cost may be considerably high, especially when the length scale of
the solid structure is quite smaller than the nominal droplet radius. A methodology to
reduce the computational requirements is to account for the solid roughness only in
the vicinity of the outer three-phase contact line. The rest liquid-solid interfacial area,
within the contact perimeter, can be considered as perfectly smooth, without any loss
in the modeling accuracy (such an argument has been experimentally and computation-

ally proved in recent studies [39, 40]). This work is among the subjects of our ongoing

160



Design of micro- and nano-structured surfaces with tunable wettability

research.

9.3 Modeling of alternative actuation techniques

9.3.1 Thermal actuation

When a temperature gradient is applied along a substrate (on which a droplet equili-
brates) it induces surface tension gradients along the droplet surface, and in turn the
presence of Marangoni stresses driving liquid flow from warmer to colder regions. The
thermocapillary droplet migration has been the subject of several theoretical studies in
the literature, which were mainly conducted under the thin film approximation [41, 42,
43]. Furthermore, several experimental studies of the droplet motion have been con-
ducted [44, 45].

Recently, Dai et al. [46] investigated the influence of surface roughness and surface
topography orientation and it was shown that the orientation of grinding scars may
guide the motion direction of the droplet. To the best of our knowledge, however, the
effect of the substrate topography has not been addressed theoretically in the literature
due to the modeling limitations. Such a study can be easily performed by incorporating
the Marangoni stresses at the stress balance along the droplet surface (Eq. 3.4) in our
modeling approach. Such a work would be of great importance for thermocapillary-

based microfluidic devices for trapping, sorting, mixing droplets, etc. [47].

9.3.2 Magnetic actuation

Alternatively, superparamagnetic droplets can also be effectively manipulated by using
magnetic forces [48, 49]. In particular, as demonstrated in the literature, a magnetic field
can actively actuate a droplet containing superparamagnetic nanoparticles and induce
a Cassie-Baxter to Wenzel (and the reverse) wetting transition [50]. Once again the
magnetic forces can be incorporating in our model, giving us the opportunity to study
the physical phenomenon in detail, as well as to effectively design superparamagnetic
droplet-based microfluidic devices.

9.4 Multiscale modeling

As discussed in Section 2.2.4, the exact modeling of the disjoining pressure action, would
demand resolving multiple length scales, ranging from 10 m to 107> m. Such a task
would be possible only by a multiscale modeling approach. In particular, simulations

in the nanoscale (e.g. molecular dynamics) must be combined with the Navier-Stokes
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equations. This is not a trivial work due to the tedious coupling of these very different
descriptions of fluids, and in particular generating microscopic particle configurations
from known macroscopic quantities such as density, momentum and energy. Although
that several coupling schemes have been developed [51, 52, 53], the computational effi-
ciency of such model is still relatively low.

In particular, Nie et al. [53] coupled the two descriptions by imposing continuity of
fluxes at the boundaries of an overlap region. The mean particle velocities provide the
boundary conditions for the Navier-Stokes solution at one side of the overlap region
whereas a constrained dynamics algorithm forces the mean particle velocity to equal
the continuum solution at the other side. We believe that such a multiscale approach,
which is among the subjects of our ongoing research, will enable a more accurate de-
scription of the liquid-solid interactions, especially when simulating wetting on hierar-
chically structured superhydrophobic surfaces, where nano and/or micro-structures are

superimposed on larger macro-structures.
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APPENDIX

A.1 Derivation of the Young-Laplace equation

We consider a small enough section of an arbitrary surface, that the two radii of curva-
ture, Ry, Ry, are essentially constant (see Fig. A.1). If the surface is displaced by a small
distance outward (dz), the change in the surface area will be: (17 + d41)(42 + dAy) —
A1dy = A1dA; + A2dA,. Thus, considering that there is a pressure difference, Ap, across
the interface, the necessary work will be:

W= Y (/lld/ll + /lzd/lz) — Ap/ll/lde, (Al)

where 7 is the interfacial tension. Moreover, from a comparison of similar triangles (see
Fig. A.1), it follows that:

A +da; 2 A1d
o B LS R W (A.22)
R1 +dz R R,

Ap+dl, A Azd

2702 _ 22 g, = 2292 (A.2b)
R2+dz R, R,

In equilibrium state, Eq. A.1 equals to zero, thus by using Eqgs. A.2a and A.2b for d4; and
dA,, yields [1]:

1 1
Ap = —+ —, A3
p=y ( R Rz) (A.3)
where the sum, R% + R%, corresponds to local mean curvature, R%, of this small section

of the surface (see also Section A.2). Eq. A.3 is the fundamental equation of capillarity
(given in 1805 by Thomas Young and by Pierre-Simon Laplace), referred as the Young-
Laplace equation [2]. We note that for the case of both radii being equal, Eq. A.3 simple
reduces to Eq. 2.3.
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Figure A.1: Principal radii of curvature, Ry, R;, of a small section of an arbitrary surface.

A.2 Evaluation of the local mean curvature

The local mean curvature of the droplet surface is evaluated as [3]:

2PM — ON - GL

C:V;S"n: Hz s

(A.4)

where, n is the unit normal of the surface, V is the surface gradient operator (Vy =
V—n(n-V))and G,Q, P the first order magnitudes. The latter equal to:

G = szz’ (AS)
0 =q*H?, (A6)
P=-p-qH" (A.7)

In the above, H = n - (F,; X F,;), with F is the position vector of a point on the
droplet surface (with w1, w2 the independent Variables) and n the unit normal of the

droplet surface (n = %) p= F‘“X" and g = Wz . In addition, the second order
magnitudes L, M, N equal to:
L:le wl R, (AS)
M:FW1 w2 R, (A9)
N :sz w2 R. (A.lO)
2 2
where F,,; = dfl, F, = 5152, Fy1 = fwlz and F o2 = éiwgz, Fiw2 = %-

Next, we will demonstrate the evaluation of the local mean curvature of an axisymmet-

ric droplet, parameterized in terms of the arc-length, s, of the intersection of the droplet
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Figure A.2: Unit vectors, e,, eg, e4, of the spherical coordinate system.

surface with a vertical plane (see Section 2.2.4) and the azimuthal angle, ¢, of the spher-
ical coordinates (see Fig. A.2). In particular, a general formula of the position vector of

a point on a surface, in Cartesian coordinates, reads:
F(s,¢) = xi + yj + zk, (A.11)

where i, j, k are the unit vectors of the Cartesian coordinate system in x, y and z di-
rection, respectively. The above relation can be expressed in spherical coordinates, by

using the following transformations:

X = rsinfcosg, (A.12a)
y = rsinfsing, (A.12b)
Z = rcosb, (A.12¢)
and
i = sinfcosge, + cosfcospey — singey, (A.13a)
J = sinfsinge, + cosfsingeqy + cosdey, (A.13b)
k = cosfe, — sinfey, (A.13¢)

where, e,, eg, e4 are the unit vectors of the spherical coordinate system (see Fig A.2).
Therefore, Eq. A.11 now reads:
F(s,$) =rer. (A.14)

By assuming axial symmetry around the z-axis (g—; =0,49 = gand % = 0) (see Fig. A.2),
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the unit normal on the droplet surface is then evaluated as:

FSXF¢
n=—>=
|FSXF¢|

rose, —ryeq
- ’
\7r26? + r?

where rg = % and 0; = %. The scalar triple vector, H, is evaluated as:

(A.15)

H:n-(stF¢)=>

(A.16)
H = rsinf /r20% + r2,

and the vectors p, ¢ read:

_F¢Xn_ rs ré

= e, + eg, A.l7a
P H r20% +r2 " r20% + r2 o ( )
nxF; €y
= — . A.17b
=75 7 rsing (A-17b)
We then compute the first order magnitudes G, Q, P:
G = r?sin®0, (A.18a)
Q =r¢*+r, (A.18Db)
P =0, (A.18¢c)
and the second order magnitudes L, M, N:
(rss - I’Q?) I”@s - (zrses + ress) I
L= , (A.19a)
\r20? +r?
M =0, (A.19b)

N = rrgsinfcost — I’ZSil’l299s ’ (A.19¢)

\r20? + r?

where F,, = (rss —r@?) er + (2rg0s +r0)eq, Fyg = (rgsind +rogcosd) ep, Fypg =

. . 2 2 .
—rsin®0e, — rsinfcosbey, rgs = % and 0, = %. The local mean curvature is finally

evaluated from Eq. A.4:

2PM - -GL
_ ON-G N

C J7E
C = 2r0,sinf — rycosf + rsinf—arctan (—)] ,
rsind \/r20% + r? ds Is

as also presented in Section 2.2.4.
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Solid

Figure A.3: Eikonal equation solution and contour lines of constant distance, d, from a geomet-
rically structured boundary (left side of the figure), along with the unstructured computational
mesh, generated by the Gmsh software [6] (right side of the figure). The mesh is refined close to
the solid boundary, S, where high resolution is required.

A.3 Eikonal equation

As previously reported, the disjoining pressure, p*°, is a function of the Euclidean dis-
tance from the solid boundary. In the case of geometrically structured surfaces, the

liquid-solid distance is calculated from the solution of the Eikonal equation, which reads

[4]:

| Vé(x,2) |=1, x,z € Q, (A.21a)
0(x,2) =0, x,z € 08, (A.21b)

where Q denotes the two-dimensional computational domain and 85 is the solid surface
boundary (see Fig. A.3). The numerical solution of Eq. A.21a is a challenging task, and
among the proposed solution schemes we adopt the vanishing viscosity method [5]:

|V | —¢tV26 =1, x,7 € Q, (A.22)

where ¢F is a small scalar (numerical diffusion coefficient). When ¢F — 0, Eq. A.22 yields
the original formulation of the Eikonal equation (Eq. A.21a). The non-linear differential
Eq. A.22 is discretized with the Finite Element Method (where the computational mesh
is generated by using the Gmsh software [6] as shown Fig. A.3), accounting for the
boundary condition A.21b and is solved with the iterative Newton-Raphson method in
an in-house code.

We note that the solution §(x, z) constitutes a R? — R mapping, i.e., for each point (x, z)
of the two dimensional domain €, there exists a unique ¢ corresponding to the signed
distance from the solid boundary 9S. It is also notable that the added computational cost
from the solution of the Eikonal equation is negligible, since a single Eikonal equation
solution is required for a particular solid surface geometry.
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B.1 Galerkin residuals

In the Galerkin finite element method [7], the solution of a differential equation is ap-
proximated by a finite sum of basis functions (usually first or second-order polynomials).
The approximate solution is then the coefficient value of each of the basis function. The
latter is found by minimizing the error between the linear combination of basis functions
and actual solution (Galerkin residuals).

The Galerkin residuals, R, of the dimensionless augmented Young-Laplace equation, in
arc-length parameterization (i.e., 7(5), 8(5)), are built by multiplying Eq. 2.32 by each of
the basis functions, ¢k, and integrating the product over the entire droplet domain:

ymax Emax R —
R= f f ¢~ (—OpLS +C - K) R0, +R? d5dy, (B.1)
0 0 VLA

where 7 = r/Ry,s = s/Ry, Yy = y/Ry, ry = dr/ds, 9, = d/ds, Ymax is the dimensionless

width of the cylindrical droplet (see Fig. 4.4) and /72 é\s2 + 732 d5'dy is free surface area
element (dimensionless), by considering a translationally symmetric case. For the shake
of simplicity, in the following relations we have omitted the hat symbol (7) from the
dimensionless quantities. Next, we perform integration by parts of the curvature term
in order to reduce the second-order derivatives to a first-order. This step is required

so as to introduce the first-order derivative boundary conditions (2.35 and 2.36) in the
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Galerkin residuals. In particular:

Smax R male
R:f ¢k(—0pL5+C—K) 7202 + 12 ypax ds y:>
0 YLA
Smax R Eq. 2.40
R:f ¢k(—0pLS+C—K) \/7’20%4'7'?(15(]:}
0 YLA

Smax Smax d 9
R = f 0, ds + f P — [arctan (r S)] ds

0 0 ds rg

Smax Smax RO
—f K \[r? 0% + r? ds+f ¢kapLS\/r29§+r§ ds =
Smax ° Smax ° Smax RO
R:f ¢k03ds—f K |12 62 + r2 ds+f ¢k)§p]‘s\/r26’§+r§ ds
0 0 0
Smax d k 0 0 Smax
—f iarctan(r s) ds + [gbk arctan(r s)] .
0 ds rs s J1o

(B.2)

The boundary conditions (2.35 and 2.36) are then incorporated in the latter term as fol-
lows:

9 smaX
[¢k arctan (r : )] = %|s:smax - z|s:o- (B.3)

rs ] 1o 2

Thus, by using Eq. B.3 and Eq. 2.42, Eq. B.2 reads:

Smax Smax
R:f ¢k03ds—f XK \[r2 6% + r2ds
0 0
Smax C C,
0

0+e¢€ 0+e€

Smax gk ré T T
- —— arctan ds — —|s=0 + =|s=5 .,
L d ( ) 2 |s 0 2 |s Smax

\) Fg

where the last two terms are included only at the first (s = 0) and the last (s =syay) resid-
ual, respectively. Similarly, the Galerkin weighted residuals of the augmented Young-

Laplace equation in the case of an axially symmetric droplet read:

smax smax
R:f 47r¢kressin0ds—f Zﬂci)kuscoseds
0 0

Smax d k 9 Smax 0
_f 27rdir sinf arctan(r S) ds —f 27t ¢ ry sind arctan(r S) ds
0 0

) rg Iy

Smax 0 Smax
_f 27T¢krc036’arctan(r S)ds—f 27T¢kKrsin9\/r29§+r32~ds
0 I 0
Smax Cl CZ
+f 27 pfwts (—O- ) —( 7 ) ]rsin0\/r29§+r§ds,
0 0+¢€ 0+e€

where the free surface area element of the droplet is r sinf /7% 6% + rZ ds d¢ in this case

(B.5)
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(¢ is the azimuthal angle). Details about the discretization of the conventional Young-
Laplace equation (2.20) can be found in [8].

B.2 Pseudo arc-length continuation

The dependence of the droplet shape on parameter value, e.g. the wetting parameter,
whS, is of utmost importance for the studied problems. At some critical values of w' pa-
rameter, however, the solution stability changes (see e.g. the turning points in Fig. B.3)
and the ordinary parameter continuation fails. In particular, in the general case, the dis-
cretization of a boundary value problem (e.g., with the finite element method), produces
a set of non-linear equations which is solved iteratively by the Newton-Raphson algo-
rithm. In the turning points, however, the Jacobian matrix (the matrix of all first-order
partial derivatives of the residual vector, R) becomes singular and the Newton-Raphson
method fails to converge. To overcome this failure we apply special parameter continu-
ation techniques such as the pseudo arc-length continuation [9]. In this method, a new
monotonically increasing parameter -the arc-length of the solution branch, s¢on¢- is in-
troduced and the solution vector, in the case of the augmented YL equation, U = [r 017,

as well as the wetting parameter, w>

, are expressed as functions of this new parameter:
U = U (Scont), W= = W (scont). In addition, the system of equations is augmented with

an extra constraint that determines the value of s.ont, which reads [9]:

2
” U(scont) - U(Scont,O) ”2 + [WLS(Scont) - WLS(scont,O)] = (Scont - scont,O)z ) (Bé)

where Sconto is the previous value of the parameter. Finally, the augmented system of

equations becomes:

g o] [ & .
dReont  dReon ’ '
ﬁor ﬁ é‘Scont Rcont

where R is the Galerkin residuals vector and R.op: the residual of the augmenting equa-
tion (B.6). The above scheme, which is solved with the Newton-Raphson method, enables
the suppression of turning points and, thus, the tracing of entire branches of solution

families, as demonstrated in Chapter 4.

B.3 Axisymmetric droplets

B.3.1 Single-pillar structured surface

Similarly to the cylindrical droplet case presented in Chapter 4, we initially test the va-

lidity of the augmented YL equation by comparing its predictions against the results
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Figure B.1: Dependence of the dimensionless droplet height, zmax/Ro, on the material wettabil-
ity, 6y, for a single-pillared solid surface structure (Eq. 4.4 with p; = 0.6, p, = 10, p3 = 5).

obtained from the conventional form for an axisymmetric droplet wetting a single-pillar
structured solid surface; the pillar intersection with the vertical xz-plane is given by
Eq. 4.4. We note that the expression of the local mean curvature, C, as well as the con-
straint equation that singles out the YL, differ in the cylindrical and spherical droplet
cases (see the corresponding expressions in Section 2.2.4.a of Chapter 2).

The bifurcation diagram in Fig. B.1 depicts the dependence of the dimensionless droplet
height, zmax/Ro, on the material wettability, fy. As expected, it is observed that both
the augmented and the conventional YL equations produce nearly identical results. Fur-
thermore, similarly to the cylindrical droplet case (see Fig. 4.5), the transition between
the upper and the lower stable branch is also hysteretic. In the following Section we
present equilibrium computations for the case of a droplet resting on a more complex
solid surface.

B.3.2 Concentric rings-patterned surface

The proposed methodology can also be applied to a spherical droplet wetting a more
complex, concentric rings-patterned solid surface (see Fig. B.2). The intersection of this
solid surface with the vertical xz-plane is given by Eq. 4.5. The dependence of the appar-
ent contact angle, 8,, as a function of the material wettability, y, is depicted in Fig. B.3.
We can observe that the solution space exhibits multiple S-shaped curves, similarly to the
cylindrical droplet case wetting a stripe patterned solid surface (see Fig. 4.7. What is also
important here is that the conventional Young-Laplace formulation cannot be applied in

such a complex solid surface case, since air pockets are observed to be trapped between
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Figure B.2: Axisymmetric droplet (considering axial symmetry around the z-axis) on a ring-
patterned solid surface (p4 = 8, ps = 2 in Eq. 4.5).
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Figure B.3: Apparent wettability dependence of an axisymmetric droplet wetting a concentric
rings-patterned solid surface (Eq. 4.5 with py = 8, p5 = 2), on the material wettability, fy.
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the liquid and the solid phases (see e.g. the droplet shape for 6y = 148° in Fig. B.3).

B.4 Iterative solution of electrohydrostatics equations

The droplet profile, along with the electric potential distribution, is computed through

an iterative process, which consists of the following steps:

1. Given an initial estimation for the droplet profile (provided by the polar coordi-
nates ™ and M), we compute the electric potential distribution u(x,z) from
Equation 5.3. In order to deal with the complex geometry of the droplet and the
solid dielectric for the discretization of the electrostatics equation, we generate, us-
ing the Gmsh grid generator software [6], an unstructured two-dimensional mesh
(due to the translational symmetry). In order to increase the accuracy of compu-
tations of the electric field, E, the mesh must be sufficiently dense in the vicinity
of the droplet surface (see Fig. B.4). In particular, the produced mesh has a typical
size of the order of 10° nodes.

2. We compute the magnitude of the electric field, E = || Vu ||, and solve the system

of non-linear Equations 5.2, 2.34, 2.28, 2.25, with the updated electric stress term,
N.E?
.

The updated droplet profile is then used in step (1) to compute the new electric field
distribution and we repeat the iterative process until the droplet profile converges to an

invariant shape. Steps (1) and (2) constitute a mapping;:
[r 0]T = d([rmt ginit]Ty, (B.8)
and the equilibrium droplet profile [r* 8*] satisfies:
R =[r* 6°]" — o([r™* o™T = o. (B.9)

The resulting set of non-linear equations, R, is solved iteratively with an in-house code
using matrix-free Newton-GMRES methods [10]. In particular, the solution of Eq. B.9 is

obtained with an iterative Newton-Raphson method, which solves the linearized system:

doU)
dU

U = -R(U), (B.10)

where U = [r 0]T. At each iteration, the estimated steady state solution, U, is itera-

tively updated through U — U + dU, until an adopted convergence criterion is satisfied

do)
U

residual, R, do not require knowledge of the explicit formulation of the equations to be

as well as of the

(e.g., || 8U ||< 107%). The computation of the Jacobian matrix,

solved. Their values can be estimated by computing the mapping, @, at appropriately

perturbed values of the corresponding unknowns, U. This approach is computationally

180



Design of micro- and nano-structured surfaces with tunable wettability

3.0

u/lv

2.5

2.0
-
.

Z/R,
1.5

Liquid

1.0

0.5

0.0

-30 -25 -20 -15 -10 -06 00 05 1.0 15 20 25 3.0
X/Rq

Figure B.4: Electric potential distribution (dimensionless) around a conductive water droplet in
oil ambient for 7 = 1.63 and d = 150 pm PTFE (left side of the figure), along with the corresponding
unstructured computational mesh, generated by the Gmsh software [6] (right side of the figure).

ineflicient for large systems since the estimation of the Jacobian matrix involves the re-
peated computation of @ for perturbations in each of the state space directions. Alterna-
tively, one can use matrix-free iterative solvers for the B.10 system, e.g. the Generalized
Minimal Residual Solver (GMRES) [11, 12], which overcomes this inefficiency given that

its algorithmic implementation requires low-cost computation of matrix-vector prod-
uct, dq;g’ )q. The set of vectors ¢q (g is the orthonormal basis of the Krylov subspace,

Kr=span{b,Ab,A2b,A3b, ...}, with A = dq;g]) and b = —R) is used to approximate the

solution of the linearized system of equations. By computing ® from perturbed values

of U one estimates the action of the linearized map d(ﬁg] ) on known vectors q, since:

doW) oW +éq) - o)
T : :

(B.11)

where & is a small and appropriately chosen scalar (e.g. & = 1077) [11]. In addition,
by applying a pseudo arc-length parametric continuation method [9] (see also B.2), we
can compute the entire solution space including stable and unstable state solutions (see
Section 5.2.4), where the stability is quantified by solving the eigenvalue problem of the
Jacobian matrix, dR/dU.

B.5 Effect of the disjoining pressure parameters

In this Section we present the sensitivity of the augmented electrohydrostatics equa-
tions solution (see Chapter 5) by modifying the disjoining pressure profile (isotherm)

(Eq. 2.42). In particular, we modify the values of exponents C; and C,, which control
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Figure B.5: Disjoining pressure profiles (isotherms), as a function of the dimensionless liquid-
solid distance, 6/Ry, for different parameter values C; and C, (6y=170°).
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Figure B.6: Dependence of the apparent contact angle, 8,, on the applied voltage for different
parameter values (Cy, C,) of the disjoining pressure (d = 10 um).
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Figure B.7: Dependence of the dimensionless maximum curvature of the droplet surface (left
panel) and of the Young’s contact angle, 8y, (right panel) on the electrowetting number, 7, for two
sets of disjoining pressure exponents (C;=8, C,=6 and C; = 12, C, = 10) and dielectric thicknesses
(a) d=10 pm and (b) d=150 um.

the range within which the molecular forces are active . In particular, the pressure term,

C
[%* (ﬁ) 1] , dominating at short distance, models the repulsion between the solid

C
and the liquid phases, whereas the pressure term, [—7;3—;“ ( 57 [‘{0 +6) 2], which is dominant
at large distance, constitute the attractive part. In Fig. B.5, we illustrate the disjoining
pressure isotherm for different C; and C; values. Essentially, we observe that by increas-

ing C; and Cy, the range of molecular interactions decreases.

In Fig. B.6, we depict the effect of the applied voltage on the apparent contact angle, 8,, of
a cylindrical droplet on a PTFE substrate with thickness d = 10 um for two different sets
of C; and C, exponent values (C; = 12, C; = 10 and C; = 8, C; = 6). The results obtained
for the different parameter set values are in excellent agreement (the lines are optically
indistinguishable), which suggests that the macroscopic behavior of the droplet does not
depend on the parameters C;, C; values (of course when they vary in a specified range).
The same applies for all dielectric thickness cases.

Computations of the curvature and field distribution in the vicinity of the TPL, (pre-
sented in Section 5.2.3), indicate that the magnitude of the developed electric stresses in
the vicinity of the TPL is significantly large (compared to the disjoining pressure), when

decreasing the thickness of the solid dialectic; this causes variations on the maximum
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curvature, as well as the Young’s contact angle values. Here, we examine whether a
change of the disjoining pressure isotherm has an effect on this trend.

In Fig. B.7, we present computations of the dimensionless maximum local mean curva-
ture of the droplet surface (left panel) and the Young’s contact angle (right panel) as a
function of the electrowetting number, 7, for two different sets of parameter values C;
and C, and dielectric thickness (a) d=10 um and (b) d=150 um. One can observe that
the maximum curvature absolute values differ for different C; and C, values. However,
changing the disjoining pressure isotherm type does not alter the general trend of the
Young contact angle to remain practically insensitive to the applied voltage when the di-

electric thickness is sufficiently large, as opposed to thinner dielectric thickness cases.
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C.1 Viscous spreading: Validation with Tanner’s law

In the case of wettability driven spreading, the radius of the wetted area can be described
by the well-known Tanner’s law [13]:

Ry ~ t'/1°, (C.1)

where the only factor that limits spreading is the viscous dissipation near the contact
line. Eq. C.1 has been experimentally verified [14] and is an excellent problem to bench-
mark our modeling approach for viscous-dominated dynamics. In Fig. C.1 we demon-
strate the dynamic behavior of a glycerin/water mixture droplet spreading on a hy-
drophilic substrate (fy = 30°), assuming an intrinsic surface roughness of r¢ = 1.01. Start-
ing from an equilibrium solution of fy = 93.5°, it is observed that our simulations can
successfully capture Tanner’s law at intermediate times (¢ € (1,26) ms). For ¢t > 26 ms
the droplet reaches equilibrium and is finally immobilized. The dimensionless numbers
in this case correspond to Re = 1.41 and Ca = 0.2, respectively. For both cases, we use
uy = VgRy = 0.11 m/s as a characteristic velocity (where g is the gravity constant), since
the impact velocity is negligible.

Regarding the dynamic contact angle, our results follow roughly the Tanner’s law pre-
dictions (8q ~ t73/1%) for intermediate times (5 < ¢ < 26 ms) (see Fig. C.2), however,
smaller scale roughness is required in order to avoid the intense contact angle fluctu-
ations (attributed to the contact line pinning-depinning on the substrate corrugations)
and fully recover the Tanner’s regime. For ¢ > 26 ms the droplet reaches equilibrium
and the dynamic contact angle is fixed at ~ 35°.

C.2 Spreading of a water droplet

Here we present computations for the case of a water droplet spreading on a flat surface

with no initial velocity (see Fig C.3). It is observed that the simulation for a roughened
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Figure C.1: Evolution of the contact radius as a function of time for a glycerin/water mixture
droplet on a hydrophilic substrate (fy = 30°).
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Figure C.2: Temporal evolution of the dynamic contact angle for a glycerin/water mixture
droplet on a hydrophilic substrate (8y = 30°).

186



Design of micro- and nano-structured surfaces with tunable wettability

o Experimetal data (Bird st al, 2008)
01 ——=8mooth surface (r; = 1} ]

Rough surface (r; = 1.01)

0 OI.5 1 156
t/(pRE/)*

Figure C.3: Temporal evolution of the normalized contact radius of a water droplet spreading
on a hydrophobic (6y = 117°) surface: simulations against experimental data from Bird et al. [15]
(Ro = 1.225 mm, p = 1000 Kg/m?®, y14 = 0.072 N/m).

surface (assuming an intrinsic surface roughness of r¢ = 1.01) adequately captures the
droplet dynamic behavior (experimental data by Bird et al. [15]). On the contrary, the
contact radius growth is overestimated when considering an ideally smooth solid sur-
face. A similar droplet behavior is presented in Section 6.2.1 for the experiments of Sikalo
et al. [16] (Fig. 6.3). The contact radius fluctuations, observed in the case of the rough
surface, indicate that the roughness length scale is relatively large. A more fine-scale
simulation (with smaller roughness micro-structures on the solid surface, still maintain-
ing the same roughness factor) would be required in order to obtain a smoother curve,

at the expense of considerably increased computational cost.

C.3 Effect of the disjoining pressure parameters

C.3.1 Spreading droplets

In this Section, we investigate whether a modification in the parameters Cy,C; and o
of the disjoining pressure (see Eq. 2.42) has an impact on the spreading behavior of
a droplet on a solid substrate (see Chapter 6). In all cases we study a glycerin/water
mixture droplet spreading on a wax solid surface with a roughness factor, r¢ = 1.15. In
particular, in Fig. C.4 by comparing the contact radius evolution for two different Cy, C,
parameters sets (C; = 12,C; = 10 and C; = 14,C; = 12), we conclude that the results are

in remarkable agreement despite the different disjoining pressure profiles (an increase
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Figure C.4: (a) Normalized contact radius of a glycerin/water mixture droplet impacting on wax
surface: simulations against experimental data from Sikalo et al. [16] for different C; and C,
parameters of the disjoining pressure (see Eq. (2.42)). The arising disjoining pressure profiles
are illustrated in (b) as a function of the distance from the solid boundary, ¢. The inset in (b)
shows the action range of the micro-scale forces in the vicinity of the contact line; attractive
interactions are dominant in region (II), whereas repulsive forces are generated in region (I),
keeping the liquid and solid phases separated. For § ~ 0.01 mm and beyond (region (III)), the
micro-scale liquid-solid interactions are negligible.
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Figure C.5: (a) Normalized contact radius evolution of a glycerin/water mixture droplet impact-
ing on wax surface: simulations against experimental data from Sikalo et al. [16] for different
minimum distances (Omin € [1X 1072 Ry, 8 X 1073 Ry ]) between the solid and the liquid phase. The
corresponding droplet profiles for the different values of din are demonstrated in (b) at # = 1 ms.

188



Design of micro- and nano-structured surfaces with tunable wettability

170 1
160 -
150 -
140 -
1304
1204

(deg)

110 4

rec

oré

100

-

dv
z

90

a
<

[

80

] Surface | (advancing)
70 Surface | (receding)
od e Surface Il (advancing)

1 e Surface Il (receding)
50 T T T T '

T
0.00 0.02 0.04 0.06
time (s)

T
0.08 0.10

Figure C.6: Advancing and receding contact angles of a glycerin/water mixture droplet sliding
on surfaces I and II (see Fig. 7.3 at Chapter 7), inclined at @ = 60°. The average dynamic hysteresis
is approximately equal to 53° for the surface I (Wenzel state) and 44° for the surface II (Cassie-
Baxter state).

in the exponents Cy,C, leads to a narrower range of micro-scale interaction as shown
in Fig. C.4b). Next, in Fig. C.5 we investigate the effect of the minimum distance, O,
between the liquid and solid phases, which encompasses the impact of o and € as follows:
Omin = Ro(0 — €). Specifically, starting from a large initial value (Oyin = 8 X 1073R, =
9.8 X 107> mm) we reduce the minimum distance by lowering the parameter o (o €
[9x1073,16x107°]) keeping constant € = 8x107>. Conclusively, as presented in Fig. C.5a,
the computational results converge to the experimental data by reducing the minimum
liquid-solid distance, Spn; the lower Sy, value is equal to 1 X 1072 Ry = 1.225 X 1073
mm, which is obtained for o = 9 x 1073,

C.3.2 Sliding droplets

In this section we investigate the influence of the C, and o parameters value on the
dynamic hysteresis on the droplet. The C, parameter controls the range of attractive
liquid-solid interactions and the o~ parameter regulates the minimum distance of sep-
aration between the solid and the liquid phases. We initially present, in Fig. C.6, the
temporal evolution of advancing and receding contact angles of a glycerin/water mix-
ture droplet sliding on surfaces I and II (see also Fig. 7.3 at Chapter 7), inclined at @ = 60°.

The disjoining pressure parameters we use in this case are: C; = 12, C; = 10,0 = 9x 1072
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Figure C.7: Average dynamic hysteresis of a glycerin/water mixture droplet sliding on surface
II for different C, parameter values. The C, value used in our simulations is marked with the red
arrow.

and € = 8 X 1073.

In Fig. C.7 we demonstrate the average dynamic hysteresis (the difference between the
mean value of advancing and the receding contact angles) of a glycerin/water mixture
droplet sliding on surface II (see Fig. 7.3 at Chapter 7), as a function of the C, parameter.
We observe that our results converge to a constant value above a threshold C, value
(Cy > 10). Similarly, in Fig. C.8 we observe that the computational results are virtually
the same below a threshold value of o (o0 < 9 X 1073).

C.3.3 Oscillated droplets

Here we perform a sensitivity analysis regarding the impact of the C; and o~ parameters
value on the dynamic behavior of a droplet on an asymmetrically patterned surface (see
Chapter 7). We have chosen to perform our analysis for vertical vibrations since the
droplet deforms to a greater extend, resulting to an increased influence of the liquid-
solid interactions. Moreover, in order to test the reliability of our formulation, we use

the finest structure corrugations (s = 0.75).

In Fig. C.9 we present the droplet position, under the influence of vertical vibrations, at
t = 8T, for different C, parameter values. We observe that the effect of this parameter
is negligible above a threshold value (C, > 9). Note that in our simulations we use C; =
10 (red arrow in Fig. C.9). The above computations have been carried out for the same

C; parameter value (C; = 12). Specifically, we have not performed the same analysis for
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Figure C.8: Average dynamic hysteresis of a glycerin/water mixture droplet sliding on surface
II for different o parameter values. The o value used in our simulations is marked with the red

arrow.
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Figure C.9: Center of mass, x.m, of a glycerin/water mixture droplet on a vertically vibrated
asymmetrically patterned substrate (structure scaling, s = 0.75), at t = 8T, for different C, pa-
rameter values. The oscillation frequency is set to the resonance (f = 41.8 Hz) and the amplitude
is A = 0.375 mm. The C, value used in our simulations is marked with the red arrow.
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Figure C.10: Center of mass, x.m, of a glycerin/water mixture droplet on a vertically vibrated
asymmetrically patterned substrate (structure scaling, s = 0.75), at t = 8Ty, for different o param-
eter values. The oscillation frequency is set to the resonance (f = 41.8 Hz) and the amplitude is
A = 0.375 mm. The o value used in our simulations is marked with the red arrow.

the latter parameter (C;), which regulates the repulsive interactions magnitude as the
droplet touches the solid surface, since it slightly affects the disjoining pressure isotherm

at the contact line.

The effect of the liquid-solid minimum distance, 6y, is also investigated in Fig. C.10.
In particular, 0y, is defined as Ry(o- — €). Thus by reducing the value of o, keeping
constant € = 8 X 107>, we shrink this intermediate layer. By performing a sensitivity
analysis we observe the computational results are identical below a threshold value of o

(0 < 1x1072). Note that in our simulations we use o = 9x 107> (red arrow in Fig. C.10).

C.4 Effect of the computational mesh size

C.4.1 Spreading droplets

The position of the droplet interface is tracked by the deformed mesh and thus high
mesh density is required along the boundary of the domain (see Fig. C.11). The accuracy
of the results of an impacting droplets is tested against discretization refinement for the
case of a glycerin/water mixture droplet impacting on the most roughened substrate (r¢
= 1.2) (see Chapter 6). In particular in Fig. C.12 we depict the relative error of the droplet
shape coordinates (r,z) for different meshes, compared with a reference solution. The
reference solution has the denser mesh with 7 x 10° computational elements along the

droplet surface (note that a typical size of the computational problem is of the order of
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Figure C.11: (a) Initial and (b) deformed computational mesh of an axisymmetric droplet, im-

pacting on a perfectly smooth solid surface, generated by the COMSOL Multiphysics® commer-
cial software.
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Figure C.12: The relative error of the droplet shape coordinates, when impacting on a rough
wax surface (¢ = 1.2, t = 5 ms) for various meshes. A reference solution with 7 x 10° elements

along the droplet surface is used (the length of the smallest computational element, Asy,;), =
0.45 X 10~° mm).
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Figure C.13: Temporal evolution of the droplet’s center of mass (the horizontal position), x¢p,
of a glycerin/water mixture droplet on a vertically vibrated asymmetrically structured substrate
(structure scaling, s = 0.75). Two cases, of different mesh size (with 3 X 10> and 6 X 10 nodes
along the droplet surface), are examined. The oscillation frequency is set to the resonance (f =
41.8 Hz) and the amplitude equals to A = 0.375 mm, for both cases.

10° degrees of freedom, including the velocity field, pressure and mesh deformation).
For the calculation of the norms, the values of the droplet shape coordinates (r,z) were
interpolated at 250 points which are placed on equal distances throughout the droplet
surface of the coarsest mesh. Next, the r, z coordinates were interpolated for the other
meshes, at the positions corresponding to the 250 arc-length coordinates of the coarsest
mesh. Finally, as presented in Fig. C.12 the convergence with mesh refinement is super-

quadratic.

C.4.2 Oscillated droplets

In this section we test the accuracy of our results, of a droplet moving on an asym-
metrically patterned surface (see Chapter 7), against mesh refinement. In particular, in
Fig. C.13 we present the temporal evolution of the droplet’s center of mass (the horizon-
tal position), xn, under vertical forced vibrations, for different mesh sizes. We observe
that both simulations are in remarkable agreement (the two lines are practicably indis-
tinguishable) therefore we conclude that our results (featuring ~ 6 X 10° nodes along
the droplet surface) are insensitive with the discretization refinement. We have selected
to perform the above analysis for vertical substrate vibrations due to the larger droplet

deformation in this case.
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APPENDIX

D.1 Surface preparation for the electrowetting experiments

Two different stacks (one thin and one thick) were prepared to test the effect of dielec-
tric thickness on the contact angle reversibility, in electrowetting experiments. First,
one thin dielectric stack, consisting of a 400 nm TEOS and a 1 pum PMMA layer, was
assembled on a silicon wafer. For the preparation of the thick dielectric layer, SU8 (Mi-
crochem, SU8 3050) was spun on a silicon wafer. The spinning speed was set to 1500
rpm to achieve a 75 um thick SUS8 film. After spinning the surface was exposed to UV
light (wavelength 365 nm) for 3.5 min and hard baked at 150 °C for 30 min.

D.1.1 Submicron (quasi-)ordered pillar arrays

The pillar arrays were prepared using a combination of colloidal lithography and plasma
etching. PS particles with initial diameter of 0.5 um were self-assembled creating a
monolayer using spin coating on top of the different dielectric layers following the same
procedure described in the works [17, 18]. The etching conditions used to create the
multiscale re-entrant pillar topography shown in Fig. 9.1a, were presented in a recent
work about extremely robust superamphiphobic surfaces [19]. We note that the fabrica-
tion approach enables full control over the pillar diameter, profile, height and spacing,
key factors in optimizing the surface wetting properties [18, 20]. The two step etching
process followed to create the topography are:

1. 60 s anisotropic etching at 1900 W, 15 °C, 0.75 Pa, 100 sccm oxygen flow and 250

W bias power and

2. 15 s isotropic etching at 1900 W, 15 °C, 0.75 Pa, 100 sccm oxygen flow and 0 W
bias power.

The plasma processes were done on the high-density plasma reactor (Helicon plasma
reactor, Micromachining Etching Tool, MET, from Adixen-Alcatel) described elsewhere
[21].
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D.1.2 Random micro-nanotextured COP surfaces

188 pm thick COP film was micro-nanotextured for 4 min using conditions that create
highly anisotropic etching (1900 W, 15 °C, 0.75 Pa, 100 sccm oxygen flow and 250 W bias
power) in the same high-density plasma reactor. The resulting topography is shown in
Fig. 9.1b.

D.1.3 Hydrophobization of the surface

All surfaces after the oxygen plasma etching became hydrophilic exhibiting contact an-
gles below 10°. To render them superhydrophobic a 1 wt% Teflon AF 1600 solution was
spun at 7000 rpm on the top of the surfaces creating a conformal 30 nm thick coating.
After the spinning process, the surfaces were baked in air, at 95 °C for 10 min. For
the preparation of the 1 wt% Teflon AF 1600 solution Teflon® AF 1600 was diluted at
Fluorinert® Fluid FC-77 solvent.

We report that the all surfaces described in this Appendix have been fabricated in the
Institute of Nanoscience and Nanotechnology at NCSR “Demokritos” (Aghia Paraskevi,
Attica, Greece).
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